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Abstract
Plants must continuously defend themselves against attack from fungi, bacteria, 
viruses, invertebrates and even other plants. The regulation mechanisms of any 
plant–pathogen interaction are complex and dynamic. The application of biochemi-
cal and molecular genetic techniques has resulted in major advances in elucidating 
the mechanisms that regulate gene expression and in identifying components of many 
signal transduction pathways in diverse physiological systems. Advances in genomics 
and proteomics have profoundly altered the ways in which we select and approach 
research questions and have offered opportunities to view signal transduction events 
in a more systemic way. Although many disease resistant genes and signalling mecha-
nisms are now characterized, it is still ambiguous whether and how they can be engi-
neered to enhance disease resistance. Caution is needed when assessing manipulation 
strategies so that the manipulations will achieve the desired results without having 
detrimental effects on plant growth and development. This chapter discusses some 
other effective approaches for identification of signal transduction components, such 
as RNA interference (RNAi), yeast two-hybrid system and proteomics approaches.

Introduction

Plant diseases have been present from the very beginning of organized 
agriculture. In nature, plants encounter pathogen challenges and have to 
defend themselves. Because their immobility precludes escape, plants 
possess both a preformed and an inducible defence capacity. This is in 
striking contrast to the vertebrate immune system, in which specialized 
cells devoted to defence are rapidly mobilized to the infection site to kill 
pathogens or limit pathogen growth. The lack of such a circulatory system 
requires a strategy by the plant to min imize infections. It is often observed 
that in wild populations, most plants are healthy most of the time; if dis-
ease occurs, it is usually restricted only to a small amount of tissue.

©CAB International 2007. Biotechnology and Plant Disease Management
(eds Z.K. Punja, S.H. De Boer and H. Sanfaçon) 1
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Plant defence involves signal perception, signal transduction, sig-
nal response and termination of signalling events. Many components 
of the perception systems and trans duction pathways are now charac-
terized and the underlying genes are known. As our knowledge of the 
cellular and genetic mechanisms of plant disease resistance increases, 
so does the potential for mod ifying these processes to achieve broad-
spectrum and durable disease resistance. In this chapter, the current 
understanding of the defence systems, including perception of pathogen 
signals, transduction of the signals, transcriptional, translational and 
post-translational regulations in host plants will be reviewed. Examples 
to indicate the applications of some approaches to disease control will 
be provided. A discussion of how new technologies can be applied in 
helping to further understand the mechanisms which may lead to new 
strategies in the development of plant disease management approaches 
will also be reviewed.

Disease Resistant Genes and Signal Perception

Disease resistance is usually mediated by dominant genes, but some 
recessive resist ant genes also exist. Harold H. Flor developed the ‘gene-
for-gene’ concept in the 1940s from the studies on flax and the flax rust 
pathogen interactions. In this model, for resistance to occur (incompat-
ibility), complementary pairs of dominant genes, one in the host and 
one in the pathogen, are required. An alteration or loss of the plant 
resistance gene (R changing to r) or of the pathogen avirulence gene 
(Avr changing to avr) leads to disease (compatibility). The model holds 
true for most biotrophic plant–pathogen interactions. According to the 
structural characteristics of their proteins, R genes are grouped into 
three classes. Data from the genetic and molecular analysis support the 
model.

NBS–LRR genes

This class contains a large number of proteins having C-terminal leu-
cine-rich repeats (LRRs), a putative nucleotide-binding site (NBS) and an 
N-terminal Toll/interleukin-1 receptor (TIR) homology region or the coiled-
coil (CC) sequence. Although extremely divergent in DNA sequence, at 
the amino acid level, they are readily identified by these motifs. Genome 
search indicates that the NBS–LRR class of R genes represents as much as 
1% of the Arabidopsis genome (Meyers et al., 1999). The proteins RPS2, 
RPP5 and RPM1 from Arabidopsis, N from tobacco, and L6 and M from 
flax are some members of this class. Although these R proteins do not 
appear to have intrinsic kinase activity, they can bind ATP or GTP and 
then activate the defence response. Mutations in NBS destroy R protein 
function.



Fungal Disease Control 3

Extracellular LRR genes

The extracellular LRR class includes the rice Xa21 gene and the tomato 
Cf genes. Xa21 encodes an active serine/threonine recep tor-like kinase 
(RLK) with a putative extra cellular domain composed of 23 LRRs, and 
an intracellular domain (Xa21K) comprised mainly of invariant amino 
acid residues characteristic of serine/threonine protein kinases (Liu et al.,
2002). The Xa21K intracellular domain is believed to become autophos-
phorylated through homodimerization or heterodimerization of Xa21K
with a second receptor kinase that transphosphorylates the Xa21K ser-
ine and threonine residues following the extracellular pathogen reception 
(Liu et al., 2002).

The Cf gene products contain extracelluar LRRs and a transmembrane 
domain, but lack a significant intracellular region that could relay the 
signal (e.g. a protein kinase domain). Studies have suggested some possi-
bilities on how the Cf receptors transduce signals across the plasma mem-
brane. In one study, Avr9 binds to Cf-9 indirectly through a high-affinity 
Avr9-binding site and a third protein subunit of a membrane-associated 
protein complex (Rivas et al., 2004). In its activated form, this additional 
transmembrane protein containing an extracellular interacting domain 
(ID) and an intracellular signalling domain (SD) is suspected to interact 
with the complex as Cf-9 lacks any suitable domains for signal transduc-
tion (Rivas et al., 2004). Yeast two-hybrid screens using the cytoplasmic 
domain of Cf-9 revealed a thioredoxin homologue known as CITRX that 
binds to the C-terminal domain of Cf-9 (Rivas et al., 2004). Further stud-
ies on CITRX suggest a potential role in negative regulation of Cf-9/Avr9 
pathogen defence responses in early signal transduction through its inter-
action with the SD region of the signalling protein.

Pto gene

As in the case of Xa21, phosphorylation of a protein kinase by an upstream 
signal is a representative approach for signal amplification. Pto was identi-
fied in tomato plants as a unique R gene due to its cytoplasmic location and 
lack of an LRR motif. Transduction of the Pto–avePto interaction requires 
Prf, a gene that encodes a protein with leucine-zipper, NBS and LRR motifs. 
The binding of avrPto to Pto induces a structural change through overlap-
ping surface areas, which allows for the interaction of Prf as an initial stage 
in the activation of subsequent phosphorylation cascades (Xiao et al., 2003a; 
Mucyn et al., 2006).

Two different classes of Pto-interactive proteins, i.e. Pti1 and Pti4/5/6, 
were identified. Pti1 is an Ser/Thr kinase. The major Pti1 site that is 
phosphorylated by Pto was Thr233. The phosphorylation of this site is 
required for Pto–Pti1 physical interaction in the yeast two-hybrid analysis. 
This inter action leads to the hypersensitive response (HR). Pti4, Pti5 and 
Pti6 are transcription factors and they are activated by phosphorylation. 
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Interaction of Pto and Pti4/5/6 activates pathogene sis-related (PR) genes 
(Martin, 1999; Martin et al., 2003).

Another significant component in the Pto defence system is the Prf pro-
tein. This is an NBS–LRR protein which detects and potentially ‘guards’ 
the Pto–AvrPto phys ical interaction (Dangl and Jones, 2001; McDowell 
and Woffenden, 2003). This model predicts that R proteins activate resist-
ance when they interact with another plant protein (a guardee) that is 
targeted and modified by the pathogen in its quest to create a favoura-
ble environment. Resistance is triggered when the R protein detects an 
attempt to attack its guardee, which might not necessarily involve direct 
interaction between the R and Avr proteins. Prf acts to guard Pto and acti-
vates plant defences when it detects avrPto–Pto complexes. In terms of 
signal detection, Prf can be taken as the true R gene. Compelling evidence 
for this model was also reported for an Arabidopsis R  protein. Here, RIN4 
interacts with both RPM1 and its cognate avirulence proteins, AvrRPM1 
and AvrB, to activate disease resistance (Mackey et al., 2002).

Signal Transduction

Parallel pathways and signal convergence

Multiple types of defence reactions are activated by pathogen attacks. Defence 
responses triggered by different R proteins are common to a large array of 
plant–pathogen interactions. Parallel or converging signalling pathways exist 
and a network of multiple interconnected signalling pathways acting together 
may amplify R gene-mediated signals (Xing and Jordan, 2000; Xing et al., 
2002). For example, the genes RPS2, RPP4 and RPP5 share a similar require-
ment as EDS1, PAD4 and RAR1. However, RPP4 and RPP5 differ from RPS2
in their requirement for SGT1, suggesting the existence of interconnected 
rather than linear pathways. The NDR1 gene represents a convergence point 
for cascades specified by R genes of the CC–NBS–LRR class (Century et al., 
1997; Aarts et al., 1998), whereas EDS1 and PAD4 are convergence points for 
pathways originating from R genes of the TIR–NBS–LRR class (Aarts et al., 
1998; Feys et al., 2001). EDS1 and PAD4 function in close proximity in the sig-
nalling pathway, as the proteins they encode physically interact in vitro and 
co-immunoprecipitate from plant extracts (Feys et al., 2001). However, they 
fulfil distinct roles in resistance: EDS1 is essential for the oxidative burst and 
HR elicitation, while PAD4 is required for phytoalexin, PR1 and salicylic acid 
accumulation (Rogers and Ausubel, 1997; Zhou et al., 1998; Rusterucci et al., 
2001). The study of the requirement for NDR1 and EDS1 by the CC–NBS–LRR 
R genes RPP7 and RPP8 revealed that the utilization by a specific R gene of 
either an EDS1/PAD4 or NDR1 pathway is not mutually exclusive (McDowell 
et al., 2000). Certain pathways can operate additively through EDS1, NDR1 
and additional unknown signalling components. Similar convergence exists 
further downstream in signalling pathways, e.g. at mitogen-activated protein 
kinase (MAPK) cascade levels (Romeis et al., 1999; Xing et al., 2001a, 2003).
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Protein phosphorylation

Within the Arabidopsis genome, there are approximately 1000 protein 
kinase genes and 200 phosphatase genes (Xing et al., 2002). The large pool 
of kinases and phosphatases indicates the importance of phosphorylation 
and dephosphorylation mechanisms in the growth and development of 
Arabidopsis. Some of the R proteins (Pto, Xa21 and Rpg1) are virtually 
protein kinases or have kinase catalytic domains as already discussed, and 
several R gene-mediated signalling components encode protein kinases. 
Members of the calmodulin domain-like protein kinase (CDPK) family also 
participate in R gene-mediated disease resistance. Two tobacco CDPKs, 
NtCDPK2 and NtCDPK3, are rapidly phosphorylated and activated in cell 
cultures in a Cf-9/Avr9-dependent manner (Romeis et al., 2000, 2001). 
CDPK also regulates R gene-mediated production of reactive oxygen spe-
cies (ROS) (Xing et al., 1997, 2001b). Silencing CDPK caused a reduced 
elicitation of the HR mediated by the Cf-9 R genes (Romeis et al., 2001).

Multiple levels of regulation

At each level of signalling events, many of the signalling components can 
be regulated at transcriptional, translational and post-translational levels. 
For example, many protein kinases involved in plant signalling are regu-
lated at the post-translational level. However, kinases are also regulated 
at the transcriptional level, such as the rapid activation of maize CPK 
kinase ZmCPK10 (Murillo et al., 2001). In fact, each regulation at tran-
scriptional, translational and post-translational levels is very important, 
and the relative contribution of each level to the overall response may 
vary. The tobacco WIPK (an MAPK) gene is activated at multiple levels 
during the induction of cell death by fungal elicitins (Zhang et al., 2000). 
De novo transcription and translation were shown to be necessary for the 
activation of the kinase activity and the onset of HR-like cell death. In 
the same study, a fungal cell wall elicitor that did not cause cell death 
induced WIPK mRNA and protein to similar levels as those observed with 
the elicitins. However, no corresponding increase in WIPK activity was 
detected. This demonstrated that post-translational control is also critical 
in elicitin-induced cell death. Plant WIPK is a perfect example demon-
strating that the multiple levels of regulation of kinases contribute to the 
final effectiveness of signalling pathways.

Protein degradation in defence signalling

Roles of protein degradation in R gene- mediated signalling are emerging 
from the characterization of the RAR1 and SGT1 proteins and their inter-
action with components of the SCF (Skp1, Cullin and F-box) E3 ubiquitin 
ligase complex and with subunits of the COP9 signalosome (see Martin 
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et al., 2003). SCF complex mediates degradation of proteins involved in 
diverse signalling pathways through a ubiquitin proteasome pathway. 
Plant SGT1, which is essential for several R gene-mediated pathways, 
physically interacts with RAR1 in yeast two-hybrid screens and in plant 
extracts (see Martin et al., 2003). Tight control of the levels of resistance 
proteins is critical for the homeostasis of plants. Overexpression of resist-
ance genes can lead to deleterious effects on plant growth and develop-
ment and constitutive activation of plant defence (Tang et al., 1999; Xiao 
et al., 2003b). Increasing evidence has suggested that regulation of protein 
stability is an important mechanism to control the steady-state levels of 
plant resistance proteins. Accu mulation of the Arabidopsis resistance pro-
tein RPM1 requires three other proteins (RIN4, AtRAR1 and HSP90) that 
interact with RPM1 (Mackey et al., 2002; Tornero et al., 2002; Hubert et al.,
2003). The steady-state levels of the barley resistance proteins MLA1 and 
MLA6 were reduced when the RAR1 gene was mutated (Bieri et al., 2004). 
These findings suggest that direct or indirect protein–protein interactions 
play an important role in the stabilization of resistance proteins. Thus, 
the proteolytic activity may represent a security system to prevent XA21 
from overaccumulating. A recent study has suggested that the proteolytic 
activity could be developmentally regulated, and autophosphorylation of 
Ser686, Thr688 and Ser689 residues in the intracellular juxtamembrane 
domain of XA21 may stabilize XA21 against such developmentally con-
trolled proteolytic activity (Xu et al., 2006).

Signal Responses

Massive changes in gene expression

Plant response to pathogen infection is associated with massive changes in 
gene expression. An array representing about 8000 genes (Zhu and Wang, 
2000), nearly one-third of the total number of protein- encoding genes in 
Arabidopsis, was used to study the gene-for-gene resistance response to 
the bacterial pathogen Pseudomonas syringae (Glazebrook et al., 2003; Tao 
et al., 2003). More than 2000 genes changed expression levels within 9 h of 
inoculation with the pathogen (Tao et al., 2003). Although it is not known 
how this information on 8000 genes will extrapolate to all of the protein-
encoding genes in Arabidopsis, more than 2000 genes is still a massive 
change even at the whole-genome level. Overall qualitative similarities 
in defence responses between compatible and incompatible interactions 
were demonstrated by global expression profiling. Another question is 
whether all of the genes whose expression changes in response to a given 
pathogen are involved in resistance against that pathogen? When a plant 
detects a pathogen, it may not tailor its response to the pathogen at hand. 
Instead, it turns on many of the defence mechanisms it has, among which 
some may be effective against a particular pathogen. Many of the pathogen-
responsive genes are not part of the defence response, but undergo expres-
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sion changes in response to alterations in cellular state that result from the 
actions of the pathogen. For example, turning on defence mechanisms is 
energy-intensive, and some genes might be induced or repressed to pro-
mote efficient energy utilization during defence. This change could occur 
in response to a decrease in the energy reserve, which is an altered cell 
state. Thus, in global analysis, low false-negative rates are also important. 
A low false-positive rate is associated with a high false-negative rate. When 
the false-negative rate is high, a large number of genes that are associated 
with the global response are excluded from the analysis, so the results of 
such an analysis could be highly biased. The statistical criteria chosen for 
defining genes with significant changes in expression level should provide 
a balance between false-positive and false-negative rates.

Qualitative similarity in expression profiles from different pathogen interactions

For quite a long time, some scientists anticipated that resistance was associ-
ated with resistance-specific responses. Gene profiling studies have clearly 
indicated that although resistance-specific responses certainly exist, large 
sections of the global changes are qualitatively similar in resistant and sus-
ceptible responses. In P. syringae-induced responses, quantitative or kinetic 
differences in defence responses appeared to be important for determining 
resistance or susceptibility to the pathogen (Tao et al., 2003). This observa-
tion is consistent with the fact that most of the known mutants that affect 
gene-for-gene resistance, except for those that affect pathogen recognition 
directly, also affect basal resistance (Glazebrook, 2001).

The resistance of Arabidopsis to P. syringae is mainly controlled by 
salicylic acid-mediated signalling mechanisms and the resistance to the 
necrotrophic fungal pathogen Alternaria brassicicola is mainly control-
led by signalling mechanisms that are dependent on jasmonic acid (JA) 
(Thomma et al., 1998; Glazebrook, 2001). However, the Arabidopsis genes 
that are induced by these two pathogens overlap substantially (about 50% 
of the responding genes are common for both pathogens) (van Wees et al.,
2003). Here, although the responses that are crucial for resistance against 
these pathogens are quite different, the overall signalling mechanisms that 
control changes in gene expression after infection have much in common 
and the level of specialization is low.

Signal Termination

The signal should be terminated when it has been transduced and 
responded to. This is particularly important to host plants when the 
response involves changes to a critical component of plant growth and 
development. For example, fungal elicitors have been shown to induce 
changes in the phosphorylation status of proteins in tomato cells. The 
dephosphorylation of the host plasma membrane H+-ATPase occurred 
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soon after treatment with elicitors from incompatible races of the fungal 
pathogen Cladosporium fulvum (Xing et al., 1996). The rephosphoryla-
tion followed soon after the dephosphorylation and at least two different 
protein kinases, a protein kinase C (PKC) and a Ca2+/CaM-dependent pro-
tein kinase, were involved successively (Xing et al., 1996, 2001b). The pro-
tein kinases might act as negative elements and be responsible for ensuring 
an elicitor-induced response that would be quantitatively appropriate, cor-
rectly timed, highly coordinated with other activities of the host cells and 
probably more specifically terminated when the elicitor-induced signal 
transduction is completed; otherwise, the prolonged membrane potential 
change would harm host cells.

Applications to Fungal Disease Control

Resistance genes can be bred into crop plants to control diseases, but this 
approach has only limited success. Recent studies have also indicated that 
pathogens have evolved mechanisms to counteract plant defence responses, 
including: (i) modification of the elicitor proteins by mutations, or by dele-
tion of the Avr genes, or by down regulation of Avr gene expression; (ii) 
secretion of enzymes that detoxify defence compounds (e.g. phytoalexins); 
(iii) use of ATP-binding cassette (ABC) transporters to mediate the efflux of 
toxic compounds; and (iv) secretion of glucanase-inhibitor proteins, which 
inhibit the endoglucanase activity of host plants.

Transforming susceptible plants with cloned R genes may provide 
pathogen resistance. When a susceptible tomato cultivar was transformed 
with the Pto gene, the plant became resistant to the bacterial pathogen 
P. syringae (Tang et al., 1999). Once it was thought that a major drawback 
of most R genes is their extreme specificity of action towards a single avr
gene of one specific microbial species. However, Pto overexpression in 
plants constitutively activates defence responses and results in general 
resistance in the absence of the avrPto gene as it also gained resistance 
against the fungal pathogen C. fulvum (Tang et al., 1999).

Another strategy is to manipulate key signal transduction components. 
It has been argued that key component manipulation is promising for the 
following reasons: (i) interspecies transferability; (ii) high potential for 
broad-spectrum resistance; (iii) new alternatives in systems, such as wheat-
Fusarium head blight, where information about resistance genes is limited; 
(iv) pathway sharing or interaction between abiotic and biotic stresses; 
(v) multiple barriers; and (vi) reduction in the possibility that pathogens will 
evolve new strategies to overcome resistance in transgenic plants generated 
by conventional approaches (Xing et al., 2002). A constitutively activated 
tomato MAPK kinase gene, tMEK2MUT, was created to ensure the produc-
tion of transcripts of MAPKs and the status of phosphorylation (Xing et al., 
2001a). When overexpressed in tomato and wheat, tMEK2MUT increased 
resistance to the bacterial pathogen P. syringae pv. tomato and to the fungal 
pathogen Puccinia triticina (Xing et al., 2003; Jordan et al., 2006).
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Our data also suggest that MAPK pathways mediate defence-related 
signal transduction in both the dicotyledonous (tomato) and the mono-
cotyledonous (wheat) plants. The above results are shown in Fig. 1.1.

New Technologies

Short interfering RNA (siRNA) is responsible for the phenomenon of RNA 
interference (RNAi). The phenomenon of RNAi was first observed in 

Fig. 1.1. Overexpression of tMEK2 and the corresponding resistance to biotic stresses. 
(A) Reduced disease symptoms on leaves of transgenic tomato 5 days after inoculation 
with Pseudomonas syringae pv. tomato. Shown are a non-transgenic line (control) and 
a representative tMEK2MUT transgenic line. (B) Leaf rust reaction of: (i) wild-type wheat 
cv. ‘Fielder’ (susceptible); (ii) transgenic ‘Fielder’ expressing tMEK2MUT; and (iii) wild-type 
wheat cv. ‘Superb’ (resistant).
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Petunia plants, although the mechanism was not understood at the time. 
In an attempt to produce Petunia flowers with a deep purple colour, the 
plants were transformed with extra copies of the gene for chalcone syn-
thase, a key enzyme in the synthesis of anthocyanin pigments. But instead 
of dark purple flowers, the transform ants produced only white flowers. 
The tendency of extra copies of a gene to induce the suppression of the 
native gene was termed cosuppression (Baulcombe, 2004). A related phe-
nomenon was discovered by plant virologists studying viral resistance 
mechanisms. The genomes of most plant viruses consist of single-stranded 
RNA (ssRNA). Plants expressing viral proteins exhibited increased resist-
ance to viruses, but it was subsequently found that even plants express-
ing short, non-coding regions of viral RNA sequences became resistant 
to the virus. The short viral sequences were somehow able to attack the 
incoming viruses (Baulcombe, 2004). RNAi has been used to understand 
defence-related mechanisms (e.g. Shen et al., 2003; Seo et al., 2007).

Yeast two-hybrid systems can generate information on protein– protein
interactions. The system has been used to identify proteins that interact 
with the Pto kinase (Zhou et al., 1997) such as Pti4, Pti5 and Pti6. In 
recent genomics efforts, a high-throughput yeast two-hybrid system has 
been developed (Uetz et al., 2000) that offers extra advantages as follows: 
(i) we can identify interactions that place functionally unclassified pro-
teins into a biological context; (ii) it offers insight into novel interactions 
between proteins involved in the same biological function; and (iii) novel 
interactions that connect biological functions to larger cellular processes 
might be discovered. Since tMEK2MUT-transgenic wheat gained partial 
resistance to wheat leaf rust (Fig. 1), the mechanisms of tMEK2 function 
were studied. Heterologous screening for tomato tMEK2 interactive pro-
teins in a wheat yeast two-hybrid library identified 46 positive colonies. 
Interaction of tMEK2 with three proteins has been confirmed in yeast. 
Heterologous yeast two-hybrid screening indicated the interaction of 
tMEK2 with a cytosolic glutamine synthetase (GS), a high mobility group 
(HMG)-like protein and a novel protein. Cytosolic and chloroplast GS are 
key enzymes in ammonium assimilation and their genetic engineering 
was shown to change plant development and response to various abiotic 
stresses (Vincent et al., 1997; Harrison et al., 2000). HMG proteins facili-
tate gene regulation through interactions with chromatin and other pro-
tein factors (Bustin and Reeves, 1996). Klosterman and Hadwiger (2002) 
reviewed the role of plant HMG-I/Y, one of the three groups of HMG pro-
teins under the classification of mammalian HMGs, in the regulation of 
developmental and defence genes. The interaction with GS and HMG-like 
protein may suggest that tMEK2 is involved in response to abiotic and 
biotic stresses.

Proteomics has mostly been used to seek out underexpression and 
overexpression of proteins separated by two-dimensional electrophore-
sis (2DE), in experiments that are comparable to nucleic acid microarray 
experiments in genomics (e.g. Xing et al., 2003). A proteomic approach 
is valuable in understanding regulatory networks because it deals with 



Fungal Disease Control 11

identifying new proteins in relation to their function and ultimately aims 
to unravel how their expression and modification is controlled. The 2D 
gel is in fact a protein array with molecular weight and isoelectric point 
dimensions, and proteins from it can usually be identified successfully 
by peptide mass fingerprinting or de novo sequencing (Standing, 2003), 
in either case using a matrix-assisted laser desorption ionization (MALDI) 
time-of-flight (TOF) mass spectrometer (MS). There are many examples in 
the literature of its successful application to plant pathology (e.g. Ventelon-
Debout et al., 2004).

One of the major control mechanisms for protein activity in plant–
pathogen interactions is protein phosphorylation. However, studying 
protein phosphorylation cascades in plants presents two major technical 
challenges: (i) many of the signalling components are present at very low 
copy numbers, which makes them difficult to detect; and (ii) they are dif-
ficult to identify because there are currently only three plants with a com-
plete genome sequence, i.e. Arabidopsis thaliana, Populus (poplar) and 
Oryza sativa (rice). Approaches to phosphoprotein discovery in plants 
have recently been reviewed (Rampitsch et al., 2005; Thurston et al.,
2005). These include the use of anti-phosphotyrosine antibodies, 32P label-
ling, and a phospho amino acid-sensitive fluorescent stain to label spots of 
interest on a 2D gel.

Perspective

Many exciting insights have emerged from recent research on plant 
defence signalling. The advantages of successfully engineering plants for 
disease resistance response are evident: increased yields and improved 
quality, avoidance of grain contamination by toxic secondary metabolites 
associated with certain fungal diseases and reduction of fungicide use 
and chemical release into the envi ronment (Punja, 2004; Gilbert et al.,
2006). However, along with the recent research, we have realized that 
our understanding of the plant disease resistance response is still very 
fragmentary. We know very little about the structural basis of pathogen 
recognition. We are less sure than before about what R proteins actually 
recognize (Avr proteins, modified guardees or complexes that include 
both?). Furthermore, many gaps remain in our models of the defence 
signal transduction network. With the progress made so far, we expect 
that additional useful R genes and R protein-interactive proteins will be 
cloned or identified, and that models of resistance signalling developed 
in Arabidopsis, tomato, tobacco, rice and wheat will continue to be evalu-
ated for applicability in other crops.

It is the time for systems biology approaches, i.e. the exercise of inte-
grating the existing knowledge about biological components, building a 
model of the system as a whole and extracting the unifying organ izational 
principles that explain the form and function of living organisms. With this 
approach, we will greatly increase our understanding of plant–pathogen 
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interactions as well as obtain a holistic view of the form and function of bio-
logical systems. Such a strategy will greatly accelerate the pace of discovery 
and provide new insights into interactions between defence signalling and 
other plant processes, which is critical when new rational approaches are 
adopted in the manipulation of disease resistance.
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Abstract
In this chapter, we briefly describe three major classes of quorum sensing (QS) 
systems as well as the structural components, substrates, chaperones, signals and 
regulation of the type III secretion system (T3SS). In addition, we discuss current 
knowledge about the regulatory network between QS and T3SS, including exam-
ples of QS controlling T3SS, and the connection between T3SS and QS through 
the regulator of secondary metabolism (Rsm) system, GacS/GacA two-component 
signal transduction system (TCSTS) and other regulators, as well as the interre-
lationships among these systems. In addition to the QS modulation mechanisms, 
we discuss disease management strategies by targeting the QS and T3SS. Finally, 
the current application of TCSTS histidine kinase inhibitor and QS interference 
(QSI) for disease management is further discussed. Future directions to enhance 
our understanding of the QS and T3SS systems themselves, as well as managing 
bacterial plant diseases by modulating the QS and T3SS systems, are suggested 
and the potential problems associated with the application of QS and T3SS in 
plant disease management are also briefly discussed.

Introduction

Bacteria live unicellularly and were previously thought of as solitary cells 
without communication with others. It is now becoming clear that bac-
teria act as multicellular organisms in communication with their extra-
cellular environment and intracellular physiological conditions. Bacteria 
respond rapidly to changes by integrating the signals of small-molecule 
mixtures into the regulatory network and synchronizing the activities of 
large groups of cells to benefit the whole community. One well-studied 
example of cell-to-cell communication is quorum sensing (QS). QS is a 
cell density-dependent process in which bacteria communicate through 
the secreted signal molecules named autoinducers (AIs) to regulate gene 
expression collectively; this involves production, release and perception 
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of the signalling molecules. QS was first described in the late 1970s in two 
bioluminescent marine bacteria, Vibrio harveyi and Vibrio fisheri. The QS 
characterized in the Vibrio spp. has become the paradigm of QS. Since 
then, it has been found to be a widespread mechanism with many differ-
ent QS in different bacterial species controlling multiple cellular func-
tions (Miller and Bassler, 2001; Taga and Bassler, 2003; Henke and Bassler, 
2004). Numerous animal and plant pathogens regulate virulence factor 
expression by using QS, which allows microorganisms to elicit an over-
whelming attack before host cells can mount an effective defence.

The term type III secretion system (T3SS) was first used to describe 
one of the mechanisms by which Gram-negative bacteria export proteins 
from the cell through a Sec-independent secretion system. The study of 
T3SS has expanded rapidly in recent years. More than 2350 publications 
on this subject were listed in the ISI Web of Knowledge database, with half 
of them published in the last 5 years. T3SS is a secretion system to trans-
locate effectors directly into the cytosol of eukaryotic host cells, where 
the effectors facilitate bacterial pathogenesis or symbiosis by specifically 
interfering with host cell signal transduction and other cellular processes. 
T3SS allows a fast and efficient translocation of effector proteins across 
the barriers of the bacterial inner membrane, periplasm, outer membrane, 
lipopolysacharide (LPS) layer and the eukaryotic cell membrane in a single 
step. The genes encoding T3SS in bacteria are clustered on certain path-
ogenicity islands of the chromosome and/or plasmids, which may have 
been acquired by horizontal genetic transfer (Galan and Collmer, 1999).

Various pathogens have been reported to utilize T3SS as a conserved 
basic virulence mechanism, including the animal pathogens Chlamydia
spp., Escherichia coli, Pseudomonas aeruginosa, Salmonella spp., 
Shigella spp., Vibrio parahaemolyticus, Yersinia spp. and the plant path-
ogens such as Pseudomonas syringae, Pectobacterium spp., Pantoea spp., 
Ralstonia solanacearum, Xanthomonas campestris and Rhizobium spp. 
Some components of the T3SS apparatus (T3SA) are conserved. Most 
T3SS substrates share a common N-terminal secretion signal, require 
the presence of the specific chaperones for secretion, and T3SS secre-
tion activity is tightly regulated. Phytopathogenic bacteria including 
Pectobacterium, Pseudomonas, Pantoea, Xanthomonas and Ralstonia
cause diverse diseases in many different plants, but they all colonize 
intercellular spaces of susceptible plants and are capable of killing plant 
cells. The ability of these bacteria to multiply inside their hosts and pro-
duce necrotic symptoms is dependent on T3SS and the effector proteins 
secreted by this system. T3SS is required for bacterial pathogenicity on 
host plants by compatible pathogens and the elicitation of the hypersen-
sitive response (HR), a programmed death of the plant cells at the site 
of pathogen invasion associated with plant defence, in non-host plants 
(Galan and Collmer, 1999; Mota et al., 2005; Buttner and Bonas, 2006).

Over the last 15 years, our knowledge of bacterial virulence factors 
has been accumulated from a few specialized toxins and adhesions to 
a hidden landscape of sophisticated and diverse virulence systems in 
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bacteria. The pathogenic factors have been characterized genetically and 
biochemically as to which could be used by pathogens to precisely tar-
get specific host cell activities, such as cytoskeletal reshuffle, cell cycle 
progression, vesicular trafficking and apoptosis (Stebbins, 2005). Over 
the past few years, many genes involved in the make-up of the complex 
QS and T3SS systems and the regulation of their expression and activity 
have been identified and characterized. In addition, the structural biology 
and biochemistry on the core T3SA and the needle, as well as the T3SS 
chaperones, have shed new light on the assembly process and the effector 
manner of translocation and regulation. The coming years in QS and T3SS 
research are expected not only to provide insight into the mechanisms of 
manipulation of host cell functions by bacterial pathogens, resulting in a 
better understanding of the system itself, but also to lead to the discov-
ery of new concepts in molecular biology, microbiology and biochemistry, 
and to findings that may provide a unique target for the development of 
therapeutic agents and contribute to the design of new drugs to combat 
many important bacterial pathogens (Mota et al., 2005). Finally, signifi-
cant progress in research work on QS and T3SS of animal pathogens has 
been made and, along with plant pathogens, some of these related studies 
on animal pathogens have been included here.

Quorum Sensing Systems

QS systems consist of three components, which include the AI signal, the 
signal synthetase and the corresponding regulator to produce and per-
ceive the signal. Based on the signal, regulator and the circuit, QS used by 
bacteria can be divided into four different classes. A summary of differ-
ent QS systems in different bacterial species and their functions as well 
as the corresponding QS interference (QSI) are listed in Table 2.1 and are 
described in the reviews mentioned above.

Gram-negative LuxI/R class

The LuxI/R-type system was first investigated in the marine bacteria Vibrio
spp. and primarily used by Gram-negative bacteria. The AIs acyl homoserine 
lactones (AHLs) are produced by a LuxI family AHL synthetase and function 
as a ligand for the cognate LuxR-type transcriptional reg ulator to modulate 
gene expression of the bacteria. Production of AHL QS signals is widespread 
among Gram-negative bacteria. Over 70 species of Gram-negative bacteria, 
including Burkholderia cepacia, Clostridium difficile, E. coli, P. aeruginosa,
Rhizobium leguminosarum, R. solanacearum, Yersinia pseudotuberculosis,
Pectobacterium spp. and Pseudomonas spp., have been identified as using 
the LuxI/R analogue as a gene regulatory mechanism to control various 
phenotypes (Fuqua et al., 2001; Fuqua and Greenberg, 2002; Federle and 
Bassler, 2003).
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Table 2.1. Summary of different QS in different bacterial species and their functions as well as the corresponding QS interference.

QS systems Gram-negative QS Gram-positive QS LuxS/AI-2 QS

Circuit

Examples LuxI/R, LasI/R, RhlI/R, ExpI/R,  Agr system, ComAP system LuxP/Q, Lsr
  YenI/R, EsaI/R
Species Agrobacterium spp., Pectobacterium Streptococcus spp., Bacillus spp., Bacillus spp., Listeria spp., 
  spp., Pantoea spp., Pseudomonas Lactococcus spp., Mycobacterium spp., 
  spp., Ralstonia spp., Rhizobium spp.,   Staphylococcus spp.  Staphylococcus spp., 

Xanthomonas spp.   Streptococcus spp., 
   Escherichia coli, Helicobacter
    pylori, Streptococcus
    pneumoniae, Shigella spp., 
    Vibrio spp., Pectobacterium
    spp., Salmonella spp.
Signal (signal  C4-HSL (RhlI/R), C6-HSL (PheI/R),  CSF (PhrC), oligopeptide  S-THMF-borate AI-2
 synthetase/   C8-HSL (TraI/R), 3-OH-C4-HSL   (comX/A), AIP (AgrD/A)   (LuxS/LuxR); R-THMF AI-2
 response  (LuxLM/LuxN), 3-O-C6-HSL   CSP, A-factor  (LuxS/LsrR)
 regulator)  (LuxI/R, AhlI/R), 3-O-C12-HSL
  (LasI/R), 3-O-C14:1-HSL (HdtS/?)

LsrC
LsrA

R-THMF S-THMF-borate
AI-2

AI-2

AI-1

AI-2

ATP

ADP

LsrB
LsrC

LsrK

P

P LsrR

Target genes

AI-2

DPD

LuxS

SRH

SAH

SAM
Target genes

LuxR

sRNAs+Hfq

LuxO

AI-1

LuxLM

LuxU

LuxQ

LuxP

Lu
xN

Vibrio sPP
Salm onella

and E, coli etc.

LsrA

LsrB

Oligopeptide

HK sensor

ATP

ADP

ABC
transporter

Processing and
secretion

Peptide percursor
Target genes

Response
regulator

P

P

AHL

AHL

AHL

AHL

AHL

AHL
LuxI

Active LuxR

Inactive LuxR

Target
genes

luxR luxI

AHL

SAM

Acyl-ACP

AHL AHL

AHL

AHL

AHL

Continued
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Table 2.1. Continued

QS systems Gram-negative QS Gram-positive QS LuxS/AI-2 QS

Signal transporter  NA/LuxN ABC transporter (Opp)/ComP,  NA/LuxP, LsrAC/LsrB
 and sensor   AgrB permease/AgrC
Functions Bioluminescence, exoenzyme  Competence, sporulation,  Bioluminescence, protease
  production, pigment and antibiotic  antibiotic biosynthesis, virulence,   production, toxin and antibiotic
  biosynthesis, biofilm, conjugation,   biofilm  biosynthesis, biofilm, T3SS, 
  virulence   motility, iron acquisition, 
    virulence
QS interference Signal degradation: AHL-lactonasae  Sensor kinase inhibition: kinase Histidine kinase inhibition: 
  (aiiA, attM, ahlD, aiiB, ahlK, PONs)  inhibitor (closantel, RWJ-49815)   closantel
  AHL-acylase (aiiD, pvdQ, ACY1)   Receptor competition: AIP AI-2 mimics: epinephrine, 
  Signal generation inhibition: fatty  analogues (truncated AIP-II,   norepinephrine
  acid biosynthesis inhibitor (triclosan)   furanone C-30)
  AHL analogues: 3-O-C12-
  (2-aminocyclohexanone) 
  R protein degradation: halogenated
  furanones
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The AHLs are highly conserved. The AI AHLs of this class are character-
ized by a common homoserine lactone (HSL) moiety ligated to a variable acyl 
side chain and substitution (carbonyl or hydroxyl) at the C-3 carbon (Fuqua 
and Greenberg, 2002). Different LuxI homologue proteins catalyse the syn-
thesis of a range of specific AHLs by connecting the homocysteine moiety of 
S-adenosylmethionine (SAM) to the acyl side chain from the appropriately 
charged acyl–acyl carrier protein (acyl-ACP) or acyl-coenzyme A (acyl-CoA). 
More than one AHL can be produced by utilizing alternative acyl-ACP or 
acyl-CoA side chain precursors. Although the LuxR-type regulators from dif-
ferent species can bind to lux boxes, a similar DNA sequence in the promoter 
region of the LuxR-type regulator targeted gene (Taga and Bassler, 2003), the 
interaction between the AI AHL to its cognate LuxR-type regulator is specific. 
The AHL produced by one species of bacteria can rarely interact with the 
LuxR-type regulator of another species (Fuqua et al., 2001). Signal specificity 
is conferred by the length of the acyl side chain which ranges from 4 to 18 
carbons, the nature of the substitution at C-3 and unsaturations within the 
acyl chain. Meanwhile, the function of LuxR homologues as quorum sensors 
has been suggested to be mediated by the binding of AHL signal molecules to 
the N-terminal receptor site of the proteins (Koch et al., 2005).

Beyond AHLs, there is evidence that other signalling molecules, includ-
ing peptides and cyclic dipeptides, exist that could be involved in intraspe-
cies communication in Gram-negative bacteria. One known molecule is the 
2-heptyl-3-hydroxy-4-quinolone, the Pseudomonas quinolone signal (PQS), 
which is involved in the QS pathways of P. aeruginosa. Other examples 
of different signalling molecules are 3-hydroxypalmitic acid methyl ester 
(3-OH PAME) involved in virulence regulation in R. solanacearum and a 
molecule named bradyoxetin involved in symbiosis in Bradyrhizobium 
japonicum (Lyon and Muir, 2003). It is likely that a massive number of other 
unknown compounds and signalling cascades are just waiting to be discov-
ered, which will then open the door for further anti-infective drug discovery 
efforts aimed at the inhibition of these pathways (Fast, 2003).

Gram-positive oligopeptide/TCSTS class

It is primarily Gram-positive bacteria that use the modified oligopeptide 
AIs, which are detected by a two-component signal transduction system 
(TCSTS). The Gram-positive QS system generally consists of three compo-
nents: (i) a modified oligopeptide as AI signalling molecules; (ii) TCSTS for 
signal detection; and (iii) the response regulator for target gene regulation. 
The AI signalling molecule oligopeptide, which is also called pheromone, is 
derived by post-translational processing of a larger precursor peptide in the 
cytoplasm. The precursor autoinducing polypeptides (AIPs) are synthesized, 
and subsequently processed and modified to make the mature oligopeptide 
AI molecule, which is then exported extracellularly via an ATP-binding cas-
sette (ABC) transporter complex. The AIs are detected via TCSTS in which 
the external portion of a membrane-bound histidine kinase sensor detects 
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the AIs and then transduces the signal to the corresponding intracellular 
response regulator via a conserved phosphorylation–dephosphorylation 
mechanism. The regulator then binds to DNA and regulates the target gene 
transcription (Sturme et al., 2002).

QS in Gram-positive bacteria has been found to regulate a number of phys-
iological activities, including competence development in Streptococcus 
pneumoniae and Streptococcus mutans, sporulation in Bacillus subtilis,
antibiotic biosynthesis in Lactococcus lactis and virulence factor induc-
tion in Staphylococcus aureus and biofilm formation in S. mutans and 
S. intermedius. The prototype of Gram-positive oligopeptide/TCSTS class 
is the Agr (accessory gene regulator) QS system in S. aureus, which regu-
lates virulence gene expression and biofilm formation. The oligopeptide 
signal is produced by AgrD and modified by AgrB. The resulting AI, which 
is eight or nine amino acids long and contains thiolactone rings, is then 
detected by the sensor AgrC and activates the regulator AgrA for the subse-
quent gene regulation (Zhang et al., 2004; Abraham, 2006).

Interspecies LuxS/AI-2 class

LuxS/AI-2 signalling has been proposed to be a universal signal system 
found in both Gram-negative and Gram-positive bacteria with the autoin-
ducer AI-2 produced by a LuxS family synthetase for interspecies com-
munication. This QS system was initially characterized in V. harveyi, and 
has been detected in more than 55 species by sequence analysis or func-
tional assays. The biosynthetic pathways and the biochemical intermedi-
ates in AI-2 biosynthesis are identical in several Gram-negative bacteria. 
Considering the occurrence both in Gram-positive and Gram-negative spe-
cies and the broad representation of luxS among bacteria, AI-2 has been 
proposed to be a universal interspecies signal for communication between 
and/or among species (Sperandio et al., 2003; Henke and Bassler, 2004; 
Kaper and Sperandio, 2005; Xavier and Bassler, 2005).

The LuxS acts as a key AI-2 synthetase in the activated methyl cycle 
and converts S-ribosylhomocysteine to homocysteine and AI-2. However, 
instead of a single chemical entity, AI-2 is a collective term used for a 
group of furanone derivatives that form spontaneously from the same pre-
cursor 4,5-dihydroxy-2,3-pentanedione (DPD). AI-2 has been reported in 
the literature to control an assortment of apparently ‘niche-specific’ genes 
as a ligand with other regulators (Winzer et al., 2003). Genes potentially 
regulated by AI-2 in other species have been identified by constructing 
a luxS mutant of a test species and comparing gene expression in the 
wildtype and the luxS mutant. Among the phenotypes and functions 
affected by luxS mutations are T3SS and flagellum expression in entero-
haemorrhagic E. coli (EHEC) O157:H7, T3SS in V. harveyi and V. para-
haemolyticus, toxin production in C. perfringens, cell attachment during 
biofilm formation in Listeria monocytogenes, mixed-species biofilm for-
mation of Porphyromonas gingivalis and S. gordonii, SpeB cysteine pro-
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tease secretion in S. pyogenes and the regulation of acid and oxidative 
stress tolerance and biofilm formation in S. mutans (McNab et al., 2003; 
Sperandio et al., 2003; Henke and Bassler, 2004).

AI-2, AI-3 and prokaryotic–eukaryotic communication

It has been clear that AI-2 production is widespread in the bacterial king-
dom. However, LuxP homologues, the periplasmic receptor which binds 
to AI-2, as well as homologues from this signalling cascade, have been 
found only in Vibrio spp. In non-Vibrio species, the only genes shown to 
be directly regulated by AI-2 encode an ABC transporter named Lsr (LuxS 
regulated) in S. typhimurium and E. coli, which is responsible for the AI-2 
uptake by these species. AI-2 binds to LsrB and is transported inside the 
cell, where it is phosphorylated by LsrK and proposed to interact with 
LsrR, a SorC-like transcription factor involved in repressing expression 
of the lsr operon (Taga and Bassler, 2003; Kaper and Sperandio, 2005). 
Meanwhile, the role of AI-2 as a universal signal in bacteria other than 
V. harveyi has not been readily established. Several groups have been 
unable to detect the AI-2 furanosyl-borate diester in purified fractions 
containing AI-2 activity from Salmonella and E. coli. The furanosyl com-
pounds identified from these fractions did not contain boron. Actually, 
instead of a furanosyl-borate diester, the ligand of the receptor LsrB was a 
furanone ( (2R,4S)-2-methyl-2,3,3,4-tetrahydroxytetrahydrofuran), which 
has been co-crystallized with LsrB in Salmonella. The results are con-
sistent with what has been observed in AI-2 fractions of Salmonella and 
E. coli (Sperandio et al., 2003; Winzer et al., 2003; Miller et al., 2004). 
These differences from AI-2 detection in V. harveyi raise the question of 
whether all bacteria may actually use AI-2 as a signalling compound or 
whether it is released as a waste product or used as a metabolite by some 
bacteria. Furthermore, the effects of luxS inactivation are species depend-
ent and sometimes even strain dependent, and it is often not clear whether 
the mutant phenotypes observed are the result of a signalling defect, such 
as the loss of AI-2 or the metabolic perturbations caused by the disruption 
of the activated methyl cycle, since a luxS mutation could interrupt the 
methionine metabolic pathway, and thereby change the whole metabo-
lism of the bacteria (Winzer et al., 2003).

A recent breakthrough in distinguishing the potential cell signalling 
functions from general metabolic functions was the discovery of a new 
signalling molecule called AI-3, whose synthesis is dependent on LuxS. 
Building on their previous studies showing that a luxS mutant of EHEC 
was deficient in T3SS and flagellum production, Sperandio et al. (2003) 
showed that purified AI-2, which was synthesized in vitro, was unable to 
restore these phenotypes when it was added to the mutant. The AI respon-
sible for this signalling is dependent on the presence of the luxS gene for 
its synthesis, but it is different from AI-2, and a novel compound named 
AI-3 was identified by the Sperandio team. Further, they raised questions 
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about the validity of some of the phenotypes attributed to AI-2 signalling 
since LuxS is not devoted to AI-2 production, which, in fact, is an impor-
tant enzyme affecting the metabolism of SAM and various amino acid 
pathways. Consequently, altered gene expression in a luxS mutation may 
include both genes affected by QS itself and the interruption of metabolic 
pathway.

Furthermore, one also has to take into consideration that a knockout 
of luxS seems to affect the synthesis of at least two AIs, AI-2 and AI-3. The 
activities of the two signals can be uncoupled by utilizing biological tests 
specific to each signal. For example, AI-3 shows no activity in the V. har-
veyi bioluminescence assay for AI-2 production. On the other hand, AI-3 
activates the transcription of the EHEC T3SS genes, while AI-2 has no 
effect in this assay. The only two phenotypes shown to be AI-2 dependent, 
using either purified or in vitro-synthesized AI-2, are bioluminescence in 
V. harveyi and expression of the lsr operon in S. typhimurium (Sperandio 
et al., 2003; Taga and Bassler, 2003).

There are several examples of prokaryotic–eukaryotic communication 
in which bacterial signals can modulate expression of eukaryotic genes or 
vice versa in cross-kingdom communication. One of the AIs of P. aeruginosa,
3-oxo-C12-HSL, has been reported to have an immunomodulatory activity, 
and it can downregulate tumour necrosis factor alpha and interleukin-12 
production in leukocytes as well as upregulate expression of the proinflam-
matory cytokine gamma interferon (Smith et al., 2002). Meanwhile, eukary-
otic factors also can affect prokaryotic gene transcription, which has been 
demonstrated by the effect of epinephrine and norepinephrine on transcrip-
tion of genes encoding the T3SS and flagella in EHEC and enteropathogenic 
E. coli (EPEC). Another example is the halogenated furanones produced by 
the red alga Delisea pulchra which can inhibit QS mechanisms of the plant 
pathogen Pectobacterium carotovorum (Manefield et al., 2002).

Type III Secretory System

Owing to space limitation, please see Table 2.2 and reviews for further 
detail (Galan and Collmer, 1999; Francis et al., 2002; Page and Parsot, 
2002; Feldman and Cornelis, 2003; Mota et al., 2005; Buttner and Bonas, 
2006; Tang et al., 2006; Yip and Strynadka, 2006).

T3SA component and structure

Over the past few years, our view of the structure and function of the 
T3SA has changed with the data of the cryo-electron microscopy maps 
of the core T3SA and extracellular structures as well as the detailed bio-
chemical and high-resolution crystal structural characterizations of the 
T3SA components, which have shed light on the molecular organization, 
assembly process, effectors translocation manner and overall structure and 
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Table 2.2. Summary of the proteins of T3SS components, substrates, chaperones, signals and regulators in different bacterial species and 
their host target and/or functions.

T3SS systems Group/subgroup Protein or signal Species Host target/functions

T3SA Translocon YopB, YopD, LcrV; HrpF  Yersinia, Xanthomonas
 Needle extension/ LcrV, SseB  Yersinia, Escherichia 
  filament    coli, Salmonella
 Needle/pilus YscF, MxiH, Prgl,   Yersinia, Shigella, E. coli,
   EspA/EscF, HrpA    Salmonella,
     Pseudomonas
     syringae 
 Outer membrane YscC, MxiD, EscC,   Yersinia, Shigella,
  rings  InvG, HrcC   E. coli, Salmonella,
     P. syringae 
 Outer membrane M9-xiM  Shigella
  EscJ, PrgH   
 Inner membrane  PrgK, MxiG, YscJ,   E. coli, Salmonella,
  ring  MxiJ   Shigella, Yersinia 
  YscV/InvA/EscV,     
   YscU/SpaS/EscU, 
 Inner membrane YscR/SpaP/EscR,   Yersinia, Salmonella,
   YscS/SpaQ/EscS,    E. coli
   YscT/SpaR/EscT
 Inner membrane rod PrgJ Salmonella, Shigella
 Cytoplasmic ring Spa33, YscQ  Shigella, Yersinia
 ATPase YscN, Spa47, EscN,   Yersinia, Shigella,
   InvC   E. coli, Salmonella,
     P. syringae 
T3S substrate T3SA component YopB, YopD; LcrV, SseB; YscF, MxiH,  Yersinia, Shigella,
   Prgl, EspA/EscF, HrpA   E. coli, Salmonella,
     P. syringae

Continued
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Table 2.2. Continued

T3SS systems Group/subgroup Protein or signal  Species Host target/functions

 Effector ADP-ribosyltransferase ExoS, ExoT Pseudomonas Inhibition of phagocytosis; 
     aeruginosa  cytotoxicity
  Adenylate cyclase ExoY P. aeruginosa Cytotoxicity
  Kinase YpkA (or YopO) Yersinia
  Phosphotase SopB (SigA),   Salmonella, Shigella, Actin cytoskeleton
    SptP, IpgD,   Yersinia  reorganization,
   YopH   stimulation of Cl−

      secretion; inhibition of 
      phagocytosis
  Exchange  SopE Salmonella CDC42, Rac/actin
   factor for    cytoskeleton 
   Rho GTPases    reorganization; 
      activation of MAP 
      kinase pathways
  Others Tir E. coli Receptor for intimin/ 
      effacement of the
      microvilli of the 
      intestinal brush border
   SipA Salmonella Actin cytoskeleton 
      reorganization
   IpaB, IpaA Shigella spp. Activation of caspase-1,
      binds integrins and 
      CD44; apoptosis; 
      stimulation of 
      bacterial entry
   YopE, YopJ Yersinia spp. Disruption of the actin 
      cytoskeleton; inhibition of 
      phagocytosis; apoptosis
   AvrPto P. syringae pv. Pto/activates Pto 
     tomato  serine/threonine kinase 
      signalling pathway, HR
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   AvrBs2 Xanthomonas  Bs2 R/synthesize or
     campestris  hydrolyse 
      phosphodiester 
      linkages, HR
   AvrBs3 family X. campestris Localized to plant 
      nuclei/transcription 
      factors, HR
T3SS  IA SycE, SycH, SycT, SycN and YscB;  Yersinia, Shigella, Antifolding factors; T3SS
chaperone   IpgE; SicP,  SigE; CesT, CesF; SpcU,   E. coli, Salmonella,    substrates targeting 
   Orf1; DspB/F; ShcA, ShcB1, AvrF;   P. aeruginosa, signals; anti-aggregation
   ShcS1, ShcS2, ShcO1, ShcF, ShcM,   P. Amylovorum;  and stabilizing factors; 
    ShcV   P. syringae  T3SS component
       expression regulators
 IB YsaK, Spa15, InvB, HpaB Yersinia, Shigella,
      Salmonella,
     X. campestris
 II SycD, IpgC, CesD, SicA  Yersinia, Shigella,
     E. coli, Salmonella
T3SS signal Ion (Mg2+, Ca2+, Pi), O2, osmolarity pH, temperature,   
  growth phase, cell contact, plant factors
 TCSTS PhoP/Q, PhoR/B, Bar/SirA,  Yersinia, Shigella, E. coli,
   OmpR/EnvZ, SsrA/B,     Salmonella, P. aeruginosa,
   CpxA/R, HrpX/Y,    Pectobacterium spp., 
   GacS/A, HrpG   P. syringae, X. campestris,
     Ralstonia solanacearum
T3SS  AraC family HilC, HilD, InvF, VirF,    
regulator    LcrF, ExsA, Per, GadX, 
    HrpX, HrpB
 Other  H-NS, IHF, FIS, CsrA (RsmA),    
  transcriptional   LuxS Ler; HrpL, HrpS, HrpR,  
  regulators  HrpV; PrhA, PrhI, PrhJ, PrhR; 
    LcrQ, LcrH, SycH, LcrV
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function of the T3SA. In contrast with the secreted virulence factors, most 
of the 15–20 membrane-associated proteins that constitute the T3SA are 
conserved among different pathogens. They are involved in constructing 
a macromolecular complex that spans the bacterial inner membrane, the 
periplasmic space, the peptidoglycan layer, the bacterial outer membrane, 
the extracellular space and the host cellular membrane, which serves as 
a hollow conduit to provide a continuous and direct path for effectors to 
rapidly translocate from the bacterial cytoplasm into the host cells in one 
step (Mota et al., 2005; Yip and Strynadka, 2006).

T3SA consists of three distinct structural components, a secretion 
nanomachine, a needle extension and a translocon. The secretion nanoma-
chine is a complex organelle composed of a base and a needle, which 
is made of approximately 25 components and called as injectisome, or 
needle complex in animal pathogens, or hrp (HR and pathogenicity) in 
phytopathogens (Mota et al., 2005). To serve as a long-distance transport 
device for T3SS substrates across the plant cell wall, the phytopathogenic 
hrp pilus is longer than the needle from animal pathogens. The base of the 
secretion nanomachine contains two pairs of rings spanning the inner and 
outer bacterial membranes (inner membrane ring and outer membrane 
ring) joined together by a rod. The needle is a hollow, elongated and rigid 
helical polymer structure made from a few hundred copies of a single 
protein of the YscF family with a diameter of approximately 25 Å and the 
length between 45 and 80 nm according to the bacterial species. Molecular 
ruler proteins control the needle length called YscP in Yersinia, Spa32 in 
Shigella and InvJ in Salmonella. The precise needle length seems to have 
been attuned with regard to the dimensions of other structures such as 
adhesion or lipopolysaccharide at the bacterial surface, which reflects an 
adaptation to sense host cells and to fit the physical and chemical environ-
ments of the bacteria–host interface (Mota et al., 2005; Yip and Strynadka, 
2006). Depending on the species, the needle extension consists of one 
sequence-divergent protein that forms either a bell-shaped tip complex 
or a filamentous structure. The needle extensions are attached to the tip 
of the needles and are involved in connecting to and mediating formation 
of the translocation pore. The translocon is a hetero-oligomeric protein 
translocation channel inserted into the host cell membrane formed by the 
T3S substrates called the ‘translocators’ from the YopB and YopD family. 
The translocon is continuous with the secretion nanomachine and the 
translocation of effector proteins from the cytoplasm of bacteria into the 
eukaryotic host cell occurs in one step (Galan and Collmer, 1999; Mota 
et al., 2005; Buttner and Bonas, 2006; Yip and Strynadka, 2006).

T3SS substrates

T3SS substrates include the effectors and T3SS structural components 
such as the units of the needle, the needle extension and the translocon 
(Yip and Strynadka, 2006). Although T3SA is structurally and function-
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ally conserved, the types of effector molecules they deliver vary greatly 
among different species, which is consistent with the different pheno-
types associated with different T3SS. Structural studies have revealed 
the effector functions at the molecular level, which suggest horizontal 
and convergent evolution of host mimicry as well as completely novel 
methods to manipulate the host. T3SS effectors possess various biochemi-
cal activities including kinase, protease, protein and lipid phosphatase, 
nucleotide exchange factor and Rho family GTPase, actin-polymerizing 
and actin-bundling factor and tubulin-binding protein. Effectors stimulate 
or interfere with host cellular processes enabling the bacteria to modulate 
directly the host environments (Mota et al., 2005). For example, inside the 
eukaryotic cells, the effectors can disrupt the cytoskeleton, cause apopto-
sis or modify the intercellular signalling cascades.

Although heterogonous secretion of proteins by different T3SS indi-
cates that the effector secretion signal should be conserved among different 
T3SS, the exact molecular determinants that allow the T3SS to recognize 
the T3SS substrates among all the other bacterial proteins are still to be 
elucidated. T3SS substrates lack a single, defined secretion signal, and at 
least three independent secretion signals that direct substrates for secre-
tion through the T3SS have been proposed: the 5' region of the mRNA, 
the N-terminus of the substrate and the ability of a secretion chaperone to 
bind the substrate before secretion. The use of different or multiple target-
ing mechanisms may determine the timing of the secretion of some effec-
tors and contribute to the robust secretion of others (Galan and Collmer, 
1999). In addition to the secretion signal, T3SS effectors also contain a 
translocation signal within their 50–100 N-terminal amino acids to target 
the effectors across the plant plasma membrane; and the dual activity of 
HpaB during type III-dependent protein translocation suggests that secre-
tion and/or translocation of translocon units and effector proteins is dif-
ferentially regulated (Buttner and Bonas, 2006).

Animal pathogens utilize T3SS to deliver a few anti-host effectors into 
mammalian cells, resulting in a cascade of regulated events to overcome 
animal defence mechanisms for establishment of bacterial infection. For 
example, the P. aeruginosa T3SS translocates four effectors, ExoS, ExoT, 
ExoU and ExoY, to host cells to promote pathogenesis by disabling the 
local immune response, destroying epithelia and inhibiting wound heal-
ing processes. In contrast to animal pathogenic bacteria, phytopathogenic 
bacteria possess a large arsenal of effectors. For example, there are 29 
effectors in P. syringae pv. tomato DC3000 and only six known effectors 
in Yersinia. Plant pathogens utilize T3SSs to cause disease in susceptible 
plants and trigger the HR in resistant plants. Although the primary func-
tion of effector proteins is to promote pathogenicity, some phytopathogen 
effector proteins are also named Avr (avirulence) proteins, because they 
can betray the pathogens to the plant R (resistance) protein surveillance 
system eliciting specific defence responses in plants expressing a cog-
nate resistance (R) gene and render the pathogen avirulent through the 
HR. The HR is a rapid, programmed host cell death at the infection site 
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to restrict pathogen growth. In addition to the effectors, phytopathogenic 
T3SS is also required for the secretion of T3SS structural components and 
helper proteins such as harpins, the glycine-rich, cysteine-lacking, heat-
stable proteins, which do not need to be translocated inside the host cell 
to exert their function and can elicit the HR when delivered to the host 
surface. Secretion and translocation of the effector proteins are coordi-
nately regulated and require contact with a plant cell. In contrast, harpins 
and proteins that function as components of the extracellular T3SA seem 
to be readily secreted in culture media and can be detected in the cul-
ture supernatants in large amounts (Galan and Collmer, 1999; Brencic and 
Winans, 2005; Buttner and Bonas, 2006; Tang et al., 2006).

T3SS chaperones

Generally, chaperones are involved in folding proteins or redirecting mis-
folded proteins to degradation pathways transiently, but do not take part 
in the final function of their substrates. The efficient secretion and trans-
location of T3SS substrates not only depend on protein signals, but also 
require binding to their cognate chaperones (Buttner and Bonas, 2006). 
The majority of T3SS substrates bind to chaperones in the bacterium 
before delivery into the host. Typical T3SS chaperones are low molecular 
mass (<15 kDa), acidic (pI < 5), and leucine-rich dimer-forming proteins 
that specifically bind to N-terminal domains of the T3SS substrates and 
are usually encoded adjacently to their cognate substrate. In general, the 
chaperones do not have ATP-binding domains and share little detectable 
sequence similarity although they share a very similar fold and general 
T3SS substrate-binding mode as well as a predicted C-terminal amphip-
athic helix. The absence of the chaperone often results in premature 
degradation or inappropriate interaction of its substrate with a dramatic 
decrease in translocation into the host (Page and Parsot, 2002).

Three classes of T3SS chaperones have been distinguished based 
on their substrate specificities: whether they associate with one effec-
tor, several effectors or the translocators. Class IA chaperones interact 
with one or several homologous effectors and are often encoded next to 
their interaction partners, whereas class IB chaperones bind to a wide 
range of effectors. Chaperones of translocon proteins are termed class 
II. Although the roles of chaperones on effector proteins are varied and 
not yet fully understood, their functions can be summarized by the fol-
lowing four aspects. First, they act as the antifolding factors to keep the 
T3SS substrates in an unfolded secretion-competent state for transit 
through the narrow channel of the T3SS, which is between 2 and 3 nm. 
Second, they serve as signals to target their substrates to the T3SS, pre-
venting them from secretion through the flagellar T3SS. It has also been 
proposed that the conserved three-dimensional path of the polypeptide 
in the chaperone–effector complexes may be a universal conformational 
signal recognized by the T3SS, and the binding of the chaperones may 
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confer to the effector a competitive advantage in a hierarchy of secretion 
of the multiple effector proteins. Third, they act as anti-aggregation and 
stabilizing factors to prevent inappropriate premature interactions with 
other proteins. Fourth, they act as the regulators for the expression of 
some components of T3SS (Page and Parsot, 2002; Feldman and Cornelis, 
2003; Buttner and Bonas, 2006).

T3SS signals and regulation

Pathogenic bacteria inhabit different environments, and face unique 
environmental pressures. The expression of the T3SS is affected by 
physiological signals, such as the availability of nutrients and growth 
phase as well as a vast array of environmental signals, including tem-
perature, osmolarity, pH, divalent cations and the physical contact with 
the host cells (Table 2.2; Galan and Collmer, 1999; Francis et al., 2002; 
Tang et al., 2006). Recent reports suggest that the bacteria could sense 
cholesterol in eukaryotic cell lipid membranes to trigger T3SS through 
the cholesterol-binding proteins IpaB and SipB. Since the induction of 
T3SS by cell contact is due to the presence of the cholesterol, they can-
not translocate effectors into cholesterol-depleted host cells (Mota et al., 
2005).

The expression patterns of T3SS genes in five phytopathogenic genera 
(Pectobacterium, Pseudomonas, Pantoea, Ralstonia and Xanthomonas)
are very similar. The T3SS genes are repressed when bacteria are cultured 
in complex media, but are induced when bacteria are grown under condi-
tions mimicking plant apoplast. Factors affecting T3SS gene expression 
are osmolarity, pH, temperature, nitrogen and carbon sources. Since the 
expression of T3SS is a highly energy-consuming process, it would ben-
efit the bacteria to fully induce the T3SS genes only when they are in 
close contact with host cells. T3SSs are indeed induced at a high level in 
close contact with plant cells. For example, the HrpB transcriptional acti-
vator controlling T3SS gene expression in R. solanacearum is activated 
through a three-component signalling module by an outer membrane pro-
tein (PhrA) that acts as a contact-dependent sensor for a plant cell wall 
signal and an inner membrane protein (PrhR) as well as the extracyto-
plasmic factor (ECF) family sigma factor PrhI. Although the plant factors 
are required for the induction of the phytopathogenic T3SS, no specific 
plant inducers of T3SS gene expression have thus far been characterized, 
and the nature of the signals inducing T3SS gene expression in planta is 
not clearly defined (Francis et al., 2002; Brencic and Winans, 2005; Mota 
et al., 2005; Buttner and Bonas, 2006; Tang et al., 2006).

Expression of T3SS is coordinately regulated by networks of transcrip-
tion factors in response to environmental stimuli. With the complexity of 
T3SS, it is not surprising that the integration of multifaceted regulatory 
pathways is required to impart spatial and temporal control of T3SS gene 
expression for controlling the T3SA synthesis and assembly as well as the 
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substrate synthesis and secretion. It is apparent that regulation occurs in 
at least two distinct steps: expression of genes required for assembly of 
the T3SA followed by expression of genes whose products are substrates 
for T3SS (Francis et al., 2002). Regulation takes place at both the tran-
scriptional and the post-translational levels. Transcriptional regulation 
is accomplished by one or several specific transcription factors as well 
as by components of global regulatory networks that control the expres-
sion of T3SS in response to a variety of environmental cues mentioned 
earlier. In addition, as described in Yersinia spp., T3SS gene expression 
is also controlled by sensing the secretion process itself, which relies on 
the secretion of a negative regulator through the T3SS, thereby coupling 
the transcription and secretion processes. The post-translational regula-
tion of the secretion process is less well understood. It appears that, at 
least in some systems, the physiological signal that stimulates this regula-
tory pathway involves contact with host factors. This regulation is post-
translational because inhibition of novel bacterial protein synthesis does 
not prevent the host cell responses stimulated by T3SS and transloca-
tion. Nevertheless, the coupling of secretion to the transcriptional control 
mechanisms indicates that the post-translational stimulation of secretion 
will eventually result in the activation of transcription of T3SS genes 
(Galan and Collmer, 1999).

The regulation of T3SS through the regulatory proteins such as 
AraC-like transcriptional activators, histone-like proteins and TCSTS is 
thought to ensure expression and assembly of the T3SA and a certain 
level of expression of T3SS substrates. Most bacteria employ phosphore-
lay mechanisms to sense the surrounding environment. In animal path-
ogens, these signals are most often routed to AraC-like transcriptional 
activators that establish a cascade of type III gene activation. The exam-
ples are the VirF responding to the temperature shift by activating a regu-
latory cascade mediated by VirB in Shigella spp. and the HrpX, HrpB 
of X. campestris and R. solanacearum (Francis et al., 2002; Tang et al.,
2006). Another class of regulator is the nucleoid-associated proteins 
like H-NS, which bind to DNA and change its topological structure and 
thereby regulate the T3SS gene expression exemplified by the negative 
regulation of temperature-dependent expression of T3SS genes through 
the repression of the promoter of the primary regulator such as VirF in 
Shigella spp. (Falconi et al., 2001; Francis et al., 2002). In addition to H-
NS, other nucleoid-associated proteins are emerging as potential modula-
tors of T3SS gene expression. For instance, Falconi et al. (2001) indicate 
that factor inversion stimulation (FIS) antagonizes the repressive func-
tion of H-NS bound to the VirF regulator in a temperature-dependent 
manner. They further propose that modulation of the DNA architecture 
has been universally evolved by pathogens as a strategy to regulate viru-
lence gene expression in response to environmental stimuli. It follows 
that several signals encountered by a pathogen during infection, such 
as temperature, osmolarity, pH and oxygen tension, have all been impli-
cated to cause topological changes in local DNA structure. TCSTSs such 
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as GacS/GacA system also are involved in the regulation of T3SS and 
are discussed elsewhere in this chapter. Interestingly, the cyclic AMP 
(cAMP) signalling cascade plays a regulatory role on the regulation of 
T3SS in P. aeruginosa by the induction of the low Ca2+, which is mediated 
by at least two distinct signalling pathways. Under low Ca2+ conditions, 
a membrane-associated adenylate cyclase (CyaB) catalyses the formation 
of cAMP. The rise in intracellular cAMP activates the cAMP-dependent 
transcriptional factor Vfr resulting in transcription of genes encoding the 
T3SS (Wolfgang et al., 2003).

In addition, Pseudomas spp., Pectobacterium spp. and Ralstonia
spp. employ ECF family alternative sigma factors for the regulation 
of T3SS. Expression of the alternative sigma factor requires RpoN and 
enhancer-binding proteins that function as response regulators (Francis 
et al., 2002; Brencic and Winans, 2005; Tang et al., 2006). Meanwhile, 
a novel activator/anti-activator/anti-anti-activator system, ExsA/ExsD/
ExsC, controlling transcription of a T3SS has been identified recently in 
P. aeruginosa. In P. aeruginosa, two proteins, ExsA and ExsD, are shown 
to play a role in coupling transcription to secretion. ExsA is an activa-
tor of T3SS gene transcription, and ExsD is an anti-activator of ExsA. In 
the absence of environmental secretion cues, ExsD binds ExsA and inhib-
its transcription. Dasgupta et al. (2004) further characterized the ExsC as 
an anti-anti- activator of T3SS expression and proposed a model that the 
anti-anti-activator (ExsC) binds to and sequesters the anti-activator (ExsD) 
under low Ca2+ conditions, freeing ExsA and allowing for transcription 
of the T3SS. Homologues of both exsC and exsD have been identified in 
the V. parahaemolyticus and Photorhabdus luminescens genomes, which 
suggests that other organisms may use a similar mechanism to regulate the 
transcription of T3SS genes.

The secretion activity in T3SS can also modulate the expression of 
some T3SS genes encoding secreted proteins. As discussed above, in 
addition to the roles of chaperones in stability and secretion of their sub-
strates, a role in regulation also has been demonstrated, including the 
effector chaperone SycH and the translocator chaperones SycD/LcrH of 
Yersinia spp., SicA and IpgC of Shigella spp. Regulation by chaperones 
SicA and IpgC occurs at the transcriptional level. It seems that T3SS 
chaperones act as sensors of the intracellular levels of their cognate pro-
teins. The expression of most of the genes of the T3SS is known to be 
activated upon contact with a eukaryotic cell or in conditions mimicking 
such contact in vitro. Upon contact with the eukaryotic cells, secretion of 
the effectors and translocators starts and the intracellular amount of free 
chaperone increases, allowing them to activate or inhibit the transcrip-
tional regulators. In Yersinia, the feedback control mechanism that keeps 
T3SS expression at low levels is relieved by the export of the LcrQ/YscM 
protein (Francis et al., 2002; Feldman and Cornelis, 2003; Brencic and 
Winans, 2005; Mota et al., 2005).

In phytopathogens, induction of T3SS genes in bacteria occurs early 
after contact with a plant. In all cases, T3SS gene expression is induced 
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in planta or in certain minimal media. Transcription of T3SS genes is 
controlled by multicomponent regulatory networks that integrate diverse 
sets of environmental cues. The external activating stimulus is transmit-
ted to a cascade of regulatory proteins, such as TCSTS regulators, alter-
native sigma factors and AraC-type transcriptional activators. These 
regulatory networks, however, differ significantly among different spe-
cies. Based on differences in regulation, T3SS genes can be divided into 
two groups. Group I T3SS is found in P. syringae, Pectobacterium spp. and 
Pantoea spp., where T3SS genes are activated by a member of the ECF 
family sigma factor called HrpL. Group II T3SS is found in X. campes-
tris and R. solanacearum, where transcription of T3SS-associated genes is 
regulated by members of the AraC family of proteins (Francis et al., 2002; 
Brencic and Winans, 2005; Mota et al., 2005; Tang et al., 2006).

Regulatory Network Between QS and T3SS

QS controlling T3SS gene expression

To our knowledge, there is no report yet that T3SS controls QS: it appears 
that QS works upstream of the T3SS regulatory network and plays a role 
in the regulation of T3SS. Sperandio et al. (2003) first reported the con-
nection between QS and T3SS in EHEC and EPEC, showing that a differ-
ent QS system from the HSL system activates T3SS at high cell density 
via a LuxS protein and its cognate autoinducer AI-3. In contrast to the 
positive regulatory role of QS on T3SS in the EHEC and EPEC, Henke 
and Bassler (2004) provided evidence that the expression of the genes 
encoding the T3SS requires an intact QS signal transduction cascade 
and QS represses T3SS in V. harveyi and V. parahaemolyticus. Similarly, 
following the report of QS-dependent control of T3SS effector ExoS 
(Hogardt et al., 2004), Bleves et al. (2005) further examined the effect 
of QS on the expression of T3SS regulon and identified that, except for 
the regulatory operon exsCBA, T3SS is negatively regulated by RhlI/
R-C4-HSL in P. aeruginosa. The QS repression of the T3SS regulon sug-
gests that the associated virulence functions of T3SS are likely to be 
required at early stages of bacterial infection, prior to the establishment 
of a high-cell-density bacterial population and the further development 
of a chronic infection.

In plant pathogens, the QS regulon also has been reported to act on 
the T3SS. The QS signal, N-[3-oxohexanoyl]-L-homoserine lactone (OHL), 
is required for the expression of the T3SS regulon and the pathogenicity 
of P. carotovorum subsp. carotovorum (Koiv and Mae, 2001). However, 
QS did not affect the expression pattern of T3SS and plant cell wall-deg-
radation enzymes in Dickeya dadantii. Mutation of luxI homologue of 
expI had no apparent effect on the growth phase-dependent expression 
of hrpN and pelE, or on the virulence of D. dadantii in chicory leaves 
(Ham et al., 2004).
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Connection between T3SS and QS through Rsm, GacS/GacA and other regulators

Rsm system
Regulator of secondary metabolism (Rsm) is a novel type of post-
 transcriptional regulatory system mediated by the RsmA–rsmB pair (CsrA 
and csrB in E. coli). The Rsm system plays a critical role in gene expression 
and has a profound effect on bacterial metabolism and behaviour in many 
prokaryotic species. RsmA, rsmB and RsmC are the major components 
of this global regulatory system (Fig. 2.1). RsmA is a small RNA (sRNA)-
binding protein that acts by repressing translation and by lowering the 
half-life of the mRNA species. rsmB is an untranslated regulatory RNA 
that binds RsmA and neutralizes its negative regulatory effect by forming 
an inactive ribonucleoprotein complex. RsmC controls the production of 
RsmA and rsmB RNA by positively regulating rsmA and negatively con-
trolling rsmB (Liu et al., 1998; Cui et al., 1999).

The Rsm regulatory system is conserved in many prokaryotes. There 
are substantial data indicating the existence of the Rsm system in vari-
ous pathogens such as Enterobacter aerogenes, E. coli, S. typhimurium, 
S. flexneri, Serratia marcescens, Y. pseudotuberculosis; and plant path-
ogen Pectobacterium spp. rsmA homologues have been cloned from 
P. aeruginosa and P. fluorescens. Moreover, rsmA homologues are present in 
B. subtilis, C. jejuni, C. acetabutylicum, C. difficile, Haemophilus influenzae, 
Helicobacter pylori, Legionella pneumophila, Proteus mirabilis, Pasturella 
multocida, S. marcescens, Shewanella putrefaciens, Thermotoga maritime, 
Treponema pallidum and V. cholerae. The Rsm system has been reported 
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to control different gene products contributing to the pathogenicity and the 
host–pathogen interactions. It affects the production of different extracellu-
lar enzymes like pectinases, proteases, cellulases and secondary metabolites 
such as phytohormones, antibiotics, pigments and polysaccharides. It is also 
involved in flagella biosynthesis, motility and biofilm formation (Cui et al., 
1999; Chatterjee et al., 2002; Heeb et al., 2002; Valverde et al., 2003; Kay 
et al., 2005; Burrowes et al., 2006; Mulcahy et al., 2006). The expression of 
T3SS elicitor HrpN and other T3SS genes in P. carotovorum is repressed 
by the RsmA and RsmC. Meanwhile, the Rsm system affects the expression 
of the HrpL by RsmA-promoted decay of hrpL(Ecc) RNA (Fig. 2.1; Cui et al., 
1999; Cui et al., 2001; Chatterjee et al., 2002). Interestingly, recent work by 
Mulcahy et al. (2006) provided a positive role of RsmA on T3SS in P. aeru-
ginosa. The rsmA mutant of P. aeruginosa is defective in the production of 
key effector and translocation proteins and shows decreased expression of 
T3SS regulators. RsmA promoted actin depolymerization, cytotoxicity and 
anti-internalization of P. aeruginosa by positively regulating the virulence-
associated T3SS. A fuller understanding of the broader impact of RsmA on 
cellular activities has been further addressed by comparing the transcriptome 
profiles of P. aeruginosa PAO1 and an rsmA mutant. Loss of RsmA altered 
the expression of genes involved in a variety of pathways and systems impor-
tant for virulence, including iron acquisition, PQS biosynthesis, multidrug 
efflux pump formation and motility, although not all of these effects can be 
explained through the established regulatory roles of RsmA (Burrowes et al., 
2006).

Moreover, the Rsm system influences the levels of the QS signal. 
For example, RsmA negatively regulates lasI, rhlI in P. aeruginosa, and 
the biosynthesis of the PQS is also affected by RsmA (Burrowes et al.,
2005, 2006). Rsm also controls the levels of the QS signal OHL in vari-
ous Pectobacterium spp. In P. carotovorum, RsmA reduces the levels of 
transcripts of hslI, a luxI homologue required for HSL biosynthesis. The 
finding that HSL is required for extracellular enzyme production and 
pathogenicity in soft-rotting Pectobacterium spp. supports the hypoth-
esis that RsmA controls these traits by modulating the QS signal level 
of the bacteria. In the plant-beneficial rhizosphere bacterium P. fluores-
cens CHA0, the sRNA rsmX together with rsmY and rsmZ, forms a triad 
of GacA-dependent sRNAs, which sequester the RNA-binding proteins 
RsmA and RsmE and thereby antagonize translational repression exerted 
by these proteins. This sRNA triad was found to positively regulate the 
synthesis of a QS signal and autoinduce the Gac–Rsm cascade of P. fluo-
rescens (Kay et al., 2005).

On the other hand, QS also has been reported to regulate the Rsm 
system. For example, Koiv and Mae (2001) reported that AHL represses 
the expression of rsmA, which in turn leads to the activation of plant 
cell wall-degradation enzyme production in P. carotovorum, and the 
deficiency of AHL led to increased production of both rsmA and rsmB
RNAs transcripts. Chatterjee et al. (2005) further showed that the ExpR of 
P. carotovorum binds rsmA DNA and activates rsmA transcription. The 
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ExpR-mediated activation of rsmA expression and ExpR binding with 
rsmA DNA are inhibited by AHL.

GacS/GacA system
GacS/GacA is a TCSTS, which is widely distributed in many bacteria to 
respond to environmental stimuli and adapt to different environmental 
conditions. GacS is the putative histidine kinase sensor and GacA is the 
response regulator. Although the signal molecule for GacS autophos-
phorylation is still unknown, the GacS probably activates GacA and the 
activated GacA works as a transcriptional activator and further activates 
targeted genes in bacteria. The homologues of the TCSTS of GacS/GacA 
have been reported in a variety of Gram-negative bacteria, including E.
coli (BarA/UvrY), Pectobacterium spp., S. typhimurium (BarA/SirA), 
Pseudomonas spp. (GacS/GacA), and L. pneumophila (LetS/LetA), Vibrio
spp. (Cui et al., 2001; Heeb et al., 2002; Reimmann et al., 2005). GacS/GacA 
plays important roles in many biological functions. For example, in plant- 
beneficial bacteria, the GacS/GacA homologue is essential for expressing 
disease biocontrol factors (Chancey et al., 2002). In plant pathogens like 
P. carotovorum and P. syringae, this TCSTS has been intensively studied, 
and many virulence factors including regulatory RNA, QS signals, T3SS 
genes, pectate lyases, proteases, toxins-like syringomycin, etc. are found 
to be regulated by GacS/GacA (Cui et al., 2001; Chatterjee et al., 2003).

GacS/GacA systems are located at the top of a regulatory cascade and 
function as a central regulator by controlling an assortment of transcrip-
tional and post-transcriptional factors. GacS/GacA affects the T3SS gene 
expression in different bacterial species. For example, GacA positively 
regulates the expression of the T3SS alternative sigma factor HrpL as 
well as several T3SS genes of avr, hrp and hop controlled by HrpL in P. 
syringae. The gacA mutant of P. syringae pv. tomato DC3000 produces 
lower levels of transcripts of the T3SS regulator gene hrpL, hrpR and hrpS
as well as the avr, hrp and hop genes, causing drastic changes in bacte-
rial virulence towards Arabidopsis thaliana and tomato, as well as the 
multiplication in planta and the efficiency of HR induction (Chatterjee 
et al., 2003). Recently, we characterized the GacA effect on the T3SS gene 
expression and identified GacA as a master regulator controlling hrpL and 
several T3SS gene in D. dadantii (Yang et al., 2006).

The GacS/GacA system also has been reported to influence the expres-
sion of QS signal synthetase and therefore works upstream of the QS 
affecting the entire QS regulon. For instance, GacA was required for the 
transcription of ahlI and acted as activators of the AhlI/AhlR QS system in 
P. syringae (Chatterjee et al., 2003; Quinones et al., 2005; Reimmann et al.,
2005). In P. aureofaciens, GacA is also required for the transcription of the 
AHL synthetase gene phzI. Finally, the GacS/GacA homologue VarS/VarA 
of V. cholerae has also been reported to affect the expression of the entire 
QS regulon (Chancey et al., 1999; Lenz et al., 2005).

The influence of the GacS/GacA system on QS and T3SS is chan-
nelled, at least in part, through the Rsm system by activating the rsmB or 
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rsmB homologue, which binds to and inhibits the mRNA decay effect of 
RsmA. The examples are widespread in different species. For instance, 
GacS/GacA controls rsmB transcription in Pectobacterium spp., the rsmB
homologue rsmZ transcription in P. aeruginosa, the expression of a rsmB
homologue prrB RNA and consequent secondary metabolite production 
in P. fluorescens. In the Pseudomonas spp., the GacS/GacA activates the 
transcription of rsm genes encoding sRNAs like rsmB and rsmZ RNA pro-
duction that inhibits RsmA (Cui et al., 2001; Heeb et al., 2002; Chatterjee 
et al., 2003; Valverde et al., 2003; Goodman et al., 2004; Kay et al., 2005; 
Reimmann et al., 2005; Burrowes et al., 2005). Recently, GacS/GacA 
homologue VarS/VarA in V. cholerae has been reported to work in paral-
lel with CAI-1-CqsS and AI-2-LuxPQ to control the expression of redun-
dant regulatory sRNAs called quorum regulatory RNAs (Qrr) and thus the 
expression of the entire QS regulon. The function of VarS/VarA is through 
the activation of the three redundant sRNAs CsrB, CsrC and CsrD to con-
trol the RsmA homologue CsrA, which in turn controls the expression of 
Qrrs and the entire QS regulon through the effect of CsrA on LuxO (Lenz 
et al., 2005).

Interaction Between Gac–Rsm and Other Regulators Controlling 
T3SS and QS

Other regulatory proteins also play important roles in controlling the 
T3SS and QS systems by distinct mechanisms. Since the Gac–Rsm system 
is so critical, it was predicted that rsmA and rsmB expression would be 
rigorously controlled. Indeed, studies of P. carotovorum have disclosed 
that several transcriptional factors control the expression of the rsmA
and rsmB genes, including a LysR-type regulator HexA, and an IcIR-type 
repressor KdgR, which can positively control RsmA production and nega-
tively control the levels of rsmB RNA (Mukherjee et al., 2000; Cui et al.,
2001). Other examples include the identification of AefR as an important 
and novel regulator of QS in P. syringae from work in Lindow’s lab, pro-
posing that both AefR and GacA act as activators of the AhlI/AhlR QS 
system via independent pathways (Quinones et al., 2005).

The stress sigma factor RpoS is an alternate sigma factor responsible for 
the activation of many genes expressed mainly during the stationary phase. 
RpoS participates in Gac–Rsm-mediated resistance to oxidative stress in 
P. fluorescens; the expression of RpoS was controlled positively by GacA 
and negatively by RsmA (Heeb et al., 2005). In P. aeruginosa, Hfq has also 
been reported to exert a moderate stimulatory effect on translation of the 
rhlR and qscR genes as well as a stimulatory effect on rhlI expression, which 
might be through the Rsm system since Hfq can bind to and stabilize the 
RsmY, which is further shown to bind to RsmA (Sonnleitner et al., 2006).

Another regulator influencing Rsm is MvfR in P. aeruginosa, which 
regulates RsmA post-transcriptionally. MvfR is required for the function 
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of QS-regulated virulence and PQS. Recently, a hybrid sensor kinase/
response regulator RetS (RtsM) influencing the RsmA levels has been char-
acterized in P. aeruginosa. Transcriptome profiling of retS mutant revealed 
a decrease in the expression of genes involved in T3SS and virulence 
(Goodman et al., 2004). Ventre et al. (2006) identified a signal sensor LadS, 
a hybrid sensor kinase that controls the reciprocal expression of genes 
for T3SS and biofilm-promoting polysaccharides that repress T3SS gene 
expression. They provided evidence that LadS counteracts the activities 
of RetS. LadS and RetS exert opposite effects on the RsmZ. They (Ventre 
et al., 2006) further proposed a signal transduction network in which the 
activities of signal-receiving sensor kinases LadS, RetS and GacS regulate 
expression of virulence genes associated with acute or chronic infection 
by transcriptional and post-transcriptional mechanisms.

Disease Management by Targeting QS and T3SS

Although industries are losing interest in antibacterial drug discovery due 
to the challenge of developing new, effective antibiotics against the antibi-
otic-resistant organisms, an intriguing approach is to investigate bacterial 
pathogenesis along with the development of reagents and strategies for dis-
ease control. The conserved virulence mechanisms utilized by a range of 
pathogens to cause infection, such as TCSTS, QS, T3SS, Gac–Rsm system 
and biofilm formation, are becoming targets for disease management. The 
virulence mechanisms have been elucidated and various novel strategies 
have been developed. Virulence inhibitors that target particular virulence 
determinants, such as adhesion or T3SS (Lyon and Muir, 2003), as well 
as regulator and QS-based pathways without detrimental effects on bac-
terial growth, have become useful chemical probes for studies on bacte-
rial virulence and drug development. Although the virulence-target-based 
therapies may not be powerful enough to clear an existing infection alone, 
they may become an efficient strategy if used as an accessory therapy to 
existing antibiotics or as potentiators of the host immune response.

QS modulation mechanisms

AHL inhibition
There are different strategies aimed at the interruption of bacterial QS 
circuits based on QS signal generation, signal dissemination and signal 
detection. First, knowledge about signal generation can be exploited to 
develop QS inhibitor molecules that target QS signal generation. For 
example, LuxI family synthetase uses SAM to produce the AHL signal. 
Since the reaction chemistry of AHL synthetase with SAM appears to be 
unique, SAM analogues could be used as specific inhibitors of QS sig-
nal generation without affecting eukaryotic enzymes that use SAM as a 
substrate. Various analogues of SAM, such as S-adenosylhomocysteine,
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S-adenosylcysteine and sinefungin, have been demonstrated to be potent 
inhibitors of AHL synthesis catalysed by the P. aeruginosa RhlI protein 
(Hentzer and Givskov, 2003).

Second, the QS inhibition could be fulfilled by the inhibition of QS 
signal dissemination through the decay of the active QS signal concentra-
tion in the environment, which is also referred to as QS quenching. QS 
signal decay might be a consequence of a non-enzymatic reaction such 
as the alkaline hydrolysis of AHL signals at high pH values (Yates et al.,
2002), or the specific degradation of QS signal by QS degradation enzymes 
secreted by other bacterial species or the host. There are three possible 
routes to inactivate the AHL, including the lactone ring hydrolysis, the 
amide bond hydrolysis and the racemization to give N-3-oxohexanoyl-
D-homoserine lactone. The AHL-degrading enzymes identified so far fall 
into two groups according to the cleavage site of AHL. AHLases degrade 
AHLs by hydrolysing the lactone ring of AHLs and produce correspond-
ing acyl homoserine molecules, which include the AiiA from the Bacillus
spp., and the lactonase in Variovorax paradoxus and Rhodococcus spp. 
(Leadbetter and Greenberg, 2000; Dong et al., 2001). In addition, the AHL 
lactonase AhlD from Arthrobacter IBN110 has recently been found to be 
involved in the utilization of AHLs as a nutrient source. In another study, 
a V. paradoxus strain able to grow using 3-oxo-C6-N-homoserine lactone 
as the sole energy and nitrogen source was isolated from a soil sample 
(Abraham, 2006). Another group is AHL-acylases, which hydrolyse the 
amide bond of AHLs to release HSL and the acyl chain, which could 
be further metabolized by V. paradoxus and other species. Meanwhile, R.
erythropolis W2 also was reported to degrade AHLs by both oxido-reduct-
ase and AHL-acylase, and bromoperoxidase in Laminaria digitata forms 
hypobromous acid, which deactivates the signalling of 3-oxohexanoyl-
homoserine lactone by oxidation. The QS quenching enzyme exists in 
different environments, such as rhizosphere and phyllosphere, including 
Proteobacteria, low G + C Gram-positive bacteria, and high G + C Gram-
positive bacteria. For example, bacteria degrading the QS signal AHL were 
isolated from a tobacco rhizosphere, and included members of the genera 
Pseudomonas, Comamonas, Variovorax and Rhodococcus (Leadbetter 
and Greenberg, 2000; Dong et al., 2001; Uroz et al., 2003). AHL-degrading 
enzymes are of potential agricultural and clinical interest for use in the 
prevention of diseases caused by QS-proficient bacterial populations.

Third, the QS inhibition could result from inhibition of QS signal 
reception, which is also called QS mimicry. These compounds consist of 
two main groups: competitive inhibitors and non-competitive inhibitors. 
Competitive inhibitors are structural analogues of the native QS signal, 
which could bind to and occupy the QS signal-binding site, but fail to 
activate the QS receptor, and non-competitive inhibitors bind to different 
sites on the receptor protein lacking structural similarity to QS signals.

The structure–activity relationship analyses of the AHLs demon-
strated that the length of the side chain, the C-3 carbonyl group, as well as 
the ring structure, influence binding of the signal molecule to the recep-
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tor protein (Lyon and Muir, 2003; Martinelli et al., 2004). Many studies 
have been carried out on the AHL QS signal analogue synthesis and their 
mechanism characterization, which provided the QS antagonist can-
didates for disease control as well as the future development of novel 
antagonists. One such study showed that the AI of TraR in A. tumefa-
ciens, N-(3-oxooctanoyl)-L-homoserine lactone, can be converted into an 
antagonist of similar potency by simply replacing the carbonyl at posi-
tion 3 with a methylene to form N-(octanoyl)-L-homoserine lactone, which 
indicates that the 3-oxo group plays an important role in TraR activation, 
but is unnecessary for TraR binding (Lyon and Muir, 2003). Several other 
antagonists of AHL have been synthesized and the molecular mechanisms 
of these antagonists have been proposed (Reverchon et al., 2002; Castang 
et al., 2004; Frezza et al., 2006). Reverchon et al. (2002) evaluated a series 
of 22 synthetic AHL analogues with the modification of the acyl chain 
for both their inducing activity and ability to competitively inhibit the 
action of 3-oxohexanoyl-L-homoserine lactone. They found that most of 
the analogues bearing either acyclic or cyclic alkyl substituents showed 
inducing activity, but the phenyl-substituted analogues displayed signifi-
cant antagonist activity. Castang et al. (2004) synthesized a series of 11 
AHL analogues with the carboxamide bond replaced by a sulfonamide 
one, and found that several compounds had antagonist activity. Recently, 
Frezza et al. (2006) synthesized a series of 15 racemic alkyl- and aryl-N-
substituted ureas, derived from AHL. N-alkyl ureas with an alkyl chain of 
at least four carbon atoms, as well as certain ureas bearing a phenyl group 
at the extremity of the alkyl chain, were found to be significant antago-
nists. They further proposed that the antagonist activity of these AHL ana-
logues was related to the inhibition of the dimerization of the N- terminal
domain of LuxR homologue ExpR resulting from the formation of an addi-
tional hydrogen bond in the protein AHL-binding cavity (Reverchon et al.,
2002; Castang et al., 2004; Frezza et al., 2006). Antagonists generated by 
changing the macrocyclic part of AHLs have been reported and some of 
these analogues inhibit the QS. For example, the lactam analogue of the 
P. aeruginosa AI N-(3-oxododecanoyl)-L-homoserine lactone had mark-
edly reduced activity. Synthetic molecules with carbamate substituents of 
the HSL ring of 3-oxo-C8-HSL also had vastly decreased activity. In addi-
tion, a library of 96 AHL analogues in which the macrocycle was system-
atically altered has been synthesized, and some of the tested analogues 
such as 3-oxo-C12-(2-aminocyclohexanone) are antagonists of QS in vitro,
and inhibit biofilm formation (Lyon and Muir, 2003).

AIP mediated
In addition to the synthesis of Gram-negative bacterial AHL QS signal ana-
logue, the antagonists of the Gram-positive bacterial QS signal have been 
reported. For example, Otto et al. (1999) demonstrated that a synthetic 
S. epidermidis pheromone is a competent inhibitor of agr QS system of 
S. aureus. Structure–activity studies on the AIPs provided important 
insights to allow the rational design of AIP analogues that are global 
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inhibitors of S. aureus virulence. Lyon et al. (2000) demonstrated that 
the truncated version of AIP-II (trAIP-II) without the tail of the signal 
AIP-II was an inhibitor of all four S. aureus groups as well as some other 
Staphylococci spp. and the cyclic peptides such as trAIP-II are excellent 
starting points for peptidomimetic-type strategies designed to improve 
the bioavailability or potency of the initial compounds. By exploiting the 
unique chemical architecture of the naturally occurring AIP-1, several 
potent inhibitors of staphylococcal QS were designed (Scott et al., 2003). 
Vieira-da-Motta et al. (2001) reported that the synthetic analogues of the 
RNAIII-inhibiting peptide (RIP) to its target molecule TRAP function in
vitro as efficient suppressors of QS agr-regulated exotoxin production by 
S. aureus. Yang et al. (2003) selected two RAP-binding peptides (RBPs) 
from a random 12-mer phage-displayed peptide library capable of inhib-
iting RNAIII production in vitro and protecting mice from a S. aureus
infection in vivo. Interestingly, Qazi et al. (2006) recently reported that 
long-chain 3-oxo-substituted AHLs, such as 3-oxo-C12-HSL, are capable 
of interacting with the S. aureus cytoplasmic membrane in a saturable, 
specific manner and at sub-growth-inhibitory concentrations, antagoniz-
ing the QS in S. aureus through both sarA and agr QS systems to down-
regulate the exotoxin production.

AI-2- and AI-3-mediated QSI
Most QS AIs promote intraspecies communication, but AI-2 is produced 
and detected by a wide variety of bacteria and may allow interspecies 
communication. Some species of bacteria can manipulate AI-2 signalling 
and interfere with other species’ ability to assess and respond correctly 
to changes in cell population density. AI-2 signalling and AI-2 QSI could 
have important consequences for eukaryotes to protect them from path-
ogenic bacteria (Xavier and Bassler, 2005). Two AI-2 QS substrate ana-
logues, S-anhydroribosyl-L-homocysteine and S-homoribosyl-L-cysteine,
have been synthesized that can prevent the initial and final step of the 
AI-2 synthesis, respectively (Alfaro et al., 2004).

EHEC uses a QS regulatory system to sense whether it is within the 
intestines and to activate genes essential for intestinal colonization. The 
LuxS/AI-2 QS system used by EHEC is extensively involved in interspe-
cies communication. Sperandio et al. (2003) show that an EHEC luxS
mutant, unable to produce the bacterial AI, still responds to a eukaryotic 
cell signal to activate expression of its virulence genes, and identified 
this signal as the hormone epinephrine and showed that beta- and alpha-
adrenergic antagonists can block the bacterial response to this hormone. 
Furthermore, using purified and in vitro synthesized AI-2, it shows that 
AI-2 is not the AI involved in bacterial signalling. EHEC produces another, 
previously undescribed AI (AI-3), whose synthesis depends on the pres-
ence of LuxS. These results imply a potential opportunity to develop QSIs 
to block the cross-communication between the luxS/AI-3 bacterial QS 
system and the epinephrine host signalling system. Given that eukaryotic 
cell-to-cell signalling typically occurs through hormones, and that bacte-
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rial cell-to-cell signalling occurs through QS, QS might be a language by 
which bacteria and host cells communicate.

QS inhibitors expressed by higher organisms
A number of reports describe the ability of higher organisms to interfere 
with QS through the release of compounds that mimic the activity of AHL 
signals. The best-characterized example is the Australian macroalga D. pul-
chra. D. pulchra furanone compounds consist of a furan ring structure with 
a substituted acyl chain at the C-3 position and a bromine substitution at the 
C-4 position. The substitution at the C-5 position may vary in terms of side 
chain structure. The natural furanone is halogenated at various positions 
by bromine, iodide or chloride. D. pulchra produces at least 30 different 
species of halogenated furanone compounds, which are stored in special-
ized vesicles and are released at the surface of the thallus. Furanones of 
D. pulchra constitute a specific means of eukaryotic interference with bacte-
rial signalling processes. The discovery of the furanone-mediated displace-
ment of radiolabelled AHL molecules from LuxR suggests that furanone 
compounds compete with the cognate AHL signal for the LuxR receptor 
site (Hentzer and Givskov, 2003). Other work suggests that AHLs func-
tion by stabilizing unstable LuxR-type proteins. Rather than displacing the 
AHL signal from LuxR, the interaction of furanones with LuxR produces 
conformational changes that result in rapid proteolytic turnover of the 
complex (Fast, 2003; Lyon and Muir, 2003). Furanones and their synthetic 
analogues are able to antagonize QS-controlled gene expression, including 
swarming motility of S. liquefaciens; biofilm formation and virulence fac-
tor production, and pathogenesis in P. aeruginosa; bioluminescence and 
toxin production of Vibrio spp.; and carbapenem and exoenzyme produc-
tion of P. carotovorum. Finally, furanones are also produced by marine 
green, red or brown algae, by sponges, fungi and ascidians (Hentzer and 
Givskov, 2003; Hjelmgaard et al., 2003; Martinelli et al., 2004).

It is now apparent that QS signals are used for regulating diverse 
behaviours in epiphytic, rhizosphere-inhabiting and plant pathogenic bac-
teria. Plants may produce their own metabolites that interfere with this 
signalling. Teplitski et al. (2000) showed that several plants secrete sub-
stances that mimic bacterial AHL signal activities and affect QS-regulated 
behaviours in associated bacteria. They found that a large number of plant 
extracts contained QS-inhibitory activities and AHL-producing bacteria 
associated with these plants and their roots. The interplay of signals and 
signal inhibitors enables a stable coexistence of the eukaryotic host and the 
bacteria as long as the plant or root produces a sufficient inhibitor to block 
the QS systems of the colonizing organisms (Hentzer and Givskov, 2003).

Modulation of QS for disease management

QS is a community genetic regulation mechanism employed by many 
bacteria to control various microbiological functions. The discovery of 
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microbial QS signals and the signalling mechanisms led to the identi-
fication of numerous enzymatic and non-enzymatic signal interference 
mechanisms as discussed above, which can be developed as promising 
approaches to control pathogenic infections. In addition, these mecha-
nisms exist not only in microorganisms, but also in the hosts of bacterial 
pathogens, highlighting their potential implications in microbial ecology 
and in host–pathogen interactions. A large variety of synthetic AHL ana-
logues and natural products libraries have been screened and a number 
of QS inhibitors (QSI) have been identified for the control of bacterial 
infections through the inhibition of bacterial cell-to-cell communication 
systems that are involved in the regulation of virulence factor production, 
host colonization and biofilm formation. Promising QSI compounds have 
been shown to make biofilms more susceptible to antimicrobial treat-
ments and are capable of reducing mortality and virulence as well as pro-
moting clearance of bacteria in experimental animal models of infection. 
Meanwhile, virulence-targeted disease control through the interruption of 
the QS for chemical attenuation of bacterial activities rather than bacte-
ricidal or bacteriostatic strategies is a less powerful selection for the evo-
lution of resistance. Therefore, it is predictable that further work on QS 
and signal interference mechanisms will significantly broaden the scope 
of research in microbial pathogenicity mechanisms and disease manage-
ment strategies (Hentzer and Givskov, 2003; Zhang and Dong, 2004).

Modulation of T3SS and programmed cell death for plant disease management

Programmed cell death (PCD), also called apoptosis, is present in both ani-
mals and plants. Plants endure PCD for growth, development and in response 
to environmental insults. The plant disease resistance response in most cases 
is accompanied by the HR-linked PCD at the infection site. Sphingolipid and 
its phosphorylated derivatives, synthesized in plants through the ceramide 
biosynthetic pathway, are the signal molecules perceived by the pathogens 
to trigger the endogenous PCD during susceptible disease response. During 
infection, the Avr effectors secreted by T3SS may be recognized by the plant 
R proteins and elicit a plant resistance response in recognition of a number 
of intrinsic signals, such as caspases, reactive oxygen/nitrogen species, sali-
cylic acid, mitogen-activated protein kinase (MAPK) and membrane ion 
channels, cascading either alone or in combinations through a coordinated 
signal transduction pathway (Khurana et al., 2005).

The characterization of the functions and the mechanisms of the T3SS 
effectors like tyrosine phophatase YopH had led to the identification of the 
complexes with phosphopeptide and small molecule inhibitor activity for 
the rational design of inhibitors of virulence. Such compounds have the 
potential to be used as therapeutic agents. Transgenic expression of animal 
anti-apoptotic genes in plants provides broad-spectrum disease resistance 
against compatible obligate pathogens. Similarly, plant- and animal-derived 
proapoptotic genes can be engineered to be expressed in plants for activat-



Quorum Sensing and Type III Secretion Systems 45

ing HR-linked resistant disease response against pathogens. The modula-
tion of PCD provides a promising, yet challenging, strategy for plant disease 
management (Khurana et al., 2005). Although many studies have focused 
on screening for compounds that target traditional pathways or particular 
virulence determinants, such as adhesion or T3SS, and selective inhibition 
or induction of PCD that has been successfully employed to control plant 
diseases caused by necrotrophic or biotrophic pathogens, respectively (Lyon 
and Muir, 2003; Khurana et al., 2005), the disease management strategy tar-
geting the T3SS has been rarely reported and needs more research.

Development of New Technologies for Disease Control

TCSTS histidine kinase inhibitor and the whole signalling system

TCSTS is widespread in bacterial pathogens. For example, there are 9, 13, 
17 and 29 putative histidine kinase–response regulator pairs in E. faecalis, 
S. pneumoniae, S. aureus and B. subtilis, respectively (Fast, 2003). Some 
of these are considered essential for growth and pathogenesis. For exam-
ple, eight out of the 13 TCSTSs found in the genome of S. pneumoniae are 
required for virulence in a murine respiratory tract model (Throup et al.,
2000). TCSTS is also involved in QS in Gram-positive bacteria, and the 
GacS/GacA TCSTS system regulates the T3SS and QS, playing a central 
role in virulence as discussed earlier. The central role of these systems 
in bacterial pathogenesis promotes substantial interest in the develop-
ment of broad-spectrum two-component inhibitors for disease control. 
Lyon et al. (2002) demonstrated that activators and inhibitors interact at 
a common site on the receptor, and suggested that molecules designed to 
compete with natural agonists for binding at receptor–histidine kinase 
sensor domains could represent a general approach to the inhibition of 
receptor–histidine kinase signalling. The expression of many staphyloco-
ccal virulence factors is regulated by the agr locus via a TCSTS, which is 
activated in response to a secreted AIP. By exploiting the unique chemical 
architecture of the naturally occurring AIP-1, several potent inhibitors of 
staphylococcal TCSTS have been designed and synthesized using either a 
linear or branched solid-phase approach. These inhibitors are competitive 
binders and contain the crucial 16-membered side chain to tail thiolac-
tone peptide pharmacophore (Scott et al., 2003). A number of potent com-
petitive AgrC antagonists, i.e. agr TCSTS inhibitors, have been reported 
and reviewed (Matsushita and Janda, 2002; Chan et al., 2004).

Nevertheless, some studies have demonstrated that many histidine 
kinase inhibitors identified using high-throughput in vitro screens act non-
specifically in cells either by disrupting membrane integrity or by causing 
protein aggregation. The recent crystal structure of the nucleotide- binding
domain of a sensor kinase (CheA) from T. maritima in complex with 
ADP and various analogues of ATP bodes well for future structure-based 
design of inhibitors specifically targeting the autokinase domain of sensor 
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kinases and avoiding the homologous domains of host ATPases (Bilwes 
et al., 2001). For comprehensive reviews of the growing field of two-com-
ponent inhibition, see Matsushita and Janda (2002) and Stephenson and 
Hoch (2004). The development of both selective and global inhibitors of 
TCSTSs will make progress with future studies using appropriate experi-
mental plant and animal infection models (Chan et al., 2004).

Application of QS for disease control

QS quenching application
An attractive strategy for QS control is to use non-native AHL derivatives 
that block natural AHL signals. For the animal or human pathogen, the 
QS signal analogues have been widely tested for the purpose of therapy 
and much progress has been made. For example, some derivatives of the 
D. pulchra furanone compounds were shown to repress QS in P. aeru-
ginosa and to reduce virulence factor expression, and furanone-treated 
biofilms were more susceptible to killing by antibiotic tobramycin than 
their untreated counterparts. QS-inhibitory compounds might constitute 
a new generation of antimicrobial agents with applications in many fields, 
including agriculture, medicine, and the food industry. In recent years, a 
number of biotechnology companies have emerged that specifically aim at 
developing anti-QS and anti-biofilm drugs (Hentzer and Givskov, 2003).

As discussed earlier, QS quenching enzymes existing in different envi-
ronments are produced by different species, including the bacteria in rhizo-
sphere, phyllosphere, etc. The application of QS quenching enzymes for 
disease management has been reported using the engineered QS quench-
ing enzyme and the bacterial strain itself. For example, expression of the 
aiiA gene of Bacillus spp. in the plant pathogen P. carotovorum resulted in 
reduced release of AHL signals, decreased extracellular pectolytic enzyme 
activity and attenuated soft rot disease symptoms in all plants tested. 
Moreover, transgenic tobacco and potato plants expressing AiiA lactonase 
from B. cereus increased host resistance and were less susceptible to infec-
tion by P. carotovorum, which highlights a promising potential to use QS 
signals as molecular targets for disease control, thereby broadening current 
approaches for prevention of bacterial infections (Hentzer and Givskov, 
2003). Another example is the application of R. erythropolis strain W2 to 
quench QS-regulated functions of other microbes. In vitro, R. erythropolis
strongly interfered with violacein production by Chromobacterium viol-
aceum, and transfer of pathogenicity in A. tumefaciens. In planta, R. eryth-
ropolis W2 markedly reduced the pathogenicity of P. carotovorum subsp. 
carotovorum in potato tubers (Uroz et al., 2003).

However, some questions are raised for the application of the QS 
quenching mechanism in disease management. Smadja et al. (2004) indi-
cated that QS regulation is involved in the second maceration process 
leading to the development of disease instead of the initial plant coloniza-
tion by P. atrosepticum. They pointed out that the use of QS quenching 
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strategies for biological control of P. atrosepticum cannot prevent initial 
infection and multiplication.

Biocontrol based on QS
Biological control is an accepted and important component of current 
plant disease management strategies. The introduction of bacterized seeds 
carrying bacterial isolates with proven growth promotion capabilities and 
antagonistic characteristics offers attractive alternatives or supplements 
to the use of conventional methods such as chemical protectants for plant 
disease management. Pathogens are typically affected by certain modes 
of actions and not by others according to their nature (i.e. biotrophs vs 
necrotrophs). Resistance in the host plant may be induced locally or sys-
temically by either live or dead cells of the biocontrol agent and may affect 
pathogens of various groups (Elad, 2003).

Valdez et al. (2005) evaluated the ability of the probiotic organism 
Lactobacillus plantarum to inhibit the pathogenic activity of P. aeruginosa
and found that L. plantarum and/or its by-products are potential therapeu-
tic agents for the local treatment of P. aeruginosa burn infections. The cul-
tivation of beneficial plant-growth-promoting or biocontrol bacteria, or the 
selective expression of useful genes in the plant environment, is of signifi-
cant biotechnological interest. AHLs produced by indigenous bacteria of the 
tomato rhizosphere also can diffuse within the rhizosphere and are capable 
of modulating the ecology of rhizosphere bacterial populations. AHL sig-
nal molecules produced by bioengineered plants represent an approach to 
improve the ability of plants to communicate with and to regulate benefi-
cial genes in introduced bacteria (Scott et al., 2006). An effect of AHL deg-
radation products on plant physiology was reported by Joseph and Phillips 
(2003), who demonstrated that treatment of bean roots with physiologically 
relevant concentrations of HSL and homoserine significantly increased 
stomatal conductance and transpiration in the plant. Transpiration also 
enhances the availability of mineral nutrients for the growth of plants and 
root-associated bacteria. It is conceivable that the bacterial production of 
AHLs and their degradation to HSL and homoserine may represent a plant–
microbe interaction in which both the plant and root-associated bacteria 
benefit from the production of QS signals in the rhizosphere.

The concept of bioengineering a plant host to produce AHLs was 
demonstrated previously by the expression of the yenI gene from Yersinia 
enterocolitica in tobacco and potato as well as expI from P. carotovorum
in tobacco (Toth et al., 2004). Mae et al. (2001) showed that the OHL-
producing transgenic tobacco lines as well as the wild-type plant with 
the exogenous addition of OHL exhibited enhanced resistance to infec-
tion by wild-type P. carotovorum. The constitutive expression of yenI in 
tobacco and potato leads to the endogenous accumulation of the major 
AHLs for YenI synthetase, namely N-(3-oxohexanoyl)-L-homoserine lac-
tone (3-oxo-C6-HSL) and N-hexanoyl-L-homoserine lactone (C6-HSL) 
(Toth et al., 2004). These plants have dramatically altered susceptibili-
ties to infection by pathogenic Pectobacterium spp.. Scott et al. (2006) 



48 C.-H. Yang and S. Yang

further reported that transgenic plants expressing the LasI and YenI QS 
signal synthetases individually or in combination within plant cell plas-
tids produce long- and short-chain AHLs that are readily detectable in 
the rhizosphere and phyllosphere. Moreover, they also show that plant-
produced AHLs become an active component of rhizosphere and non-
rhizosphere soil. Accordingly, their work demonstrates the feasibility of 
designing AHL-specific plant–bacteria biosystems that can enhance ben-
eficial plant–microbe interactions or inhibit harmful interactions and it is 
practical to utilize bioengineered plants to supplement soils with specific 
AHLs to modulate bacterial phenotypes (Scott et al., 2006).

Combination of biocontrol and disease management
Large-scale use of biocontrol is still limited because of the variability and 
inconsistency of biocontrol activity. In some cases, this may be caused by 
sensitivity of the biocontrol agents to environmental influences. Methods 
to overcome biocontrol limitations and to improve its efficacy are: (i) inte-
gration of biocontrol with chemical protectants; and (ii) introduction of 
two or more biocontrol agents in a mixture, assuming that each of them 
has different ecological requirements and/or different modes of action. 
Implementation of one (or more) of these approaches has lowered the var-
iability and increased the consistency of disease suppression.

Zhu et al. (2006) provided a new strategy for developing a genetically 
engineered multifunctional Bacillus thuringiensis strain that possesses 
insecticidal activity together with restraint of bacterial pathogenicity for 
biocontrol and disease management. The genetically modified B. thur-
ingiensis strain BMB821A expressing an AHL lactonase gene aiiA pro-
duced 2.4-fold more AHL lactonase and could degrade more AHLs than 
the original strain BMB-005. The BMB821A strain strongly restrained 
P. carotovorum infection on potato slices and cactus stems, and retained 
the insecticidal activity to the lepidopteran Spodoptera exigua, although 
the toxicity was a little reduced.

Future Directions and Potential Problems

Although we are beginning to understand some aspects of the function of 
QS and T3SS machineries, some future research directions are suggested 
in this chapter to enhance our understanding of managing bacterial plant 
disease by modulating the QS and T3SS systems.

Signals for T3SS, TCSTS and the integration of these signals for gene regulation at 
individual cell and community levels

There are many other signalling systems being discovered in various 
bacteria, including T3SS, QS, contact-dependent signalling and two-
component signalling, with many more to be discovered. Furthermore, 
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many of these new molecules will signal through novel uncharacterized 
proteins, which has been suggested in the case of cytolysin induction in 
E. faecalis (Haas et al., 2002; Fast, 2003). Questions remaining to be solved 
in the future are: what are the signals for the T3SS, GacS/GacA TCSTS? 
Is there any connection among the signals of QS, T3SS and GacS/GacA 
TCSTS, and how do the bacteria detect, distinguish and respond to these 
signals and integrate all the signals and the signal regulatory pathways 
in harmony individually and at a community level to benefit the whole 
population? Do all cells have the same response to these signals or do 
different subgroups of bacteria respond to different signals and cooper-
ate to deal with the complex signals the whole community encounters? 
What is the response of an individual cell to signal stimuli and are there 
any differences in gene expression profiles between the individual cells 
and the whole population? In particular, the search for T3SS, GacS/
GacA and other TCSTS signals as well as investigation of the connection 
among these signals will shed light on our understanding of the virulence 
mechanisms and the development of novel strategies for disease manage-
ment. For example, during the competence and sporulation, a few cells 
of Bacillus retain competence ability while most cells are undergoing the 
sporulation.

Structure investigation, mathematic modelling and computer-based prediction for 
novel compound design

The investigation of the structure, activity and turnover of the QS signal 
has helped in the elucidation of the QS mechanism and the development 
of the QS inhibitor as a therapeutic strategy. For example, a series of sta-
phylococcal AIP signal molecule analogues (including the L-alanine- and 
D-amino acid-scanned peptides) have been synthesized to determine the 
functionally critical residues within the S. aureus group I AIP and the 
addition of exogenous synthetic AIPs to S. aureus inhibited the produc-
tion of toxic shock syndrome toxin and enterotoxin C3, confirming the 
potential of a QS blockade as a therapeutic strategy (MDowell et al., 2001). 
Hjelmgaard et al. (2003) reported the interesting structure–activity rela-
tionships of the furanone-based natural product analogues towards the 
QS systems. During the course of structure–activity studies on AIP1 and 
AIP2, Chan et al. (2004) found that a number of unexpected observations 
could be useful pointers for the design of new AgrC antagonists.

Fagerlind et al. (2005) developed a mathematical model of the QS 
system in P. aeruginosa to virtually add 3-O-C12-HSL antagonists that 
differed in their affinity for the receptor protein and for their ability to 
mediate degradation of the receptor. Their model suggests that very small 
differences in these parameters for different 3-O-C12-HSL antagonists 
can greatly affect the success of QS blocker (QSB)-based inhibition of the 
QS system in P. aeruginosa. Most importantly, the ability of the 3-O-C12-
HSL antagonist to mediate degradation of LasR is the core parameter for 
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successful QSB-based inhibition of the QS system in P. aeruginosa, and 
QSBs can shift the system to an uninduced state and the use of 3-O-C12-
HSL antagonists may constitute a promising therapeutic approach against 
P. aeruginosa infections. Based on the structural information and with 
the aid of computer-based prediction, Riedel et al. (2006) designed novel 
compounds that specifically inhibit the AHL-dependent QS system of the 
genus Burkholderia, which efficiently inhibits the expression of virulence 
factors and attenuates the pathogenicity of the organism.

With an integration of different areas like mathematics, statistics, 
chemistry, biology, bioinformatics and computer science, future work on 
signal structure investigation and QS modelling will help unravel the vir-
ulence mechanisms of the QS, T3SS and TCSTS, and develop new strate-
gies for disease management.

Integration of genomics, functional genomics, proteomics and bioinformatics with 
the traditional and novel methods to reveal disease mechanisms

The well-established TnphoA transposon was continuouslyused to recog-
nize QS-dependent genes and to unravel the QS mechanisms. For exam-
ple, a phosphatase (phoA)-deficient P. carotovorum was mutagenized by 
the TnphoA transposon to identify OHHL-regulated genes that encode 
proteins that are important in the soft rot Pectobacterium–plant interac-
tion. The expression of the reporter gene fusion was then assessed in the 
presence and absence of OHHL, and OHHL-responsive fusions were iso-
lated and seven novel QS-dependent genes were identified (Pemberton 
et al., 2005).

Furanone penetration and half-life were estimated by using the green 
fluorescent protein (GFP)-based single-cell technology in combination 
with scanning confocal laser microscopy, enabling scientists to identify 
synthetic compounds that not only inhibited the quorum sensors in the 
majority of the cells, but also led to the formation of flat, undifferentiated 
biofilms that eventually detached. By means of AHL monitors built on 
the P. aeruginosa quorum sensors and the lasB-gfp target gene, the effi-
cacy of these compounds was measured via GFP expression (Hentzer and 
Givskov, 2003).

Studying bacterial communication will further our understanding 
of the extraordinary diversity in the surrounding environment and will 
provide novel strategies against bacterial infections. Efforts to mine the 
genomes of the bacterial world for unusual and interesting natural prod-
ucts have already yielded and will continue to yield new avenues for dis-
ease control (Fast, 2003).

Genome-wide screens for QS-controlled genes within some organ-
isms have been performed using genome microarray and proteomic stud-
ies. Microarray technology has been widely applied to discover the basic 
virulence mechanisms and drug development in research and pharma-
ceutical labs on different pathogens. For example, the cDNA microarray 
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of P. aeruginosa (Affymetrix Inc., California) has been used to demon-
strate that furanone compounds specifically repress expression of QS-
controlled genes in P. aeruginosa and the target specificity of certain 
first-generation antipathogenic drugs (Hentzer and Givskov, 2003).

Potential problems

There are limited reports of plant disease management by targeting T3SS. 
Although some progress of the application of QS on disease control has 
been accomplished, there are still problems to be solved for the develop-
ment of efficient disease management strategies. For example, although a 
robust solid-phase synthetic route to both natural and non-natural AHLs 
in high purity has been developed and a set of non-native AHLs that are 
among the most potent inhibitors of bacterial QS has been identified, the 
toxicity of the QS inhibitors may prevent them from use for the treatment 
of bacterial infections (Geske et al., 2005). Another disadvantage associ-
ated with QS antagonists is the narrow spectrum of antagonists, especially 
the AHL antagonists. Specific antagonists have to be developed for each 
targeted organism. In addition, new synthetic approaches for the genera-
tion of QS analogues and the systematic evaluation of the effects of QS 
ligand structure on QS are still required.

Meanwhile, the presence of complex microbial species and the vari-
ety of QS signalling molecules and/or the signal inhibitors that might be 
produced by the microorganisms or even the host greatly complicate the 
application of anti-QS therapy. It will require a specific QS inhibitor only 
to attenuate a single, pathogenic organism living in a mixed population 
of normal bacterial flora while leaving the rest of the bacterial population 
unaffected. Other factors influencing the QS-based disease control include 
the impacts of technological, environmental, socio-economic and climatic 
changes on plant hosts, which could alter stages and rates of develop-
ment of the pathogen, modify host resistance and result in changes in the 
physiology of host–pathogen interactions, all of which add complexity 
and uncertainty onto a system that is already exceedingly difficult to man-
age on a sustainable basis. Unfortunately, most recent work has been con-
centrated on the effects of a single variable on the host, pathogen or the 
interaction of the two under controlled conditions. Intensified research 
on multiple issues could result in an improved understanding and man-
agement of plant diseases in the future (Nalca et al., 2006).
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Abstract
Substantial progress has been made over the past decade in our understanding 
of nematode parasitism of plants that is now being applied to devise novel man-
agement strategies for nematodes through the use of biotechnology. The main 
research focus has been on the discovery and functional analysis of genes that ena-
ble nematodes to parasitize plants. Plant-parasitic nematodes are equipped with 
an arsenal of parasitism-associated genes which encode for secreted proteins that 
are expressed in their oesophageal glands. The expressed proteins are released 
into the apoplast or cytoplasm of host cells through the nematode stylet for the 
establishment of successful parasitic associations. Understanding the nature of the 
secreted products of nematode parasitism genes is expanding our knowledge of 
what makes a nematode a plant parasite. Moreover, this knowledge has unveiled 
key targets for the genetic manipulation of plants for developing novel resistance 
strategies against nematodes.

Introduction

Plant-parasitic nematodes are microscopic roundworms that cause exten-
sive damage to most plant species and continue to pose major challenges to 
agriculture. Effective management has relied on the traditional approaches 
of natural host plant resistance, crop rotation and the use of nematicides, 
but each of these methods has its limitations. Natural plant resistance 
is available only in a few crops for a limited number of nematode spe-
cies and genetic variability within nematode field populations presents a 
continued threat to the durability of plant resistance genes. Crop rotation 
is only effective against nematodes with narrow host ranges and toxicity 
issues associated with nematicides have resulted in their constrained use. 
Thus, there is a strong demand for the development of alternative nema-
tode control strategies including ones developed using biotechnology.
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in Nematode Plant Pathogens
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Understanding the molecular mechanisms of nematode pathogenesis 
can aid in devising novel approaches for nematode control. Dissecting the 
genetic basis of nematode parasitism has been inherently difficult due to the 
obligate nature of these parasites, complicated genetics, limited genomic 
resources and associated technical difficulties in working with plant-
parasitic nematodes. However, in recent years, substantial progress in our 
understanding of nematode pathogenesis has been made through the use of 
novel biotechnological approaches for gene discovery, the increasing avail-
ability of model biological species and genomic resources and advances in 
analyses of gene function. Because the agriculturally significant sedentary 
endoparasitic cyst nematodes (Heterodera spp. and Globodera spp.) and 
root-knot nematodes (Meloidogyne spp.) have been the focus of molecular 
studies to understand the mechanisms of nematode pathogenesis, the data 
given in this chapter are largely derived from these pathosystems.

The application of contemporary biotechnology techniques has con-
tributed to significant advancements that have been made in identifying 
genes encoding products involved in parasitism by the cyst and root-knot 
nematodes over the last decade. Although the function of the majority of 
identified parasitism genes remains speculative at the present time, the 
adoption of novel reverse genetic techniques such as RNA interference 
(RNAi) (Fire et al., 1998; Wesley et al., 2001) is opening the way for the 
direct assessment of nematode gene function and will greatly enhance 
our understanding of the molecular basis of nematode pathogenesis. This 
chapter focuses on recent discoveries that have contributed to our under-
standing of nematode parasitism of plants and which have simultaneously 
revealed potential targets for engineering resistance. Since considerable 
data on the molecular response of host plants to infection by these nema-
todes have been generated and summarized (Gheysen and Fenoll, 2002), 
the emerging identification of nematode secretions that promote plant 
parasitism will be the emphasis in this chapter.

Nematode Pathogenesis

Plant-parasitic nematodes are obligate parasites of plants that have evolved 
diverse feeding strategies to obtain nutrients from host tissues to support 
their development and reproduction. All plant-parasitic nematodes use 
a hollow protrusible mouth spear, called a stylet, to pierce the plant cell 
wall, release oesophageal gland secretions into plant tissues and withdraw 
nutrients from the cytoplasm of host cells. Some parasitic nematodes feed 
while remaining outside the root (ectoparasites), while others penetrate 
completely into the root tissues (endoparasites). Nematodes either remain 
as migratory feeders or feed for prolonged periods from a single plant 
cell or group of cells. The simplest feeding strategy is that of the migra-
tory ectoparasites. These nematodes migrate along the exterior of the root 
surface and move from cell to cell using their stylet to withdraw cellular 
contents. In contrast, sedentary ectoparasites remain  exterior of the root, 



60 M.G. Mitchum et al.

but feed for extended periods from the same site, usually in the cortex. 
Migratory endoparasites also feed transiently; however, these nematodes 
completely penetrate and feed from within the root, typically causing 
extensive root damage. The most complex and sophisticated feeding strat-
egy is that of the sedentary endoparasites. These parasites modify specific 
cells of the root vasculature into highly metabolically active feeding cells 
to sustain their growth and development. Root-knot and cyst nematodes 
are sedentary endoparasites that establish feeding cells, called giant cells 
and syncytia, respectively (Hussey and Grundler, 1998).

Cyst and root-knot nematodes follow the same general nematode life 
cycle (Abad et al., 2003; Lilley et al., 2005). Infective second-stage juve-
niles hatch from eggs in the soil and find their way to host plant roots by 
attraction to diffusates. Using their stylets, juveniles mechanically pen-
etrate the cell wall while secreting cell wall-hydrolysing enzymes that 
aid the nematode as it migrates towards the root vasculature. Once the 
juvenile reaches a specific root locale, usually in the vicinity of the vas-
culature, it selects a specific plant cell type to transform into a unique 
feeding structure. Concomitant with feeding, the juvenile swells and 
becomes sedentary as its somatic musculature degenerates and, subse-
quently, is completely dependent on the formation of feeding cells for 
nutrient acquisition and completion of its life cycle. As the nematode 
begins feeding, it proceeds through three more molts to the adult life 
stage. Cyst nematodes reproduce sexually and the males migrate out of 
the root to fertilize the protruding females. The adult cyst female deposits 
some eggs in a gelatinous matrix outside her body; however, the majority 
of eggs are retained inside the uterus. When the female dies, her body 
serves as a cyst to protect the eggs in the soil. Root-knot nematode spe-
cies reproduce primarily by parthenogenesis, and adult females deposit 
all their eggs in an egg mass, a gelatinous matrix found on the surface of 
nematode-induced root galls.

The ability of the nematodes to parasitize plants is reflected by two 
major evolutionary adaptations: (i) the stylet, without which a nematode 
cannot penetrate into a plant and (ii) the products of parasitism genes 
expressed in the oesophageal glands and secreted through the stylet into 
plant tissues to facilitate migration through roots, establishment of feed-
ing sites and feeding (Davis et al., 2000). These glands are present in 
the oesophagus of plant-parasitic nematodes and consist of three large 
and complex secretory cells. Two subventral (SvG) and one dorsal (DG) 
oesophageal gland cell synthesize secretory proteins that are packaged 
into spherical membrane-bound Golgi-derived granules. Our understand-
ing of the function of the SvG and DG in root-knot and cyst nematodes 
during the parasitic process has evolved and significant progress has been 
made in studying parasitism genes and the mechanisms of pathogenesis. 
In the early studies of gland morphology, because the SvG released their 
secretions in the oesophageal lumen at the base of the metacorpus pump 
chamber, which actively pumps only during food ingestion, it was gen-
erally assumed that secretions from these glands moved only posteriorly 
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towards the intestine and, therefore, would not be secreted through the 
stylet into host tissues. In contrast, secretions from the DG, which con-
nects to the oesophageal lumen near the base of the stylet, were consid-
ered to be secreted through the stylet into plant tissue and, therefore, play 
a significant role in the interaction of the nematode with its hosts. This 
point of view has changed with the identification of the first parasitism 
genes, which were expressed in the SvG glands and whose correspond-
ing parasitism proteins were secreted through the stylet during migra-
tion inside the plant tissue (Smant et al., 1998; Wang et al., 1999). Other 
studies revealed that changes in the ultrastructure and morphology of 
the two types of oesophageal gland cells were correlated with develop-
mental phases in the life cycle of the root-knot and cyst nematodes. The 
SvG cells are the most active oesophageal glands in infective second-stage 
juveniles (i.e. packed with secretory granules) and become smaller and 
contain fewer secretory granules in later parasitic stages. The DG, on the 
other hand, is stimulated to increase synthesis of secretory proteins after 
the onset of parasitism (penetration into host plant tissues), to become 
the most predominant gland in the parasitic stages. However, in root-knot 
nematodes, the SvG are actively expressing parasitism genes throughout 
the second-stage juvenile stage (10–12 days after root penetration) and in 
the cyst nematodes through the juvenile stages. Therefore, the roles of the 
two gland types clearly differ during the parasitic cycle, which involves 
root penetration, migration, feeding-cell induction and maintenance, and 
feeding-tube formation.

Proteins secreted through the stylet of root-knot and cyst nematodes are 
used to metabolically and developmentally reprogramme normal root cells 
for the formation of specialized feeding cells (Fig. 3.1). Cyst nematodes typ-
ically transform cells near the vasculature into a syncytium. The syncytium 
forms, by coordinated dissolution of plant cell walls, a process requiring 
extensive modifications to the cell wall architecture. Ultimately, proto-
plasts of adjacent cells coalesce to form a multinucleate syncytium made 
up of hundreds of cells. The nuclei within the syncytium enlarge, develop 
an amoeboid appearance, have a prominent nucleolus and are polyploid. 
The syncytium is metabolically highly active and there is an associated 
increase in cytoplasmic density, the large central vacuole is reduced to sev-
eral smaller vacuoles, organelles proliferate and cell walls thicken (Hussey 
and Grundler, 1998). Root-knot nematodes, on the other hand, induce the 
formation of several, so-called giant-cells, around their heads. Selected 
cells enlarge up to 100× their size and undergo repeated nuclear divisions 
without cell divisions to generate a unique multinucleate cell type. Similar 
to syncytia, giant-cells become highly metabolically active with a dense 
granular cytoplasm, small vacuoles, increased numbers of organelles and 
thickened walls. The nuclei are polyploid from repeated rounds of endore-
duplication reflecting alterations to the cell cycle. The cells surrounding 
the giant cells undergo hyperplasia to form a characteristic root-knot (gall).

Syncytia and giant-cells serve as major sinks for metabolites that are 
withdrawn by the feeding nematodes. Finger-like protuberances (ingrowths) 



62 M.G. Mitchum et al.

are formed along the walls adjacent to the vasculature to increase the sur-
face area of the plasmamembrane for solute uptake, typical of transfer cells 
(Jones and Northcote, 1972). The parasitized root cells are metabolically 
reprogrammed to support increased energy demands which are reflected 
in increased rates of metabolism by the glycolytic and pentose phosphate 
pathways (Favery et al., 1998; Mazarei et al., 2003). Feeding-cell formation 
is the result of these processes and is accompanied by drastic changes in 
plant gene expression. Alterations in plant gene expression within devel-
oping feeding cells have been studied extensively to gain insight into the 
molecular mechanisms underlying syncytia and giant-cell formation. The 
changes in plant gene expression within feeding cells have been described 
and summarized by Gheysen and Fenoll (2002). Despite these advances, a 
thorough understanding of nematode pathogenesis will require the identifi-
cation of the nematode signal or signals that trigger the initiation of feeding 
cells. As of yet, such signals remain elusive. The following sections high-
light the approaches taken to identify nematode parasitism proteins and the 
insights being gained with regard to their potential function in stimulating 
changes to basic plant cellular processes for nematode pathogenesis.

Unlocking the Nematode Toolbox through Biotechnology

Over the course of the last decade, advances in biotechnology have facili-
tated the identification of nematode ‘parasitism’ genes. Parasitism genes are 
defined as genes that encode secretions from a nematode that have a direct 
role in parasitism (Davis et al., 2004). Nematode stylet secretions have long 
been considered to have a direct role in parasitism by facilitating infec-
tion and provoking the observed physiological and molecular changes in 
host root cells for feeding-cell formation (Hussey, 1989; Williamson and 
Hussey, 1996). Consequently, the three oesophageal gland cells have been 
a focal point for research because these cells are the source of secretory 
products released directly into host plant tissues through the stylet. Indeed, 
identifying the secretory proteins produced in the gland cells is reveal-
ing key molecules involved in parasitism. The tremendous advancements 
made in identifying nematode parasitism gene candidates (PGCs) are the 
result of a combination of biotechnological approaches. Initially, the dif-
ficulties in isolating sufficient quantities of nematode secretions for direct 
analysis led to the development of indirect methods. Consequently, early 
efforts focused on the chemical stimulation of stylet secretions in vitro for 
the production of panels of monoclonal antibodies that bound specifically 
to secretory granules in oesophageal gland cells in immunolocalization 
studies (Hussey et al., 1990; Davis et al., 1994; Goverse et al., 1994). The 
monoclonal antibodies were then used to isolate corresponding antigens 
or screen cDNA expression libraries to identify the corresponding genes. 
This approach proved successful for cloning β-1,4-endoglucanases genes 
(Eng genes; reviewed in Davis et al., 2000), the first nematode parasitism 
genes identified in the SvG cells of cyst nematodes (Smant et al., 1998). 
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Of particular interest was that the cyst nematode endoglucanases shared 
greatest similarity with those of soil bacteria (Smant et al., 1998), presenting 
some of the earliest evidence for potential horizontal gene transfer between 
prokaryotes and eukaryotes. Despite the successes, this MAb-based method 
was slow and expensive. Therefore, researchers instituted refined gene 
expression analysis approaches that would promote efficient parasitism 
gene identification. RNA fingerprinting, cDNA-amplified fragment length 
polymorphism (AFLP) and suppressive subtraction analyses are among the 
methods that have been used successfully to identify PGCs (Ding et al., 
1998, 2000; Lambert et al., 1999; Qin et al., 2000; Grenier et al., 2002; Tytgat 
et al., 2004; Blanchard et al., 2005).

More recently, genomic technologies, including high-throughput 
sequencing and global analysis of gene expression in nematodes through 
cDNA library construction and generation of life stage-specific collections of 
expressed sequence tags (ESTs), have also been successfully exploited for the 
identification of PGCs (Popeijus et al., 2000a; Dautova et al., 2001; Vanholme 
et al., 2005). With technological advancements, proteomic approaches for 
the direct analysis of stylet secretions have been employed to determine the 
identity of nematode-secreted proteins (de Meutter et al., 2001; Jaubert et al., 
2002a,b). However, these approaches still suffer from several shortcomings 
including a lack of genome information and the fact that secretions can only 
be isolated in vitro from pre-parasitic juvenile stages. Despite the drawbacks, 
in vitro production of stylet secretions coupled with two-dimensional (2D) 
sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 
and either microsequencing or mass spectrometry has successfully identi-
fied several secreted proteins. Using this approach, de Meutter et al. (2001) 
identified β-1,4-endoglucanases and an unknown protein from Heterodera 
schachtii. In addition, a gland-expressed calreticulin was identified from 
Meloidogyne incognita (Jaubert et al., 2002b) that was later shown to be 
secreted into plant tissues (Jaubert et al., 2005). However, the most success-
ful strategy employed to date directly targeted the oesophageal gland cells 
for the identification of PGCs (Fig. 3.2). In this approach, which directly 
analyses the transcriptome of the oesophageal gland cells, microaspiration 
of the cytoplasm of the gland cells was coupled with cDNA library construc-
tion. The gland-enriched cDNA libraries were sequenced and data mining 
tools were used to identify predicted secretion signal peptides, the presence 
of which suggests that the gene products may be secreted. Gland-specific 
expression was confirmed by in situ mRNA hybridization which led to iden-
tification of more than 60 PGCs for the cyst nematode, Heterodera glycines
(Gao et al., 2001a, 2003; Wang et al., 2001) and at least 48 candidates for the 
root-knot nematode, M. incognita (Huang et al., 2003, 2004).

A current list of known and candidate nematode parasitism genes with 
predicted functions that are expressed specifically within the oesophageal 
gland cells of Meloidogyne spp., Heterodera spp. and Globodera spp. is 
presented in Table 3.1. Interestingly, more than 70% of the PGCs identi-
fied to date do not have any homology to sequences in existing databases 
and have been termed ‘pioneers’. A list of ‘pioneer’ PGCs can be found in 
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Table 3.1. Cyst and root-knot nematode parasitism genes with predicted functionsa.

Parasitism gene Species Gland cell References

Cell wall-modifying proteins
Endo-1,4-b-glucanase
Gr-Eng-1; Gr-Eng-2 Globodera  SvG Smant et al. (1998)
  rostochiensis
Gt-Eng-1; Gt-Eng-2 Globodera tabacum SvG Goellner et al. (2000)
Hg-Eng-1; Hg-Eng-2;  Heterodera glycines SvG Smant et al. (1998); Yan
 Hg-Eng-3; Hg-Eng-4;     et al. (2001); Gao

Hg-Eng-5; Hg-Eng-6    et al. (2004a)
Hs-Eng-1; Hs-Eng-2 Heterodera schachtii nd de Meutter et al.
    (2001); Vanholme 
    et al. (2005)
Mi-Eng-1; Mi-Eng-2 (5A12B);  Meloidogyne  SvG Rosso et al. (1999);
 Mi-Eng-3 (8E08B)  incognita   Huang et al. (2003)
Cellulose-binding domain protein
Mi-Cbp-1 M. incognita SvG Ding et al. (1998)
Hg-Cbp-1 H. glycines SvG Gao et al. (2004b)
Hs-Cbp H. schachtii nd Vanholme et al. (2005a)
Pectate lyase
Gr-Pel-1 G. rostochiensis SvG Popeijus et al. (2000b)
Hg-Pel-1 H. glycines SvG de Boer et al. (2002a)
Hs-Pel H. schachtii nd Vanholme et al. (2005)
Mj-Pel-1 Meloidogyne  SvG Doyle and Lambert 

javanica   (2002)
Mi-Pel-1; Mi-Pel-2 (2B02B) M. incognita SvG Huang et al. (2003);
    Huang et al. (2005a)
Polygalacturonase
Mi-Pg-1 M. incognita SvG Jaubert et al. (2002a)
Expansin
Gr-Expb-1 G. rostochiensis SvG Qin et al. (2004); Kudla
    et al. (2005)
Endo-1,4-b-xylanase
Mi-Xyl-1 M. incognita SvG Mitreva-Dautova et al.
    (2006)
Arabinogalactan endo-1,4-b -galactosidase
Hs-Gal-1 H. schachtii nd Vanholme et al. (2005)
Annexin
Hg-Ann-1 H. glycines DG Gao et al. (2003)
Chitinase
Hg-Chi-1 H. glycines SvG Gao et al. (2002b)
Hs-Chi-1 H. schachtii nd Vanholme et al. (2005)
Chorismate mutase
Mj-Cm-1 M. javanica SvG Lambert et al. (1999)
Hg-Cm-1; Hg-Cm-2 H. glycines DG Gao et al. (2003); Bekal 
    et al. (2003)
Gp-Cm-1 Globodera pallida SvG Jones et al. (2003)
Mi-Cm-1; Mi-Cm-2 M. incognita SvG Huang et al. (2005b)

Continued
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Table 3.1. Continued

Parasitism gene Species Gland cell References

Signalling peptide
CLAVATA3/ESR-like (CLE)   
Hg-Cle-1 (4G12); Hg-Cle-2    Wang et al. (2001); Gao
 (SYV46;2B10) H. glycines DG  et al. (2003)
Hs-Cle-1; Hs-Cle-2 H. schachtii DG Wang et al. (2006)
Gr-Cle-1; Gr-Cle-4 G. rostochiensis DG Lu and Wang (2006)
Other
Mi-16D10 M. incognita SvG Huang et al. (2006a)
Cell cycle regulation
Ran-binding protein   

Gr-Rbp-1 G. rostochiensis DG Qin et al. (2000); 
    Rehman et al. (2006)

Gr-Rbp-2 G. rostochiensis DG Qin et al. (2000); 
    Rehman et al. (2006)

Gr-Rbp-3 G. rostochiensis DG Qin et al. (2000); 
    Rehman et al. (2006)

Gp-Rbp-1 G. pallida DG Blanchard et al. (2005)
Gm-Rbp-1 Globodera mexicana DG Blanchard et al. (2005)

Ubiquitination pathway components
Ubiquitin extension protein   

Hg-Ubi-1; Hg-Ubi-2 H. glycines DG Gao et al. (2003)
Hs-Ubi-1; Hs-Ubi-2 H. schachtii DG Tytgat et al. (2004)
Other   
Hg-Skp-1 H. glycines DG Gao et al. (2003)
Hg-Ring-H2 H. glycines DG Gao et al. (2003)

Elcitor-like protein
Small cysteine-rich proteins   

Hg-4E02 H. glycines SvG Gao et al. (2003)
Avirulence protein   

Gp-Rbp-1 G. pallida DG Moffett and Sacco 
    (2006)
Venom allergen-like protein

Hg-Vap-1; Hg-Vap-2 H. glycines SvG Gao et al. (2001b)
Hs-Vap-1; Hs-Vap-2 H. schachtii nd Vanholme et al. (2005)
Mi-Vap-1 (Mi-Msp-1) M. incognita SvG Ding et al. (2000)

Calreticulin
Mi-Crt M. incognita SvG; DG Jaubert et al. (2005)

Phosphatase
Acid phosphatase   

Mi-Ap M. incognita SvG Huang et al. (2003)

aAll genes encoded a predicted secretion signal peptide.
nd = not determined.

several primary articles (Gao et al., 2001a, 2003; Wang et al., 2001; Huang 
et al., 2003, 2004; Vanholme et al., 2005). These data revealed that a large 
number of cell wall-modifying enzymes are produced and secreted from 
the SvG cells (Smant et al., 1998; Rosso et al., 1999; de Boer et al., 2002; 
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Gao et al., 2004; Qin et al., 2004; Mitreva-Dautova et al., 2006). This is 
consistent with the synthesis and accumulation of secretory granules in 
the SvG during the penetration and migration phase of the nematode life 
cycle. Both SvG and DG are active during the initiation of feeding cells, and 
subsequently, the SvG begin to decline in activity as feeding cells mature 
while the single DG cell becomes highly active. Thus, proteins secreted 
by the SvG may also play important roles in early feeding-cell induction. 
Using several of the aforementioned approaches, a large number of PGCs 
expressed in the DG cell have now been identified (Qin et al., 2000; Wang 
et al., 2001; Gao et al., 2003; Huang et al., 2003, 2004) and likely play 
important roles in feeding-cell induction, function, maintenance and the 
formation of feeding tubes. Interestingly, cyst and root-knot nematodes 
have many unique components in their toolboxes which may be reflective 
of the ontological differences between syncytia and giant-cells. Similarly, 
very few genes are expressed in both types of gland cells, supporting ear-
lier speculations that secretory proteins produced in each cell type likely 
have distinct roles during parasitism. The following sections summarize 
the insights we are gaining in our understanding of how nematodes use 
the secreted products of parasitism genes to manipulate various aspects of 
plant cell biology. Recent advances in the identification of small molecules 
and virulence genes in plant-parasitic nematodes are also discussed.

Parasitism Genes

Cell wall modification

Sedentary endoparasitic cyst and root-knot nematodes must penetrate 
through root epidermal cells and migrate in the cortex towards the vas-
culature where they establish permanent feeding sites. One of the first 
obstacles that these parasites must overcome is the structural barrier of 
the plant cell wall. Cyst and root-knot nematodes have evolved sophisti-
cated mechanisms to breach this structural barrier, including a stylet for 
mechanical penetration and, as mentioned above, the ability to secrete a 
battery of cell wall-modifying proteins (CWMPs; Table 3.1) to break down 
cell wall components and facilitate penetration and migration through 
host root tissues. Genes encoding β-1,4-endoglucanases (ENGs; EGases) 
and pectate lyases have been cloned from both groups of nematodes 
(Smant et al., 1998; Yan et al., 1998; Rosso et al., 1999; Bera-Maillet et al.,
2000; Goellner et al., 2000; Popeijus et al., 2000b; Yan et al., 2001; de 
Boer et al., 2002; Doyle and Lambert, 2002; Gao et al., 2002a,b; Gao et al.,
2004; Huang et al., 2005a,b; or see Baum et al., 2007 for review) and 
their secretion has been detected along the migratory path of juveniles 
invading host roots (Wang et al., 1999; Goellner et al., 2001; Doyle and 
Lambert, 2002). Expression of cyst nematode Eng genes declines in para-
sitic juvenile stages as the nematode establishes a feeding site suggesting 
that any potential role in feeding-cell formation may be minimal, if 
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any (de Boer et al., 1999; Goellner et al., 2000, 2001; Gao et al., 2004). 
Consistent with a role in facilitating nematode migration through root tis-
sue, the Eng genes are expressed in adult male cyst nematodes that regain 
mobility for migration out of the root to fertilize the females (de Boer 
et al., 1999; Goellner et al., 2000). Eng-1 is also expressed in the rectal 
glands of adult female root-knot nematodes which may reflect a require-
ment of CWMPs to assist in cell wall loosening in cells surrounding the 
expanding female as it develops (Rosso et al., 1999). The production of 
cellulolytic enzymes appears to be a common mechanism for parasitism 
by plant-parasitic nematodes, and suggests that their potential acquisi-
tion from soil microbes (Davis et al., 2000) was a pivotal event in adapta-
tions of nematodes for plant parasitism. Two β-1,4-endoglucanase gene 
sequences have also been isolated from the migratory endoparasitic root 
lesion nematode, Pratylenchus penetrans (Uehara et al., 2001). Similarly, 
a family of glycosyl hydrolase 45 cellulase gene sequences was cloned 
from the pine wilt nematode, Bursaphelenchus xylophilus (Kikuchi et al.,
2004). Gene sequences coding for secreted cellulose-binding domain pro-
teins have also been identified in both cyst and root-knot nematodes (Ding 
et al., 1998; Gao et al., 2004b; Vanholme et al., 2005). The role of cellulose-
binding protein in plants is unknown; however, recombinant cellulose-
binding protein has been shown to modulate plant cell elongation in vitro
and overexpression of a bacterial carbohydrate-binding module family III 
in planta can stimulate plant growth (Shpigel et al., 1998; Safra-Dassa 
et al., 2006). Root-knot nematodes have also been shown to secrete polyg-
alacturonases from the SvG cells and, thus, appear to be equipped with a 
mixture of pectin-degrading enzymes to hydrolyse the middle lamella 
during intercellular migration (Jaubert et al., 2002a). Recently, two addi-
tional classes of CWMPs were identified in plant-parasitic nematodes. An 
expansin gene was cloned from the potato cyst nematode and an endo-
1,4-β-xylanase was cloned from root-knot nematode, both were shown to 
be expressed within the SvG (Qin et al., 2004; Kudla et al., 2005; Mitreva-
Dautova et al., 2006). DNA blot analysis and searches of EST databases 
suggest that potato cyst nematode expansins belong to a multigene fam-
ily and are present in other cyst nematodes. Similarly, database searches 
revealed xylanase homologues in Meloidogyne javanica, Meloidogyne
arenaria and Meloidogyne chitwoodi but not Meloidogyne hapla or cyst 
nematodes (Mitreva-Dautova et al., 2006). Endo-1,4-β-xylanases function 
as bacterial and fungal virulence factors on monocots, and the same has 
been postulated for root-knot nematode xylanases (Mitreva-Dautova et al.,
2006). An arabinogalactan endo-1,4-β-galactosidase was also identified 
recently from H. schachtii and H. glycines ESTs (Vanholme et al., 2005). 
Although nematodes clearly secrete a complex mixture of CWMPs to 
facilitate penetration and migration through host root tissues, there is very 
little evidence to support a role for these proteins in the induction and for-
mation of syncytia and giant cells. On the contrary, mounting molecular 
evidence suggests that the CWMPs involved in the extensive wall modifi-
cations within feeding cells are of plant origin (Goellner et al., 2001).
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Metabolic reprogramming

Plant-parasitic nematodes appear to have direct control over redirect-
ing the metabolic activity of feeding cells. Cyst and root-knot nematodes 
secrete chorismate mutase (Popeijus et al., 2000a; Bekal et al., 2003; Doyle 
and Lambert, 2003; Gao et al., 2003; Jones et al., 2003; Huang et al., 2005b; 
Lu and Wang, 2006), an enzyme of the shikimate pathway, directly into the 
cytoplasm of plant cells, thereby potentially altering the regulation of this 
pathway for the benefit of the parasite. The shikimate pathway produces 
essential amino acids required by the nematode that can only be obtained 
from their diet. In the shikimate pathway, the products of glycolysis and 
pentose phosphate pathway are converted to chorismate, a branch-point 
metabolite for the production of aromatic amino acids. Chorismate is pro-
duced in the plastid where it is then converted by chorismate mutase to 
prephenate to provide precursors for the synthesis of the aromatic amino 
acids such as phenylalanine, tryrosine and tryptophan. Tryptophan serves 
as the precursor of indole-3-acetic acid (IAA) and phenylalanine is a precur-
sor for the production of flavonoids, salicyclic acid and phytoalexins, each 
of which has established roles in plant–microbe interactions. For exam-
ple, salicyclic acid has been shown to play a role in mediating resistance 
responses to root-knot nematodes (Branch et al., 2004). Chorismate is also 
utilized in the cytosol and it is hypothesized that increases in cytosolic chor-
ismate mutase produced by the nematode may increase the flow through 
the cytosolic branch of the shikimate pathway, thereby decreasing the 
biosynthesis of plastid-derived phenolics. Overexpression of a nematode 
chorismate mutase gene in roots caused aborted lateral roots and impaired 
vasculature development that could be rescued by exogenous IAA, sup-
porting decreased auxin levels in the roots (Doyle and Lambert, 2003). An 
early increase in auxin concentrations within feeding cells that declines 
by 96 h post-infection has been suggested using auxin-responsive promoter 
elements (Hutangura et al., 1999; Karczmarek et al., 2004). Similarly, the 
induction and morphogenesis of syncytia is impaired on polar auxin trans-
port mutants, suggesting that an auxin balance is important for feeding-cell 
formation. Increased flux through the cytosolic branch of the shikimate 
pathway may be one strategy the nematode uses to decrease accumulation 
of plastid-derived phenolic compounds known to mediate plant defence 
responses, thereby suppressing plant defence. Additional studies measur-
ing the metabolite concentrations in roots overexpressing nematode chor-
ismate mutase will be needed to determine exactly how nematodes may be 
contributing to the metabolic reprogramming of host plant cells leading to 
a compatible interaction.

Secreted signalling peptides

Nematodes also have evolved mimics of plant signals to reprogramme 
host cell development for the successful establishment of parasitic asso-
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ciations with their hosts. The complex process of dedifferentiating plant 
cells into feeding sites likely requires an exchange of signals between the 
nematode and recipient host cells. Insight into the intriguing question of 
how plant-parasitic nematodes induce this host response and the ‘puta-
tive’ signal or signals that are exchanged is beginning to emerge. Secreted 
peptide signals have been identified as potential candidates for mediating 
the signal exchange between nematodes and plants. Goverse et al. (1999) 
demonstrated that naturally induced secretions of potato cyst nematode 
can co-stimulate the proliferation of tobacco leaf protoplasts and human 
peripheral blood mononuclear cells. The unidentified active component 
of the secretions was shown to be <3 kD in size and susceptible to pronase 
degradation, thus implicating small, secreted, mitogenic oligopeptides 
as prime candidates (Goverse et al., 1999). Since then, several different 
classes of signalling peptides have been identified from plant-parasitic 
nematodes (Wang et al., 2001, 2005; Huang et al., 2006a; van Bers et al.,
2006).

The first nematode gene encoding a signalling peptide was identified 
from H. glycines (Wang et al., 2001) and contained a C-terminal domain 
with similarity to plant CLAVATA3/ESR-related (CLE) peptides (Olsen 
and Skriver, 2003). Significantly, this was the first identification of a 
CLE domain outside the plant kingdom, and the uniqueness of the full-
length protein suggested that cyst nematodes may have independently 
evolved a domain that could developmentally reprogramme host plant 
cells through functional ligand mimicry. CLE genes have been identified 
from a number of different monocotyledenous and dicotyledenous plant 
species, including rice, wheat, soybean, maize and Arabidopsis (Cock 
and McCormick, 2001). In recent years, their role in peptide signalling in 
plant biology has been shown to be increasingly important in regulating 
various aspects of plant development (Lindsey et al., 2002). All of the 
plant CLE genes encode small peptides with a secretion signal peptide, 
indicating an extracellular function and maintain a conserved C-terminal 
CLE motif. One of the best studied plant CLEs is CLV3 which has been 
shown to play an integral role in the maintenance of stem cells in the 
shoot and floral meristems of Arabidopsis. CLV3 belongs to a 31-member 
(CLE) gene family in Arabidopsis (Sharma et al., 2003; Strabala et al., 
2006) and functions as a ligand for the CLV1/CLV2 receptor-like kinase 
complex. It is likely that nematode CLE peptides function as secreted 
ligand mimics of natural plant signalling peptides to co-opt develop-
mental programmes for the dedifferentiation of host plant cells into syn-
cytia (Wang et al., 2005). Nematode CLEs are expressed in the DG cell of 
feeding life stages of H. glycines (Wang et al., 2001) when the nematode 
is actively initiating or feeding from syncytia and they are absent from 
non-feeding adult males (M.G. Mitchum, 2006), which supports a role 
for CLEs in syncytium induction, function or maintenance. Moreover, 
constitutive overexpression of the H. glycines CLE gene in Arabidopsis 
mimics CLV3 overexpression (Wang et al., 2005) causing a character-
istic wuschel (wus) phenotype (Brand et al., 2000; Hobe et al., 2003). 
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Consistently, the H. glycines CLE could complement the clv3 mutant 
(Wang et al., 2005). These preliminary studies suggest that the nematode 
CLE peptide may have functional similarity to the plant CLV3 peptide. 
Several Arabidopsis CLE gene family members have been shown to com-
plement CLV3, which indicates a certain level of functional redundancy 
among CLE family members. This, along with the fact that the function 
and receptor partners of other plant CLE gene family members have not 
yet been determined, makes for an exciting future challenge to discover 
nematode CLE receptors in plants to determine host regulatory path-
ways co-opted by nematodes to facilitate parasitism. CLE genes have 
also been cloned from other cyst nematodes, including H. schachtii and 
Globodera rostochiensis (Lu and Wang, 2006; Wang et al., 2006) sug-
gesting that ligand mimicry may be a conserved molecular tool for cyst 
nematode parasitism.

A signalling peptide encoded by an SvG parasitism gene in M. incog-
nita was shown to directly interact with an intracellular plant regulatory 
protein (Huang et al., 2006a). The gene referred to as 16D10 encodes a 
small novel secreted peptide of 13 amino acids, including a 30 amino acid 
secretion signal peptide and is conserved in Meloidogyne spp. (Huang 
et al., 2003, 2006a). Despite the fact that the16D10 peptide has 6 of the 
14 amino acids conserved with the plant CLV3 motif, it could not com-
plement the clv3 mutant (Huang et al., 2006a). Overexpressing 16D10 in 
Arabidopsis significantly stimulated root growth with normal differen-
tiation and without any above-ground phenotypes (Huang et al., 2006a). 
Interestingly, in a yeast two-hybrid screen for 16D10-interacting proteins it 
was shown to bind to the SAW domain of two Arabidopsis SCARECROW-
like (SCL) transcription factors, AtSCL6 and AtSCL21 (Huang et al., 2006a). 
SCL transcription factors belong to the GRAS protein family, members of 
which play important roles in plant development and signalling (Bolle, 
2004). Although the function of AtSCL6 and AtSCL21 is unknown, homo-
logues of AtSCL6 function in mitotic cell cycle and cell cycle control, and 
AtSCL21 homologues are involved in phytochrome signalling. Because 
the conserved root-knot nematode-secreted signalling peptide is strongly 
expressed in the SvG cells of J2 at the time when the giant-cells are being 
developed and the peptide binds to specific plant transcription factor pro-
teins, 16D10 has been postulated to have a role in the reprogramming of 
gene expression required for giant-cell formation. Importantly, an essential 
role for 16D10 in root-knot nematode parasitism was recently confirmed 
by in planta delivery of dsRNA for RNAi of 16D10 (Huang et al., 2006b).

A third class of genes, the dgl1 (dorsal gland-specific 1) gene family, 
encoding secreted signalling peptides was recently identified from the 
potato cyst nematode, G. rostochiensis (van Bers et al., 2006). At least six 
members encode for small transcripts (353–573 bp) that share conserved 
3′UTR and secretion signal peptide sequences, but exhibit a high level 
of sequence divergence in the mature peptides. Overexpression of dgl1
members in potato hairy roots has identified one member that dramati-
cally increases the formation of lateral roots. The fact that DGL1 family 
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members maintain a positive charge and high predicted protein- binding
potential suggests that DGL1s may also function as ligands for plant recep-
tors to redirect plant signalling pathways for parasitism (van Bers et al.,
2006).

Cell cycle manipulation

One of the earliest responses in feeding-cell formation is the observed 
reactivation of the cell cycle (Goverse et al., 2000). Nuclei of cells incor-
porated into syncytia take on an enlarged and amoeboid appearance and 
molecular studies suggest that cell cycle activation is important for feed-
ing-cell formation (Engler et al., 1999). These nuclei undergo repeated 
rounds of endoreduplication, leading to polyploidy without mitosis. In 
contrast, giant-cell nuclei are polyploid and repeatedly divide in the 
absence of cell division to give rise to multinucleate feeding cells. The 
trigger that stimulates feeding-cell nuclei to re-enter into aberrant cell 
cycles has not been identified; however, nematode-secreted products are 
likely candidates. As mentioned above, low-molecular weight mitogenic 
peptides have been putatively identified in nematode secretions (Goverse 
et al., 1999) and may function in this capacity. Additional candidates 
include secreted homologues of ran-binding proteins in the microtu-
bule-organizing centre (RanBPMs) which are expressed in the DG cell of 
cyst nematodes (Qin et al., 2000; Blanchard et al., 2005). RanBPMs have 
been shown to cause microtubule nucleation in overexpression studies 
(Nakamura et al., 1998). Thus, one possibility is that nematode-secreted 
RanBPMs function in feeding-cell formation by stabilizing the microtu-
bule network, resulting in the observed shunting of the M-phase in syn-
cytia (reviewed in Davis et al., 2004). Further functional investigations 
will be required to correlate a role for RanBPMs with cell cycle modula-
tion in feeding cells. Interestingly, there is also recent evidence to suggest 
that nematode RanBPMs may function as avirulence determinants (see 
below).

Targeted protein degradation

Targeted protein degradation by the ubiquitination pathway is an impor-
tant mechanism for post-translational gene regulation in eukaryotes. 
Ubiquitination-mediated protein degradation has been shown to play a 
role in regulating defence responses in plants and more recent evidence 
indicates that pathogens can deliver effectors that can mimic the function 
of components of host E3 ubiquitin ligase complexes to interfere with plant 
defence responses (Zeng et al., 2006). Studies on nematode parasitism 
genes suggest that this may also be a mechanism for nematode parasitism. 
Candidate parasitism genes encoding secreted proteins with homology to 
components of the ubiquitination pathway including ubiquitin extension, 
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S-phase kinase-associated protein 1 (SKP-1)-like, and RING-H2 proteins 
have been identified from cyst nematodes (Gao et al., 2003). The presence 
of a signal peptide on these proteins is unfounded in plants. Ubiquitin 
extension proteins contain an ubiquitin monomer normally fused to a 
C-terminal extension peptide that is cleaved by ubiquitin C-terminal 
hydrolases and incorporated into ribosomes. The function of the monou-
biquitin domain is less clear although it may play a role in targeting pro-
teins for degradation. In nematode ubiquitin extension proteins, the signal 
peptide is followed by a monoubiquitin domain and a novel C-terminal 
extension peptide (22 amino acids for H. schachtii; 19 amino acids for 
H. glycines) (Gao et al., 2003; Tytgat et al., 2004). A nuclear localization 
signal also targets the nematode extension peptide to the nucleolus in 
tobacco BY-2 cells (Tytgat et al., 2004). Nematode ubiquitin extension pro-
teins are only expressed in the DG cell of feeding life stages. Detection of 
these proteins along the glandular extensions provides strong evidence 
for secretion and is suggestive of a potential role in feeding-cell forma-
tion (Tytgat et al., 2004). SKP-1 and RING-H2 proteins are components 
of E3 ubiquitin ligase complexes involved in targeting proteins for ubiq-
uitination and subsequent degradation by the proteosome to regulate a 
wide range of signalling pathways in plants. To date, nematode-secreted 
components of the ubiquitination pathway have not been identified from 
root-knot nematodes. It is tempting to speculate that plant-parasitic cyst 
nematodes have evolved the unique ability to manipulate the ubiquitina-
tion pathway of host cells for parasitism. However, another possibility to 
explore is that the novel C-terminal extension peptide of the cyst nema-
tode ubiquitins might function as a signalling peptide when cleaved from 
the ubiquitin domain in the parasitized host cell.

Unclassified parasitism gene candidates

A subset of PGCs was identified, which encode proteins with homology to 
proteins of other nematode species, yet their function in plant–nematode 
interactions remains obscure. For example, several PGCs encoding pro-
teins similar to the venom allergen antigen 5 family found in hymenoptera 
insects and other nematode species, including Caenorhabditis elegans,
Ancylostoma caninum, Dirofilaria immitis, Onchocerca volvulus and 
Brugia malayi, have been identified from Meloidogyne spp. and H. gly-
cines (Ding et al., 2000; Gao et al., 2001b). These genes are expressed 
during the transition to parasitism in the animal parasitic nematode 
Ancylostoma, although their function is unknown (Hawdon et al., 1999). 
The expression of these genes in the SvG cells of the infective stage of 
plant-parasitic nematodes suggests a role for their secretory products in 
the early stages of plant parasitism. The venom allergen proteins have 
some similarity (25%) to pathogenesis-related proteins and cysteine-rich 
secretory proteins (CRISP), but the biological relevance of this finding is 
unclear at this time.
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Roles of Subventral Oesophageal Glands and Dorsal Gland 
in Plant Parasitism

The cloning and expression analyses of parasitism genes expressed in the 
SvG and DG cells are now enabling us to assign different roles for the two 
types of oesophageal glands in parasitism and clearly show that secretions 
of both types of glands are essential for nematode parasitism of plants. 
Only the SvG cells express parasitism genes encoding cell wall-digesting 
enzymes, which are used by nematodes during penetration and migration 
within roots (Table 3.1). However, the role of the SvG cells in plant para-
sitism is not limited to facilitating migration by the nematodes as a large 
number of secretory proteins synthesized in these glands have no clear role 
in second-stage juvenile migration in roots (Gao et al., 2003; Huang et al.,
2003). Furthermore, chorismate mutase, an enzyme involved in aromatic 
amino acid synthesis, is also produced in these glands (Table 3.1). In addi-
tion, a novel root-knot nematode-secreted parasitism peptide synthesized 
in the SvG cells has been shown to function as a signalling molecule by 
specifically targeting a host plant regulatory protein (Huang et al., 2006a). 
These discoveries provide convincing evidence that secretions from the 
SvG have functions other than nematode migration and, in fact, may medi-
ate early signalling events in plant–nematode interactions including a pos-
sible role in feeding-cell induction. The DG cell is the principal functional 
gland in the adult females of root-knot and cyst nematodes and the major-
ity of the parasitism genes that have been discovered are expressed in this 
gland (Gao et al., 2003; Huang et al., 2003). In the potato cyst nematode, 
however, the DG becomes active in second-stage juveniles in the egg after 
stimulation by potato root diffusate and is packed with secretory granules 
in the hatched infective second-stage juveniles (Blair et al., 1999 and ref-
erences therein). This may indicate that the DG in the potato cyst nema-
tode has a more prominent role in feeding-cell initiation. The function 
of the products of the DG parasitism genes in feeding-cell development, 
maintenance and feeding-tube formation has not been resolved. However, 
the large number of parasitism genes expressed in the DG suggests that 
feeding-cell maintenance is a complex process.

Symbiont Mimics

Gross phenotypic similarities between galls induced by Meloidogyne spp. 
and Rhizobium-induced nodules have drawn considerable interest that 
has led to comparative studies between these two processes (reviewed 
in Davis and Mitchum, 2005). Nod factors (NF), which comprise a fam-
ily of lipo-chito-oligosaccharide molecules specific to Rhizobium spp., 
have been identified as the bacteria-derived signalling molecules that are 
required to induce nodule formation (Riely et al., 2004). Analogous mol-
ecules have not been identified from plant-parasitic nematodes, although 
recent evidence suggests that molecular mimics of these may exist. In 
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Lotus japonicus, it was recently shown that root-knot nematodes and 
bacterial NFs can elicit common signal transduction events (Weerasinghe 
et al., 2005). Cytoskeletal responses induced in root hairs in response to 
root-knot nematodes were identical to those observed in response to NF. 
Moreover, the early host responses of root hair waviness and branching 
that precede rhizobial infection were also observed in response to root-
knot nematodes. The use of perfusion chambers prevented any physical 
contact between the nematodes and root hairs suggesting that the signal, 
referred to as NemF, can function at a distance. Consistently, nematodes 
treated with sodium azide did not induce any host responses. The inabil-
ity of root-knot nematodes to reproduce on Lotus plants with mutations 
in the NF receptor genes nfr1, nfr5 and symRK suggests that the nema-
tode-derived signal may be functionally equivalent to NF (Weerasinghe et
al., 2005). Interestingly, one of the several horizontal gene transfer candi-
dates identified from Meloidogyne ESTs has similarity to the NodL gene 
that encodes an N-acetyltransferase in the biosynthetic pathway of NF in 
Rhizobium spp. (Scholl et al., 2003). The isolation and characterization of 
NemF presents a future challenge to determine if components of root-knot 
nematode pathogenesis may have evolved by conscription of symbiotic 
pathways (Weerasinghe et al., 2005).

Virulence Genes

The molecular nature of nematode virulence continues to elude research-
ers yet the ability of nematodes to either evade or overcome host plant 
resistance is a widespread problem for management practices that rely on 
natural host plant resistance. In certain cases, the interactions between 
nematodes and plants on a genetic level have been shown to follow the 
gene-for-gene hypothesis. This has been demonstrated for the potato 
cyst nematode (G. rostochiensis) interaction with potato carrying the 
H1 resistance gene (Janssen et al., 1991). Consistently, several canoni-
cal plant resistance genes that confer resistance to plant-parasitic cyst 
and root-knot nematodes have been cloned and characterized to date 
(Milligan et al., 1998; van der Vossen et al., 2000; Ernst et al., 2002; Paal 
et al., 2004). In contrast, the identification of the corresponding avirulence 
genes from nematodes has not been trivial. The difficulty in using genetic 
approaches to map genes for (a)virulence and the inability to transform 
plant-parasitic nematodes has slowed progress in this area compared with 
other plant pathogens. Using classical genetic analysis, several dominant 
and recessive H. glycines ror (for reproduction on a resistant host) genes 
were identified in pure lines that carried fixed genes for parasitic ability 
on soybean (Dong and Opperman, 1997; Dong et al., 2005). However, the 
genes controlling H. glycines parasitism on resistant soybean at these loci 
were not determined. M. incognita reproduces exclusively by mitotic par-
thenogenesis, making classical genetic analysis impossible. Alternative 
strategies to identify potential (a)virulence candidates in M. incognita
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have included comparative analyses between near-isogenic lines dif-
fering only in their ability to parasitize resistant plants. Using an AFLP 
approach, Semblat et al. (2001) identified the Map-1 gene by comparing 
near-isogenic M. incognita lines that were avirulent or virulent on tomato 
containing the Mi resistance gene. Map-1 encodes an unknown protein 
that is found in nematode amphidial secretions. However, its function in 
avirulence remains to be shown. cDNA-AFLP approaches have also iden-
tified several sequences that are differentially expressed between aviru-
lent and virulent near-isogenic lines of M. incognita (Semblat et al., 2001; 
Neveu et al., 2003). The majority of the differentially expressed sequences 
correspond to pioneer proteins, which provides no indication of func-
tion. Thus, the adoption of functional analyses such as RNAi (see below) 
will be required to demonstrate a role for these genes in (a)virulence. As 
genetic mapping strategies are developed (see below), this too should help 
lead to the identification of (a)virulence candidates in nematodes.

Recent hypotheses suggest that variants of plant-pathogen effector 
molecules with a central role in virulence may function as avirulence 
factors depending on the genetic context of the host plant (Birch et al.,
2006). Thus, effector molecules encoded by nematode parasitism genes 
are strong avirulence gene candidates. Small cysteine-rich proteins (<150 
amino acids) are among the gland-expressed PGCs (Gao et al., 2003). 
Effector molecules with an even number of cysteine residues have been 
identified in bacterial, fungal and oomycete pathogens of plants and shown 
to function in defence induction and as avirulence factors (Birch et al.,
2006). The H. glycines chorismate mutase gene (Hg-cm-1) is also a strong 
candidate virulence gene. Polymorphisms in Hg-cm-1 were identified 
that correlate with virulence on a set of soybean cyst nematode-resistant 
soybean lines (Bekal et al., 2003) and the Hg-cm-1A allele was prefer-
entially selected on the germplasm PI88788, the most common source 
of soybean cyst nematode resistance (Lambert et al., 2005). Similarly, 
polymorphisms have been identified in the HgCLE genes among soybean 
cyst nematode inbred populations that differ in virulence on resistant 
soybean implicating their role in virulence (J. Wang and M.G. Mitchum, 
2005). Moreover, in a recent study to identify interacting proteins of the 
potato Rx resistance gene (which confers resistance to potato virus X), an 
RanGAP protein was identified that could also interact with the GPA2 
resistance gene product. Rx is very similar to GPA2, an NBS–LRR protein 
that confers resistance to the potato cyst nematode, G. pallida. As men-
tioned above, among the encoded products of nematode parasitism genes 
are RanBPMs. Transient expression of GPA2 and a G. pallida RanBPM 
in tobacco leaf tissue resulted in a strong hypersensitive response, sug-
gesting that the nematode RanBPM may be the corresponding avirulence 
factor for GPA2 (Moffett and Sacco, 2006). Future work to elucidate the 
molecular mechanisms of nematode virulence promises to significantly 
advance our understanding of nematode–plant interactions and pro-
vide essential knowledge for both the development and deployment of 
nematode-resistant plants.
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Nematode Genomics

Combined with the extensive genetic and genomic analyses of C. elegans
(Lee et al., 2004), the increase in genomic analyses of parasitic nematodes 
in recent years promises to provide an unprecedented understanding of 
nematode biology and pathogenesis. Single pass sequencing of random 
clones from cDNA libraries to generate ESTs from different nematode 
life stages has become a powerful tool for identifying genes important 
in nematode–host interactions. This approach has contributed more than 
400,000 publicly available parasitic nematode-expressed sequences to 
databases and is enabling the identification of nematode-specific gene 
families (Popeijus et al., 2000a,b; Dautova et al., 2001; Parkinson et al.,
2003, 2004). The large amount of parasitic nematode EST data has been 
coupled with bioinformatic pipelines for secretion signal peptide detec-
tion to identify additional nematode PGCs and distinguish those that may 
have been acquired via horizontal gene transfer (McCarter et al., 2003; 
Scholl et al., 2003; Vanholme et al., 2005). Large-scale EST data sets have 
also been applied to develop microarray platforms for comprehensive 
profiling of nematode gene expression changes during parasitism (Ithal 
et al., 2006). This approach has identified coordinated regulation of H.
glycines parasitism genes and additional novel PGCs (Ithal et al., 2006). 
To elucidate nematode genome organization, plant-parasitic nematode 
genome sequencing projects for both root-knot (M. hapla and M. incog-
nita) and cyst (H. glycines) nematodes are currently underway (D. Bird, 
P. Abad and K. Lambert, North Carolina, 2006, personal communication) 
and upon completion will provide genome-wide catalogues of nematode 
PGCs for both functional and comparative analysis that should reveal 
additional novel insight into mechanisms of nematode pathogenesis. As 
genome sequences of plant-parasitic nematodes become available, gene 
structure, organization and function can be compared across different 
genomes to facilitate evolutionary analyses within the phylum Nematoda 
(Mitreva et al., 2005).

Genetic Analysis of Parasitism

The use of forward genetic strategies to add to our understanding of nema-
tode parasitism and virulence has been complicated by the obligate nature 
of plant-parasitic nematodes, parthenogenic mode of reproduction of 
some species and a lack of tools for genetic mapping. Consequently, this 
approach has only been used in a few studies as mentioned earlier. More 
recently, however, several groups have initiated the development of geneti-
cally homogeneous nematode populations, molecular markers and genetic 
maps to facilitate map-based cloning efforts in both cyst and root-knot 
nematodes (Liu and Williamson, 2004; Atibalentja et al., 2005). A genetic 
linkage map for H. glycines has been constructed and its utility was demon-
strated by mapping the Hg-Cm-1 gene (Atibalentja et al., 2005). Of the four 
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most damaging Meloidogyne spp., M. hapla has been found to reproduce 
by facultative meiotic parthenogenesis (Triantaphyllou, 1985; Van der Beek 
et al., 1998) such that both selfed and outcrossed progeny can be generated 
for classical genetic studies and, therefore, M. hapla has been adopted as 
a model system. In addition to the M. hapla genome sequencing project, a 
genetic map of M. hapla is under construction and F2 mapping populations 
have been generated (Liu and Williamson, 2004). With the development 
of these new tools, researchers will soon be equipped with the ability to 
identify the genes controlling various traits such as nematode virulence and 
host range to add to our current understanding of nematode pathogenesis.

Reverse Genetic Strategies

The application of large-scale genome-wide data on plant-parasitic 
nematodes to an understanding of nematode pathogenesis will require the 
functional analysis of gene products. In the past years, the lack of reverse 
genetic approaches in plant-parasitic nematodes has created a major bot-
tleneck in interpreting large-scale functional genomic data. RNAi through 
post-transcriptional gene silencing can be achieved by introducing double-
stranded RNA (dsRNA) complementary to the MRNA of  a gene of interest 
(Fire et al., 1998). This mechanism was first demonstrated in C. elegans
(Fire et al., 1998) and is now used in a wide variety of eukaryotes to assess 
gene function. RNAi ‘soaking’ methodologies to knock-down genes in 
C. elegans and other nematodes have recently been adapted for the plant-
parasitic cyst and root-knot nematodes (Bakhetia et al., 2005). Using RNAi 
approaches, the relative importance of PGCs can be assessed. These meth-
ods promise to provide essential functional information to identify key 
components of the nematode toolbox. Gene knock-down has been achieved 
in H. glycines, M. incognita, G. pallida and G. rostochiensis using a modi-
fied soaking method that requires the use of either octopamine (cyst) or 
resorcinol (root-knot nematode) to stimulate dsRNA ingestion in vitro
(Urwin et al., 2002; Rosso et al., 2005). This approach has been used to 
demonstrate the role of several gland-expressed genes in nematode patho-
genicity. Chen et al. (2005) showed that knocking out the G. rostochiensis 
Eng genes reduced the ability of the juveniles to invade host plant roots. 
Similarly, the application of RNAi to two genes expressed in M. incognita
SvG cells, calreticulin (Mi-Crt) and polygalacturonase (Mi-Pg-1) led to their 
effective silencing (Rosso et al., 2005) and a reduction in gall number and 
size in subsequent infection assays (Rosso et al., 2005).

More recently, the potential for using transgenic in planta RNAi tech-
nology (Wesley et al., 2001), i.e. the delivery of dsRNA or siRNA from 
plant cells to nematodes during feeding, has shown promise as an effec-
tive approach for bioengineering plant resistance to parasitic nematodes 
(Huang et al., 2006b; Yadav et al., 2006). Target genes may interfere with 
fundamental aspects of nematode biology such as those encoding inte-
grase (Yadav et al., 2006), or they may target essential nematode parasitism
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genes to disrupt the infection process (Huang et al., 2006b). The siRNA to 
the 16D10 parasitism gene of root-knot nematodes produced in transgenic 
plants (Huang et al., 2006a,b) did not exceed the size exclusion limit for 
ingestion through the nematode feeding tube (Hussey and Grundler, 1998) 
and produced dramatic inhibition of successful nematode infection. Since 
16D10 is conserved in Meloidogyne spp., silencing the gene resulted in 
transgenic plants that were resistant to multiple root-knot nematode spe-
cies. Because no known natural resistance gene has this wide effective 
range of root-knot resistance, RNAi silencing of parasitism genes could 
lead to the development of transgenic crops with effective broad host 
resistance to this agriculturally important pathogen and provide a strat-
egy for developing root-knot nematode-resistant crops for which natural 
resistance genes do not exist. The emerging data demonstrate the poten-
tial of using RNAi not only for the elucidation of gene function, but also 
for engineering novel and durable nematode resistance in transgenic crop 
plants.

Conclusions

Over the last decade, plant nematologists have made significant progress 
towards the identification of the complete profile of parasitism genes 
expressed in the nematode oesophageal gland cells during parasitism 
of plants. Consequently, our understanding of the molecular basis of 
nematode parasitism on plants and what makes a nematode a ‘plant 
parasite’ has advanced considerably. The current exciting challenge is 
to elucidate the function of the secreted products of nematode parasit-
ism genes. Indeed, the ultimate question of how they function in con-
sort to elicit host cell responses for successful parasitism is beginning 
to be revealed. Expression of parasitism genes in host plant cells, RNAi 
and protein–protein interaction studies has been successfully applied 
in studying the function of parasitism genes in nematode–plant interac-
tions. The completion of nematode genome sequences on the horizon 
promises to contribute even more to our current understanding of nema-
tode pathogenesis.
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Abstract
Plant viruses are obligate parasites that depend on their hosts for each step of their 
replication cycle. Host factors that facilitate the replication of the viral genome 
and its subsequent spread throughout the plant have been characterized and 
include, but are not limited to: translation factors, transcription factors, cell cycle 
regulators, integral membrane proteins and modifying enzymes, such as kinases, 
chaperones and components of the proteasome. The design of resistance strate-
gies based on the mutation or silencing of such host factors requires an in-depth 
understanding of plant–virus interactions in compatible hosts. In several cases, 
mutation of a specific host factor has been shown to confer increased resistance to 
virus infection without significantly affecting the physiology of the plant. Positive-
sense single-stranded RNA viruses and single-stranded DNA viruses represent the 
vast majority of economically important plant viruses that infect cultivated plants 
worldwide. Using these two large groups of plant viruses as examples, various 
levels of plant–virus interactions that allow successful virus infection in compat-
ible hosts are discussed. The potential and limitations of emerging technologies 
for engineering resistance to plant viruses that are based on the inactivation of the 
characterized host factors are also described.

Introduction

Although the origin of plant viruses remains uncertain, it is well accepted 
that they have co-evolved with their hosts over a long period of time, a fea-
ture they share with other obligate parasites. Plant viruses have a relatively 
small genome (∼3–19 kb), encompassing a limited number of genes that 
code for proteins that, although evolutionarily optimized to achieve one or 
several functions, are clearly insufficient to accomplish the viral replica-
tion cycle. To compensate for this limitation, viruses sequester host fac-
tors to replicate and spread through the plant (Whitham and Wang, 2004; 
Boguszewska-Chachulska and Haenni, 2005; Nelson and Citovsky, 2005). 
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For example, they usurp components of the host replication, transcription 
or translation machinery to assist them in the translation and/or replica-
tion of their genome (Ahlquist et al., 2003; Schneider and Mohr, 2003; 
Hanley-Bowdoin et al., 2004). Plant viruses must also counteract the vari-
ous layers of defence deployed by their hosts. These include the ubiquitous 
post-transcriptional gene silencing pathway that degrades their genome or 
the more specific defence responses directed by dominant resistance genes 
(see Chapters 16 and 17, this volume). Specific interactions between viral 
components and host factors (proteins, intracellular membranes and small 
RNAs) play a key role in the successful establishment of viral infection. 
Thus, the identification of contact points between the virus and its host 
will undoubtedly reveal new targets for virus control.

This chapter discusses recent scientific developments aimed at 
unraveling the complex network of protein–protein interactions required 
for virus replication and the subsequent invasion of the plant in compati-
ble interactions. Selected success stories, in which plants were manipu-
lated to prevent specific virus–host interactions to result in increased 
resistance to plant viruses, are also discussed. We have chosen to focus 
our attention on two large groups of plant viruses of economic impor-
tance: (i) viruses that have a positive-sense single-stranded RNA [(+)ssRNA] 
genome; and (ii) viruses that have a single-stranded DNA (ssDNA) genome. 
(+)ssRNA viruses represent the vast majority of plant viruses. This group 
includes well-characterized models in several genera, such as tobacco 
mosaic virus (TMV, genus Tobamovirus), brome mosaic virus (BMV, genus 
Bromovirus), tobacco etch virus (TEV, genus Potyvirus) and tomato bushy 
stunt virus (TBSV, genus Tombusvirus). ssDNA viruses include members 
of the families Geminiviridae and Nanoviridae, many of which cause dev-
astating diseases in crops cultivated in tropical and subtropical regions of 
the world. Although we will not discuss other groups of plant viruses in 
detail, we acknowledge that they include many well-characterized model 
systems and economically important viruses. The methodologies described 
in this chapter to identify plant–virus interactions and to develop disease 
resistance strategies are applicable to these groups of plant viruses.

Background

Requirements for a successful resistance strategy

In nature, recessive resistance to plant viruses has been linked to the 
loss or mutation of a host factor required for the virus replication cycle 
(Kang et al., 2005; Soosaar et al., 2005; Robaglia and Caranta, 2006). For 
example, analysis of recessive resistance has led to the identification of 
translation factors that enhance the replication cycle of (+)ssRNA viruses. 
However, many other plant factors interact with viral proteins or the viral 
RNA and positively influence the outcome of viral infection in suscepti-
ble hosts. The identification of these factors is likely to reveal new targets 
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for disease control strategies. For the successful development of new virus 
resistance strategies, two important points must be considered. First, the 
mutation or inhibition of a plant housekeeping gene is likely to have a 
negative impact on the physiology of the plant. Thus, only plant genes that 
are essential for the virus replication cycle, but dispensable for the plant, 
should be targeted. Second, the durability of the resistance is likely to be 
affected by the ability of plant viruses to evolve in response to selective 
pressure, such as engineered resistance (see Chapter 5, this volume). This 
can be minimized by using strategies that target early steps in the virus 
replication cycle and prevent the initial accumulation of the virus. Also, 
the use of knock-out mutations that eliminate a required factor is likely 
more difficult for viruses to overcome than point mutations. Finally, it 
should be noted that although silencing of a host gene using interfering 
RNA (RNAi) is an a priori attractive approach, many plant viruses encode 
potent suppressors of silencing (see Chapter 16, this volume) that may 
affect the durability of the resistance.

The hunt for host factors in the proteomic era

Many viral proteins are active within large protein complexes that contain 
host and viral components. Viral replication complexes were the first viral–
host protein complexes isolated (reviewed in Boguszewska-Chachulska 
and Haenni, 2005). Purification of these complexes from plant extracts was 
initially facilitated by the fact that virus-specific replication activity can be 
assayed in vitro. The association of host factors with replication complexes 
was reported for the bacteriophage Qβ as early as 1979. The presence of 
host proteins associated with a plant virus replication complex was first 
suggested in 1984 (Mouches et al., 1984). However, until 1993, the iden-
tity of a plant protein associated with a viral replication complex was not 
determined unequivocally (Quadt et al., 1993). Through the use of small 
epitope tags that can be fused to individual viral proteins, the purification 
of viral–host protein complexes is no longer limited to proteins for which 
measurable enzymatic activity assays or specific antibodies are available 
(Figeys et al., 2001). Tagged viral proteins can be expressed independently 
using agroinfiltration or inserted into viral infectious clones and analysed 
in the context of viral infection. Protein complexes can be isolated from 
plant extracts by immunoprecipitation with tag-specific antibodies or by 
affinity chromatography. Recent progress in proteomic research, e.g. the 
improvement of protein separation and microsequencing methods com-
bined with the availability of large databases of plant genomic sequences, 
has facilitated the identification of plant proteins that interact with tagged 
viral proteins (Serva and Nagy, 2006).

The yeast two-hybrid system has been used to identify interacting 
protein partners. Although several variations of this technique exist, they 
all rely on the same principle of splitting a biologically active protein into 
two non-functional halves which are fused to interacting partners (Fields, 
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2005). Interaction of the two partners reconstitutes the activity of the split 
protein. Although the assay was initially limited to soluble proteins that 
could be fused to distinct domains of a transcription factor, the technique 
has recently been expanded to the study of membrane proteins (Fields, 
2005). Specific viral proteins are used as bait to screen for interacting part-
ners using large libraries of expressed plant genes. However, caution is 
required when interpreting the results of such screens, since false positives
are notorious and many genuine interactions can remain undetected due 
to difficulties encountered in expressing proteins that are toxic to yeast 
cells. Detection of an interaction also requires that both partners are func-
tional when expressed as fusion proteins. In spite of the limitations of the 
method, many important interactions were first discovered using the yeast 
two-hybrid system. The principle of reconstituting a split protein was 
recently extended to allow in vivo examination of protein– protein interac-
tions by using the bimolecular fluorescence complementation technique. 
Here, the fluorescence of a reconstituted split protein can be visualized by 
confocal microscopy, thus enabling the identification of the subcellular 
site of the interaction (Bhat et al., 2006).

The analysis of plant mutants present in natural populations or in-
duced by ethylene methane-sulfonate (ems), transposon tagging or TDNA 
knock-out insertions can confirm the biological importance of known host 
factors or assist in the identification of new factors. Moreover, when visi-
ble symptoms are induced by viruses in susceptible plants, mutations that 
result in resistance to viral infection can be rapidly screened from large 
mutant populations (Lellis et al., 2002). The main advantage of such 
screening techniques is that mutations that do not affect the plant mor-
phology but hinder the virus infection process can be identified, directly 
providing potential targets for antiviral strategies. Arabidopsis thaliana, a 
model plant with a rapid life cycle and for which the entire genomic 
sequence has been established, has proven to be a useful host for these 
experiments.

Several plant viruses can also replicate in yeast, an organism for which 
powerful genetic tools are available (Alves-Rodrigues et al., 2006; Nagy 
and Pogany, 2006). The method has been developed for the study of the 
replication of (+)ssRNA viruses that have a relatively simple genome (e.g. 
BMV, TBSV). Viral replication proteins are synthesized from yeast expres-
sion vectors and are able to replicate in trans a defective viral RNA. 
Incorporation of a reporter gene into the replicating RNA allows for easy 
monitoring of virus replication. Recently, a geminivirus was also reported 
to replicate in yeast (Raghavan et al., 2004). Analysis of large collections 
of yeast mutants has resulted in the discovery of many host factors that are 
involved in the replication of BMV and TBSV, but only a fraction of them 
have been characterized. Many factors identified in yeast have plant 
homologues, suggesting that their functions are conserved. However, 
functional studies demonstrating the importance of the identified factors
in the natural hosts are necessary. Furthermore, other steps of the replica-
tion cycle, e.g. cell-to-cell and systemic movement, seed transmission, 
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symptom induction or host specificity, must be studied in plants. It also 
remains to be established whether efficient yeast replication systems can 
be optimized for viruses that have more complex genomes (Alves-
Rodrigues et al., 2006).

The importance of specific host factors in the establishment of the 
virus disease can also be confirmed using an RNAi approach. In this 
method, sequence-specific silencing of the target gene is induced in trans-
genic plants that express a small portion of the gene in a hairpin confor-
mation (Watson et al., 2005). For fast throughput, the technique of 
virus-induced gene silencing (VIGS) has been developed (Lu et al., 2003). 
In this technique, plant viruses (e.g. potato virus X or tobacco rattle virus) 
are used as carriers of the silencing sequence. The plant is subsequently 
infected with the test virus and the biological importance of the plant fac-
tors can be rapidly confirmed. A possible limitation of this technique is 
that initial infection by the carrier virus may alter the physiology of the 
plant.

Host Factors Involved in the Replication Cycle of (+)ssRNA Viruses

Replication cycle of (+)ssRNA viruses

(+)ssRNA viruses encode the RNA-dependent RNA polymerase (RdRp) 
that replicates their genome but do not package the polymerase into their 
virions. As a result, the first step in their replication cycle is the uncoat-
ing of the viral RNA followed by its translation by the host machinery. 
After viral replication proteins are produced, the genomic RNA becomes 
a template for the synthesis of progeny viral RNA molecules. As men-
tioned above, this process occurs in large complexes that contain viral 
and host proteins and the viral RNA. The complexes are associated with 
various host intracellular membranes (Salonen et al., 2005; Sanfaçon, 
2005). Viruses induce structural alterations in these membranes such as 
invaginations or vesicles that are protected environments wherein virus 
replication takes place. Replication of the RNA genome occurs in two 
steps: (i) an intermediate negative-sense single-strand RNA [(−)ssRNA] is 
produced using the genomic RNA as a template; and (ii) the (−)ssRNA 
serves as a template for the synthesis of progeny (+)ssRNA. The newly 
synthesized viral RNA must migrate to the periphery of the cell, move to 
an adjacent cell (cell-to-cell movement) and eventually spread throughout 
the entire plant (systemic movement).

A plant may be seen as a symplastic entity through which plasmodes-
mata provide continuity between adjacent cells, thus enabling the traffic 
of molecules and ions (Lough and Lucas, 2006). Plant viruses encode one 
or more movement proteins that facilitate their symplastic movement, 
thereby avoiding crossing additional membranes. Movement proteins also 
have the ability to modify the size exclusion limit of the plasmodesmata, 
thus facilitating virus intercellular transport. Two general mechanisms of 
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virus movement have been described. In the first mechanism, movement 
proteins bind to the viral RNA and direct the ribonucleoprotein complex, 
termed movement complex, to the plasmodesmata (Boevink and Oparka, 
2005). For some viruses, the movement protein is the only requirement for 
successful intercellular spread. For others, the coat protein (CP) is also 
required. In the second mechanism, viruses apparently move as intact 
virus particles through the formation of tubular structures that are embed-
ded in highly modified plasmodesmata and traverse the cell wall 
(Scholthof, 2005). The viral movement protein is a structural component 
of these tubules.

The type of cells a virus can colonize in a host defines its tissue tro-
pism and is a fundamental component of the fitness of a virus. Many 
phloem-limited viruses (e.g. poleroviruses and several geminiviruses) are 
unable to cross the phloem parenchyma-bundle sheath boundary. The 
presence of a checkpoint at the interface between companion cells and 
sieve elements has been suggested (Oparka and Turgeon, 1999). Thus, spe-
cific protein–protein interactions may be required to cross such a bound-
ary (Lough and Lucas, 2006).

In the following sections, the role of selected plant factors in the repli-
cation cycle of (+)ssRNA viruses is discussed. Several of these factors play 
multiple roles in more than one step of the virus replication cycle. Many 
other host proteins, as yet uncharacterized, are required to accomplish the 
viral replication cycle. In fact, large-scale analyses of yeast mutants have 
revealed the involvement of an extensive variety of genes required for 
viral RNA replication (Kushner et al., 2003; Panavas et al., 2005). The host 
genes required for replication of TBSV and BMV, two unrelated (+)ssRNA 
viruses, are largely different. Thus, rigorous examination of plant–virus 
interactions is required for each virus family before strategies for virus 
control can be designed.

Translation factors

Viral genomic RNA acts as a messenger RNA (mRNA) but often lacks the 
5′ end cap, the 3′ end poly (A) tail or both. Since these structures play a 
key role in recruiting translation factors to cellular mRNAs, viruses have 
developed alternate strategies to reroute host translation factors to their own 
RNAs, using complex networks of protein–protein, protein–RNA and/or 
RNA–RNA interactions (Thivierge et al., 2005; Dreher and Miller, 2006). 
Because the genomic RNA serves both as an mRNA for translation and as a 
template for replication, the two processes are tightly linked. Perhaps, not 
surprisingly, several host translation factors were found to co-purify with 
viral replication complexes, interact with viral replication proteins and reg-
ulate the efficiency of viral RNA replication or the switch from translation to 
replication (for reviews see Noueiry and Ahlquist, 2003; Sanfaçon, 2005).

Of particular interest for the development of resistance strategies are 
cases in which viruses sequester translation factors that are dispensable 
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for the translation of cellular mRNAs. One example is the interaction of 
potyviruses with translation initiation factor 4E (eIF4E), the cap-binding 
protein (Thivierge et al., 2005; Robaglia and Caranta, 2006). eIF4E directs 
the assembly of the translation complex on cellular mRNAs. In plants, the 
protein exists in two isoforms (eIF4E and eIF(iso)4E) which, although 
divergent in their affinity for different mRNA substrates, are functionally 
interchangeable (Robaglia and Caranta, 2006). Thus, mutation of one 
isoform does not significantly affect the physiology of the plant (Duprat 
et al., 2002; Yoshii et al., 2004). Initially, an interaction between A. thal-
iana eIF(iso)4E and the turnip mosaic virus (TuMV) VPg protein was dis-
covered (Wittmann et al., 1997). Similar interactions between one or both 
isoforms of eIF4E and the VPg of several potyviruses were subsequently 
described (reviewed in Thivierge et al., 2005). Mutations in VPg that 
hinder its interaction with eIF(iso)4E render TuMV non-infectious, 
suggesting that this interaction is essential for the virus (Duprat et al.,
2002). This idea is further supported by the observation that mutation of 
eIF4E isoforms results in resistance to potyviruses (Robaglia and Caranta, 
2006). The biological function of the interaction between eIF4E isoforms 
and VPg is not completely understood, but it is likely that it plays a role 
in promoting viral translation and/or shutting off host translation (Plante 
et al., 2004; Michon et al., 2006). A function in viral replication has also 
been suggested (Lellis et al., 2002; Beauchemin et al., 2007). Bimolecular 
fluorescence complementation analysis revealed that interaction of 
eIF(iso)4E with different polyprotein precursors of the TuMV VPg occurred 
at distinct subcellular locations, reinforcing the idea that the interaction 
plays multiple roles in the viral replication cycle (Beauchemin et al.,
2007). A function in cell-to-cell movement of pea seed-borne mosaic virus 
(PSbMV) has also been attributed to eIF4E (Gao et al., 2004). In comple-
mentation experiments using PSbMV-resistant and PSbMV-susceptible 
pea lines, impaired movement in resistant plants was partially alleviated 
by co-expression of eIF4E from a susceptible line. It has been proposed 
that eIF4E acts as a guide molecule for movement through the plasmodes-
mata, probably with the cooperation of the ancillary eIF4G, which has a 
high affinity for microtubules (Gao et al., 2004).

Another notable example of interaction of a plant virus with a non-
essential translation factor is the dependence of BMV on DED1 for the transla-
tion of one of its RNAs in yeast. DED1 is an RNA helicase related to eIF4A, a 
member of the translation initiation complex in eukaryotes. Mutation of DED1 
results in the inhibition of viral replication, but does not affect yeast growth 
(Noueiry et al., 2000). BMV also recruits LSM1/LSM7, a series of deadenyla-
tion-dependent decapping factors for the translation of its genomic RNAs in 
yeast (Noueiry et al., 2003). LSM1 has a positive effect on viral replication and 
may be involved in the recruitment of this RNA directly from active transla-
tion complexes to the replication complex (Noueiry et al., 2003). LSM1/LSM7 
are involved in cellular mRNA turnover, but are not essential for their transla-
tion. It is not known whether mutation of plant genes homologous to DED1 or 
LSM1 would also result in resistance to BMV without affecting the host.
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Finally, a cucumber recessive resistance gene to cucumber mosaic 
virus (genus Cucumovirus) was mapped to a mutation in the gene coding 
for eIF4G, a multi-adaptor protein of the translation initiation complex 
that simultaneously binds eIF4E, eIF4A and other translation factors (eIF3 
and the polyA-binding protein) (Yoshii et al., 2004). The mutation also 
conferred partial resistance to a carmovirus without affecting the physiol-
ogy of the plant (Yoshii et al., 2004).

Membrane proteins and enzymes involved in membrane synthesis

Plant viruses have developed various means to anchor their replication 
complexes to specific intracellular membranes (Sanfaçon, 2005). In many 
cases, viral replication proteins interact directly with the lipid bilayer of 
the membranes and bring other viral and plant proteins to the replica-
tion complex through protein–protein interactions. However, in the case 
of tobamoviruses, host integral membrane proteins have been suggested 
to play a critical role in the assembly or maintenance of the replication 
complex in association with endoplasmic reticulum (ER) membranes. The 
analysis of mutants of A. thaliana impaired in their ability to support 
tomato mosaic virus (ToMV) replication revealed that they have defects 
in genes coding for host transmembrane proteins (Yamanaka et al., 2000; 
Tsujimoto et al., 2003). One of these proteins is Tom1, a seven-pass trans-
membrane protein that co-fractionates with the replication complex and 
interacts with ToMV replication proteins (Yamanaka et al., 2000; Hagiwara 
et al., 2003; Nishikiori et al., 2006). Another protein is Tom2, a four-pass 
transmembrane protein that interacts with Tom1 but not with ToMV rep-
lication proteins (Tsujimoto et al., 2003). Although ToMV replication 
proteins do not contain obvious hydrophobic domains to mediate their 
interaction with the lipid bilayer of the membranes, they are targeted to 
the ER when they are expressed independently of other viral proteins (dos 
Reis Figueira et al., 2002). Taken together, these results suggest that Tom1 
is a membrane anchor for the ToMV replication complex. Tom2 may play 
an accessory role in viral replication by promoting proper folding of Tom1 
(Tsujimoto et al., 2003).

In addition to protecting the replication complex, host membranes 
probably play an active role in viral replication. Indeed, the level of BMV 
(−)ssRNA synthesis is drastically reduced in a yeast mutant that carries a 
defect in δ9 fatty acid desaturase which results in alteration of the lipid 
composition of the membrane (Lee et al., 2001). It was also shown that 
although only a small population of ToMV RdRp is membrane-associated 
in infected cells, only this subpopulation is active in interacting with host 
factors and in replicating the viral RNA (Nishikiori et al., 2006). Large-
scale analysis of yeast mutants deficient in BMV replication revealed the 
identity of several proteins involved in membrane modification pathways, 
although their functions in the viral replication cycle have not been char-
acterized (Kushner et al., 2003).
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Intracellular membranes are also probably involved in facilitating 
viral cell-to-cell movement. A critical early step for virus movement is the 
localization of plasmodesmal gates. This explains why many viruses move 
in close association with the endomembrane system and/or the cytoskele-
ton. The ER network, which terminates in desmotubules that guide the 
traffic of macromolecules through the plasmodesmata, has been impli-
cated in the cell-to-cell movement of plant viruses and many viral move-
ment proteins interact directly or indirectly with the ER (Boevink and 
Oparka, 2005). In tubule-forming viruses like grapevine fanleaf virus 
(GFLV, genus Nepovirus) and cowpea mosaic virus (CPMV, genus 
Comovirus), viral tubule formation leads to the disintegration of desmotu-
bules and rupture of ER–plasmodesmata junctions (Pouwels et al., 2002; 
Laporte et al., 2003). Thus, protein–protein interactions at or near the 
plasmodesmata may be a converging point for viruses deploying different 
movement strategies.

The first report of an interaction between a host factor and a viral move-
ment protein refers to a pectin methylesterase (PME) and the TMV 
movement protein (Dorokhov et al., 1999). TMV mutants harbouring a 
mutation in the movement protein that abolishes interaction with PME 
show limited movement in infected tissues (Chen et al., 2000). The biologi-
cal significance of this interaction is still uncertain. However, it has been 
suggested that PME anchors the movement protein to the ER and directs 
the transport of the movement complex towards the cell wall and the plas-
modesmata (Waigmann et al., 2004). A role for PME in TMV systemic 
movement has also been suggested. Although most attempts to suppress 
PME expression were unviable, analysis of transgenic tobacco plants 
expressing reduced levels of PME in the vasculature revealed that TMV is 
able to enter and traffic into the vascular system, but its unloading into 
mesophyll and epidermal cells is limited, suggesting that systemic trans-
port of viruses is a polar process tightly regulated by protein–protein 
interactions (Chen and Citovsky, 2003). The movement proteins of tobamo-
virus and pararetrovirus also bind PME suggesting that recruiting of PME 
is a widespread strategy deployed by diverse viruses to accomplish their 
intercellular transport (Chen et al., 2000).

PME is not the only protein that has been suggested to assist targeting 
of movement proteins to the plasmodesmata. Calreticulin, a Ca+-sequestering
protein that accumulates in the plasmodesmata and harbours a peptide 
signal for ER localization, has been shown to interact with the TMV move-
ment protein (Chen et al., 2005). Interestingly, overexpression of calreticu-
lin in transgenic plants provokes a delay in virus cell-to-cell movement, 
possibly as a result of competition between unloaded calreticulin mole-
cules and those loaded with the TMV movement protein for ER and/or 
plasmodesmata targeting (Chen et al., 2005). Overexpression of calreticu-
lin also redirects the TMV movement protein to the microtubules network 
(Chen et al., 2005). The interaction with the microtubule network is possi-
bly a movement-unrelated phenomenon leading to degradation of the 
movement protein (Chen et al., 2005 and references therein). In support of 
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this suggestion, a microtubule-associated protein (MPB2C) was found to 
interact with the TMV movement protein and to interfere with its cell-to-
cell movement (Kragler et al., 2003).

GFLV movement protein-induced tubular structures are formed at dis-
crete intercellular sites that colocalize with calreticulin. Thus, calreticu-
lin may act as a receptor for the movement protein (Laporte et al., 2003). 
In addition, the GFLV movement protein interacts directly or indirectly 
with KNOLLE, an integral membrane protein predominantly expressed 
during cytokinesis (Laporte et al., 2003). KNOLLE may help mobilize the 
GFLV movement protein to the cell plate during cell division. Mutation or 
silencing of KNOLLE and calreticulin will be necessary to clarify their 
roles in GFLV subcellular localization and transport.

Enzymes involved in callose synthesis

Regulation of the size exclusion limit of the plasmodesmata occurs at 
least in part by accumulation of callose (1,3-β-glucan), a structural com-
ponent of plasmodesmata channels that is regulated by the action of β-1,3-
glucanases. A role of callose in antiviral defence was initially suggested by 
the observation that antisense tobacco plants deficient in β-1,3-glucanase
synthesis are less susceptible to TMV and tobacco necrosis virus infection 
than their wild-type counterpart (Beffa et al., 1996). Cell-to-cell move-
ment of TMV, PVX and the movement protein of a cucumovirus is delayed 
in these transgenic plants (Iglesias and Meins, 2000).

An interaction was identified between a potexvirus movement pro-
tein and three tobacco proteins of the ankyrin repeat-containing proteins 
HBP1 family (Fridborg et al., 2003). These three proteins also interact with 
β-1,3-glucanase and may mediate the co-localization of the viral move-
ment protein and β-1,3-glucanases in the vicinity of the plasmodesmata. 
Thus, traversing of the PVX movement complex through the plasmodes-
mata would be facilitated by this interaction.

Modifying enzymes

Recent evidence suggests that the activity of replication proteins, their 
ability to interact with each other or their stability is controlled by their 
state of phosphorylation, although the specific cellular kinases and phos-
phatases involved in these regulations have not yet been identified (see 
Sanfaçon, 2005). Similarly, many viral movement proteins are suscep-
tible to phosphorylation and their function may be modulated through 
phosphorylation and dephosphorylation events mediated by kinases and 
phosphatases. For a detailed discussion about phosphorylation of move-
ment proteins, the reader is advised to see Waigmann et al. (2004).

Host chaperones have also been implicated in regulating assembly of the 
replication complex. Analysis of yeast mutants has demonstrated that the 
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YDJ1 chaperone and an HSP70 homologue enhance the replication of BMV 
and CNV, respectively (Tomita et al., 2003; Serva and Nagy, 2006). In addi-
tion, the HSP70 protein was found in association with ToMV replication 
proteins within the active replication complex (Nishikiori et al., 2006).

Host Factors Involved in the Replication Cycle of ssDNA Viruses

Replication cycle of ssDNA viruses

Geminiviruses do not possess a bona fide polymerase. Instead, the replica-
tion-associated protein Rep provides the minimal requirements for initia-
tion and termination of virus replication by the rolling circle mechanism 
(Hanley-Bowdoin et al., 2004). These viruses consequently rely on the cel-
lular machinery to replicate their DNA. Furthermore, since geminiviruses 
are excluded from meristematic tissues (Hanley-Bowdoin et al., 2000) 
where DNA polymerases are active, they must induce quiescent cells to 
re-enter into the synthetic (S) phase of the cell cycle, thereby reinstating 
DNA replication. In the rolling circle mechanism, double-stranded DNA 
is generated by the action of nuclear host polymerases. Rep then nicks 
the (+)-strand of the duplex DNA at a highly conserved nonanucleotide 
and remains covalently attached to its 5' end. Unwinding of the parental 
(+)-strand DNA is mediated by a helicase while a DNA polymerase III 
adds nucleotides to the free 3'-OH end. This process is called rolling circle 
because at the same time that the (+)-strand is elongated, the (−)-strand is 
rotated on its own axis. Once a round of replication is completed, the new 
origin of replication is cleaved and a monomeric molecule is released. 
The newly synthesized DNA molecule is circularized through the ligase 
activity of Rep (reviewed in Hanley-Bowdoin et al., 2000).

To accomplish their trafficking within infected plants, geminiviruses 
require the concerted action of two proteins: (i) the nuclear shuttle pro-
tein; and (ii) the cell-to-cell movement protein. One of the models for 
intracellular and intercellular transport largely substantiated by experi-
mental evidence proposes that a subpopulation of newly synthesized 
ssDNA is trapped, although not encapsidated, by the CP thereby prevent-
ing re-entrance into the rolling circle replication pool. The ssDNA is then 
shuttled to the cytoplasm by the nuclear shuttle protein and directed to 
the cell wall and plasmodesmata by the movement protein. In neighbour-
ing cells, the movement protein is dissociated from the complex and the 
nuclear shuttle protein mobilizes the ssDNA into the nucleus to start a 
new cycle of replication (Lazarowitz and Beachy, 1999).

Given their dependence on cellular factors to accomplish their life 
cycle, ssDNA viruses have become ideal models for the study of host DNA 
replication, transcription and cell cycle regulation (Hanley-Bowdoin 
et al., 2000). This has spurred an intense search for host proteins that 
facilitate their replication and gene expression, as well as their intercellular
and systemic spread through the infected plant.
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Cell cycle regulators and DNA replication enzymes

E2F transcription factors play a pivotal role in regulating the G1/S transi-
tion in the cell cycle of higher eukaryotes. In quiescent cells, DNA replica-
tion is inhibited when a repressor complex is bound to the promoter of the 
gene coding for the proliferating cell nuclear antigen (PCNA), a proces-
sivity factor of the DNA polymerase δ. E2F binds to the PCNA promoter 
and to the retinoblastoma protein, a suppressor of chromatin remodel-
ling activities, thereby creating the repressor complex. Mammalian DNA 
tumor-inducing viruses bind to the retinoblastoma protein, disrupt its 
interaction with E2F and relieve PCNA transcriptional repression.

Many geminiviruses alter the cell cycle progression by forcing an 
endocycle that skips the G2 and M phases and allows continuous DNA 
synthesis. Other geminiviruses seem to induce cell proliferation (Hanley-
Bowdoin et al., 2004). Although PCNA is normally expressed in young 
but not mature leaves of healthy plants, it is detected in mature cells 
infected with tomato golden mosaic virus (TGMV) suggesting that PCNA 
transcriptional repression is relieved as a consequence of virus infection 
(Nagar et al., 1995). Two geminivirus replication-associated proteins (Rep 
and REn) were shown to bind pRBR, a plant homologue of the retinoblast-
oma protein, and disrupt its interaction with E2F. The biological signifi-
cance of the Rep–pRBR interaction is evidenced by the fact that TGMV 
mutants impaired in their ability to bind pRBR induce only a moderate 
symptomatic phenotype (Nagar et al., 1995). Also, PCNA accumulates in 
differentiated cells of transgenic plants expressing the Rep protein 
(Hanley-Bowdoin et al., 2004). Similarly, the nanovirus CLINK protein, an 
accessory replication protein, was shown to interact with pRBR and with 
the core component of a particularly versatile class of E3 ubiquitin ligases 
referred to as MsSKP1 (Aronson et al., 2000). Although it is possible that 
the dual interaction of CLINK with MsSKP1 and pRBR contributes to the 
release of transcriptional repression by facilitating pRBR degradation, fur-
ther experimental evidence is required to confirm this hypothesis.

Other protein–protein interactions may also be involved in the altera-
tion of the plant cell cycle. The TGMV Rep protein interacts with a plant 
kinesin termed GRIMP (Kong and Hanley-Bowdoin, 2002). Although 
GRIMP is expressed constitutively in plants, it is associated with the spin-
dle apparatus and condensed chromosomes during mitosis. It has been 
suggested that the Rep–GRIMP interaction prevents phosphorylation of 
GRIMP and alters the cell cycle (Kong and Hanley-Bowdoin, 2002).

Geminiviruses must recruit the host DNA replisome to the virus 
genome and interactions between viral replication-associated proteins 
and host processivity factors, such as PCNA, have been suggested to play 
a key role in this process. For example, the geminivirus Rep protein and 
REn protein interact with PCNA (Castillo et al., 2003). Similarly, the Rep 
protein of wheat dwarf virus interacts with replication factor C (RFC), 
another processivity factor that facilitates loading of PCNA and polymerase
δ onto the replisome (Luque et al., 2002). An interaction was also identified
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between the TGMV Rep protein and histone H3 of Nicotiana benthami-
ana (Kong and Hanley-Bowdoin, 2002). Since the geminiviral DNA is 
packaged into minichromosomes, the Rep–Histone H3 association may 
permit displacement of nucleosomes thus allowing access of the replica-
tion and transcription machinery to the regulatory elements of the gemini-
viral genome.

Because the host proteins described above are central regulatory pro-
teins involved in plant development, cell cycle regulation and DNA repli-
cation and repair, it is difficult to envisage how they could be appropriate 
targets for antiviral strategies. In fact, it is likely that inactivation of any of 
these proteins would severely affect the plant physiology. However, a 
basic understanding of the mechanism by which geminiviruses replicate 
in quiescent plant cells is the keystone for the identification of other pos-
sibly more specific host factors.

Transcription factors

In two separate studies, the Rep or REn protein of geminiviruses were 
shown to interact with members of the nascent polypeptide-associated 
complex (NAC) domain protein family (Xie et al., 1999; Selth et al., 2005). 
This large family of proteins is involved in many essential processes such 
as plant development, senescence and plant defence (Selth et al., 2005 and 
references therein). This may explain why different NAC proteins shown 
to interact with geminivirus proteins have apparently opposite effects on 
virus replication. The Rep protein of wheat dwarf virus interacts with sev-
eral members of the NAC domain family (Xie et al., 1999). Overexpression 
of these proteins in cultured wheat cells exerts an inhibitory effect on viral 
DNA replication, suggesting that they repress the expression of viral genes 
or of cellular factors required for virus multiplication (Xie et al., 1999).

The REn protein of tomato leaf curl virus (TLCV) was shown to interact 
with tomato SINAC1 and upregulate its expression (Selth et al., 2005). In 
contrast to the G-related α2-macroglobulin-binding (GRAB) proteins, tran-
sient expression of SINAC1 increases virus accumulation in N. benthami-
ana (Selth et al., 2005). One possible interpretation of this result is that 
SINAC1 promotes the transcription of genes required for initiation and/or 
maintenance of the S phase of the cell cycle. Because SINAC1 mRNA is 
detected in TLCV-infected cells but not in non-infected cells of N. bentha-
miana, it is a potential candidate for antiviral strategies (Selth et al., 2005).

Cell wall synthesis enzymes

The enzyme SlUTPG1 from tomato is involved in the synthesis of cell 
wall components and interacts with the V1 protein of three different gem-
iniviruses (Selth et al., 2006). SlUTPG1 also enhances virus accumula-
tion. TLCV V1 mutants unable to interact with SlUTPG1 exhibit reduced 
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cell-to-cell movement suggesting that the contribution of this host factor 
to virus accumulation is due, at least partially, to enhancement of virus 
transport (Selth et al., 2006). Further experiments will be necessary to 
determine whether inactivation of SlUTPG1 results in increased resist-
ance to TLCV without impairing essential plant functions.

Plant-modifying enzymes

Interaction of geminivirus proteins with plant protein kinases plays a 
central role in modulating the functional state of viral and host proteins. 
Some of these kinases have been shown to enhance virus accumulation. 
For example, the nuclear shuttle protein interacts with NsAK, a proline-
rich extensin-like receptor protein kinase (PERK) (Florentino et al., 2006). 
This kinase seems to enhance geminivirus infectivity apparently through 
phosphorylation of the nuclear shuttle protein. Disruption of NsAK activ-
ity in T-DNA insertion mutants attenuates, although does not abolish, 
viral infectivity. The TGMV Rep protein interacts with a serine– threonine
kinase termed GRIK (Kong and Hanley-Bowdoin, 2002). Although GRIK 
is normally expressed in young but not mature tissues, TGMV infection 
induces the expression of GRIK in mature leaves. Since Rep itself is not 
phosphorylated by GRIK, the Rep–GRIK interaction may facilitate the 
recruiting of proteins that are phosphorylated by GRIK and required for 
geminivirus replication (Kong and Hanley-Bowdoin, 2002).

In other cases, geminivirus proteins interact with kinases that are 
involved in a general plant defence response. These kinases have a nega-
tive effect on virus accumulation. For example, the geminivirus transcrip-
tional transactivator protein (TrAP) interacts with and inhibits the activity 
of SNF1 and ADK. These two cellular kinases are normally activated in 
response to pathogen infection. Downregulation of SNF1 increases BCTV 
pathogenicity, while its constitutive expression confers resistance to viral 
infection (Hao et al., 2003; Wang et al., 2003). Similarly, the geminivirus 
nuclear shuttle protein interacts with several kinases, which structurally 
resemble receptor-like protein kinases (RLKs) involved in signal transduc-
tion during stress responses (Mariano et al., 2004). A. thaliana loss-of-
function mutants are highly susceptible to virus infection, suggesting that 
the nuclear shuttle protein blocks a signal cascade mediated by these 
kinases and activated in response to virus invasion (Fontes et al., 2004).

Other types of modifying enzymes have been implicated in the repli-
cation cycle of geminiviruses. Acetyltransferases are involved in essential 
processes in plants ranging from DNA replication, transcription, recombi-
nation and repair to apoptosis (Carvalho et al., 2006). The nuclear shuttle 
protein of a geminivirus interacts with a nuclear acetyltransferase, AtNSI, 
and inhibits its activity (McGarry et al., 2003; Carvalho et al., 2006). 
However, virus accumulation is enhanced in transgenic plants overex-
pressing AtNSI, indicating that AtNSI is required for virus infectivity. To 
reconcile these apparently contradictory results, a dual role in geminivi-
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rus infection has been proposed for AtNSI (Carvalho et al., 2006). On the 
one hand, the nuclear shuttle protein may sequester AtNSI to the ssDNA–
CP complex and promote acetylation of the CP, a process which has been 
suggested to facilitate the export of the ssDNA from the nucleus. On the 
other hand, sequestering of AtNSI by the nuclear shuttle protein may 
inhibit its ability to acetylate host proteins involved in cell differentia-
tion. It is not known whether mutation or silencing of AtNSI would inhibit 
virus accumulation in plants.

Sumoylation, or covalent attachment of a ubiquitin-like polypeptide 
called SUMO, can regulate the activity or localization of target proteins. 
The Rep of two geminiviruses interacts with a SUMO-conjugating enzyme, 
NbSCE1 (Castillo et al., 2004). Sumoylation has been implicated in diverse 
physiological processes activated during stress responses. Perhaps not 
surprisingly, both upregulation and downregulation of SUMO in trans-
genic Nicotiana tabacum, by sense and antisense expression of the tomato 
ortholog LeSUMO, lead to a reduction in viral DNA accumulation. This 
effect was also observed in a transient leaf disk assay, suggesting that it is 
acting at the level of replication rather than cell-to-cell movement. 
Although many proteins that interact with SUMO-conjugating enzymes 
appear to be sumoylated, it is still unknown whether Rep itself is a sub-
strate for sumoylation by NbSCE1 in infected plants. Three potential 
sumoylation sites were delineated in domains which are essential for Rep 
functions. The second site overlaps with the motif involved in interaction 
with pRBR (Castillo et al., 2004). Thus, sumoylation may interfere with 
the ability of Rep to bind pRBR and disrupt transcriptional repression.

Development of new technologies

We have already mentioned several examples in which mutations of genes 
coding for specific host factors result in reduced susceptibility or even 
resistance to various plant viruses. To illustrate the potential and limita-
tions of these approaches, we discuss in detail two specific examples of 
engineered virus resistance obtained by inactivating well-characterized 
host factors.

Inactivation of eIF4E isoforms confers resistance against potyviruses

The number of genes that encode proteins related to the eIF(iso)4E or eIF4E 
families in plants varies from species to species. In A. thaliana, there is 
one eIF(iso)4E gene and three eIF4E genes, although only eIF4E1 has been 
conclusively demonstrated to encode a cap-binding protein. As mentioned 
earlier, knock-out mutations of either eIF4E1 or eIF(iso)4E are not dele-
terious for A. thaliana (Duprat et al., 2002; Yoshii et al., 2004). In fact, 
many recessive resistance genes correspond to mutations of eIF4E isoforms 
(reviewed in Robaglia and Caranta, 2006). The importance of eIF4E in virus 
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infection is not limited to potyviruses. Resistance to a cucumovirus and a 
bymovirus is also conferred by mutation of eIF4E (Yoshii et al., 2004; Stein 
et al., 2005). The interaction between eIF4E and potyvirus VPgs is, in gen-
eral, highly specific as evidenced by the observation that within a plant 
species, some potyviruses interact with eIF4E while others interact with 
eIF(iso)4E (Robaglia and Caranta, 2006). For instance, in A. thaliana, muta-
tion of eIF(iso)4E confers resistance to TuMV, lettuce mosaic virus (LMV) 
and TEV, but not to clover yellow vein virus (ClYVV) while mutation of 
eIF4E1 results in resistance to ClYVV, but not to TuMV (Duprat et al., 2002; 
Lellis et al., 2002; Sato et al., 2005). In some cases, the interaction between 
the potyvirus VPg and eIF4E is even strain specific (Schaad et al., 2000). 
A given potyvirus may also depend on distinct isoforms of eIF4E in differ-
ent hosts. For example, LMV interacts with eIF(iso)4E in A. thaliana but 
with eIF4E in lettuce (Duprat et al., 2002; Nicaise et al., 2003). One excep-
tion to this rule is the recent observation that pepper veinal mottle virus 
can use either eIF4E or eIF(iso)4E in pepper and that mutation of both 
isoforms is necessary to obtain resistance to the virus (Ruffel et al., 2006). 
Thus, although mutation or inactivation of specific eIF4E genes is an attrac-
tive strategy to engineer resistance to potyviruses, careful examination of 
the specific interaction must be conducted for each potyvirus–host com-
bination before effective resistance can be engineered. Finally, it should 
be noted that hypervirulent potyvirus isolates that are able to overcome 
resistant cultivars harbouring point mutations of eIF4E isoforms have been 
reported. In most cases, the increased virulence was linked to mutations 
in the VPg protein (reviewed in Robaglia and Caranta, 2006). Although it 
is likely that knocking out the expression of an eIF4E isoform will be more 
difficult for the virus to overcome, the possible emergence of virulent iso-
lates in response to knock-out mutations has not been studied.

Inactivation of host membrane proteins confers resistance against tobamoviruses

As mentioned earlier, the Tom1 protein is probably the membrane anchor 
for the ToMV replication complex. Two homologues of Tom1, i.e. Tom3 and 
THH1, have been identified in A. thaliana. These proteins can function-
ally replace Tom1 although they cannot support ToMV replication with 
equal efficiency (Yamanaka et al., 2002; Fujisaki et al., 2006). Analysis 
of single, double and triple mutants of Tom1, Tom3 and THH1 revealed 
that Tom1 is the primary determinant of ToMV replication. When Tom1 is 
mutated, Tom3 is more efficient than THH1 at supporting viral replication. 
In fact, viral replication is completely abolished in a double Tom1–Tom3 
mutant (Yamanaka et al., 2002). Of practical importance, the dependence 
of tobamoviruses on Tom1/Tom3 is not limited to the ToMV–A. thaliana
interaction, but is applicable to other host–tobamovirus combinations. 
Recently, N. tabacum orthologs of Tom1 and Tom3 have been identi-
fied. Transgenic expression of either one of the N. tabacum genes in the 
A. thaliana tom1/tom3 double mutant restores its ability to support 
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ToMV replication (Asano et al., 2005). Tom1/Tom3 homologues also exist 
in tomato, melon and rice, and the tomato and melon genes can comple-
ment the A. thaliana mutants (Asano et al., 2005). To confirm the activity 
of Tom1/Tom3 in Nicotiana spp., an RNAi approach was used to selec-
tively silence the expression of one or both genes in the N. tabacum var. 
Samsun, a host highly susceptible to many tobamoviruses (Asano et al.,
2005). While silencing of only one gene results in moderate resistance to 
ToMV, simultaneous silencing of both genes confers to  the plant high resist-
ance not only to ToMV, but also to three other tobamoviruses. The doubly 
silenced plant remained highly susceptible to a cucumovirus, confirming 
that the Tom1/Tom3 proteins are specifically required for tobamovirus 
replication. However, resistance to the tobamoviruses is not complete, as 
low levels of virus accumulation are observed in systemic leaves after 
longer incubations (40 days post-inoculation) and this is accompanied 
by mild mosaic. This is not due to an emerging mutated population of 
the virus, since virus recovered from the mildly infected leaves does not 
show increased multiplication when reinoculated on the doubly silenced 
plants. In fact, virulent mutants of the virus are not observed even after 
several successive passages through the resistant plants (Asano et al.,
2005). It is not known whether viral suppressors of silencing are respon-
sible at least in part for the partial breaking of the resistance conferred by 
the RNAi approach. The plant morphology is not significantly affected 
by the inactivation of the two genes in N. tabaccum or A. thaliana, at 
least in a greenhouse experimental set-up, although the authors noted an 
occasional slight reduction in the plant growth (Yamanaka et al., 2002; 
Asano et al., 2005). These results are promising as they suggest that broad-
spectrum resistance to tobamoviruses can be engineered in a variety of 
crops through the mutation or inactivation of the Tom1/Tom3 host genes.

Conclusions and Future Directions

The last 10 years of research in molecular plant virology have unraveled 
an unforeseen degree of complexity in the nature of interactions between 
plant viruses and their hosts. With the increased speed of discovery of 
new interactions, it is likely that large networks of protein–protein inter-
actions will be mapped in the not-too-distant future. The next challenge 
is to unravel the biological significance of these interactions not only in 
model hosts (e.g. yeast, A. thaliana), but also in economically important 
crops which may differ in their ability to provide a specific host factor. 
Unfortunately, many important crops have been less well characterized 
at the genomic level and are also less amenable to genetic manipulation, 
making reverse genetic approaches more challenging.

The potential of antiviral strategies based on the modification of the 
expression pattern of host proteins involved in the plant virus replication 
cycle has been demonstrated. However, the durability of such approaches 
must be rigorously tested. The continued study of plant–virus interactions 
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will allow the design of improved strategies based on the targeting of mul-
tiple host factors that would affect more than one step of the replication 
cycle, thereby reducing the ability of the virus to overcome these intro-
duced barriers.
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Abstract
The majority of characterized plant viruses have RNA genomes. Genetic variability 
is a fundamental feature of RNA viruses. High mutation rates, recombination and 
reassortment are the three basic mechanisms that are responsible for the enormous 
genetic polymorphism and rapid evolution of RNA viruses. Mutations are most 
frequently introduced into the viral genome during the replication process due to 
the low fidelity of RNA-dependent RNA polymerases. Recombination is a wide-
spread phenomenon described in many plant viruses with both RNA and DNA 
genomes and is responsible for more profound changes within the viral genome 
(sequence deletion or insertion or strand exchange). Reassortment is also an impor-
tant mechanism responsible for swapping or introducing a whole genomic seg-
ment of the viral genome, but is limited only to the segmented viruses. However, 
these three mechanisms are counterbalanced by selection and genetic bottlenecks 
which reduce the genetic variation of plant viruses in nature. Recently, genetic 
bottlenecks have been identified experimentally in plant virus populations during 
the systemic movement within the plant and horizontal transmission from plant 
to plant by aphid vectors.

Introduction

Plant viruses are economically important plant pathogens and are respon-
sible for billions of dollars of economic loss every year (Gray and Banerjee, 
1999). Virus infections can cause significant reductions in both quality 
and quantity of crops, severely reduce food production and thereby affect 
animal and human health. Virtually all plants are affected by at least one 
virus. Depending on factors such as plant species, geographic location 
and growing season, virus diseases can preclude the ability to grow spe-
cific crops in certain locations (Falk and Hull, 2004). Significant resources 
are invested in efforts to control plant virus diseases. The only direct 
means of controlling virus-induced diseases of plants is by vector control 
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or by the use of genetic resistance. Successful genetic resistance can be 
compromised by evolution of virus populations to overcome resistance. 
Vector control frequently involves the use of costly and environmentally 
harmful chemicals.

About 80% of the approximately 1000 currently recognized plant-
infecting viruses have RNA as their genetic material. The remaining 20% 
constitute only three families (Caulimoviridae, Geminiviridae and 
Nanoviridae) of plant viruses with DNA genomes (Fauquet et al., 2005). 
Plant viruses with RNA genomes have a large potential for variation in 
their genomes that provide them with increased adaptability, allowing 
rapid response to many environmental challenges, including those posed 
by host resistance responses.

The RNA genomes of plant viruses have genetically diverse popula-
tions that are sometimes referred to as quasispecies. The level of genetic 
diversity in individual quasispecies varies among closely related viruses 
(Schneider and Roossinck, 2000) and among hosts infected with the same 
virus (Schneider and Roossinck, 2001). In addition, all RNA viruses do 
not generate detectable levels of variation in their populations, indicating 
that quasispecies are more complex than simple accumulation of muta-
tions. However, factors that control virus population diversity are still 
unknown (Roossinck and Schneider, 2005).

With the increasingly widespread use of rapid nucleotide sequencing 
methods and particularly since the advent of the polymerase chain reac-
tion (PCR), extensive genetic data has been obtained for many plant 
viruses, advancing our understanding of sequence variability among plant 
viruses. In the last decade, the number of publications in the area of phyl-
ogenetic analysis and comparative studies of genetic variability of plant 
viruses has increased and some reviews have been devoted to these topics 
(Karasev, 2000; García-Arenal et al., 2001, 2003).

This chapter focuses on the mechanisms of plant virus evolution that 
are responsible for the genetic diversity of viruses, how the genetic struc-
tures of plant virus populations are shaped and their implications for dis-
ease management.

Background

Mutation, recombination and reassortment are the primary forces generat-
ing the variability in plant virus populations. These populations are 
shaped by selection that specifically limits variation, and genetic bottle-
necks that randomly limit variation. Mutations provide the starting mate-
rial upon which Darwinian natural selection acts, while recombination or 
reassortment between different viruses may result in evolutionary leaps 
through a process of symbiogenesis (Roossinck, 2005). The nature of viral 
populations differs from conventional populations, and the theoretical 
framework of quasispecies has been used to reflect these differences 
(Eigen, 1993; Domingo, 2002; Wilke, 2005).
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Driving forces

Mutation is a change in the nucleotide sequence of an organism and is a 
fundamental source of genetic variation. Point mutations are most often 
generated by polymerase error, and change a single nucleotide base that is 
either synonymous or non-synonymous, i.e. they either maintain or 
change the amino acid coding sequence. Deletions and insertions may 
include single or several nucleotides, and often result in frame-shift muta-
tions that cause global changes. Most mutations are either neutral or dele-
terious, but single nucleotide changes can result in substantial changes in 
a virus, such as altered aphid transmission (Perry et al., 1998), long dis-
tance movement (Koshkina et al., 2003), maintenance of replication and 
virulence (Masuta et al., 1998; Karasawa et al., 1999) and symptom expres-
sion (Suzuki et al., 1995).

Mutation rate refers to nucleotide misincorporation (including inser-
tions and deletions) by either polymerase error, RNA editing or other 
means like environmental mutagens. Mutation frequency refers to the 
detectable mutations in the population after natural selection and genetic 
bottlenecks have acted on the mutant spectrum produced by the underly-
ing mutation rate (Domingo and Holland, 1994).

Evidence of mutations in plant viruses was first reported as early as 
1926 (McKinney, 1926) on the basis of symptoms induced by tobacco 
mosaic virus (TMV). Later, several studies on the genetic variation of other 
plant viruses were reported on the basis of symptoms (Price, 1934; 
McKinney, 1935) until the development of molecular techniques in the 
1960s when the study of genetic variability of plant viruses began at the 
nucleic acid level. In most cases, mutations in plant viruses have always 
been documented for a portion of the genome, including the structural 
coat protein that may also be involved in vector transmission or cell to 
cell movement. Very few reports are available for other parts of plant viral 
genomes.

Recombination is the process by which segments of genes are swapped 
between different genetic variants or strains during the process of replica-
tion. Recombination for a plant virus was first proposed and reported in 
1955 (Best and Gallus, 1955). When two strains of tomato spotted wilt 
virus (TSWV) were inoculated together onto a plant, new strains were 
produced that were different from each of the original parental strains but 
combined some of the character determinants of each. Later, a similar 
phenomena was described for two potyviruses, potato virus Y and potato 
virus C (Watson, 1960). Since then, recombination has been reported for 
numerous RNA and DNA plant viruses (Aaziz and Tepfer, 1999).

Two types of molecular events result in recombination. Homologous 
recombination (also known as legitimate recombination) occurs between 
two nearly identical RNAs (or within nearly identical regions). It can be 
subdivided into two types: (i) precise recombination occurs when the 
recombinant junction sites are located accurately at the corresponding 
nucleotides of the RNAs and (ii) imprecise recombination occurs when 
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the junction sites occupy different positions within recombining RNAs. 
Imprecise recombination produces RNA in which some sequences are 
duplicated (inserted) or deleted.

Non-homologous recombination (also referred as illegitimate recom-
bination) occurs between unrelated RNAs or dissimilar regions at non-
corresponding sites. The resultant recombinants differ significantly from 
the parental RNAs. Recombination can be intermolecular or intramolecu-
lar, resulting in the insertion of unrelated sequences as well as in exchange, 
duplication or deletion of existing viral sequence elements.

Homologous and non-homologous recombinations were first shown 
in brome mosaic virus (BMV) (Bujarski and Kaesberg, 1986). Recombination 
is a general phenomenon and is considered to play a pivotal role in the 
genetic variability and evolution of plant viruses (Aaziz and Tepfer, 1999). 
At the population level, recombination may result in dramatic changes in 
the biological properties of the virus with major epidemiological conse-
quences, including the appearance of virulent strains or the acquisition of 
broader host ranges (Legg and Thresh, 2000; Monci et al., 2002). On the 
other hand, RNA recombination can be an efficient tool for viruses to 
repair viral genomes, thus contributing to virus fitness (Cheng and Nagy, 
2003).

Reassortment is the process in which whole genomic segments are 
exchanged among segmented viral genomes. It was originally described 
by Botstein (1980) who detected it in the bacteriophages of coliform bac-
teria. In plant viruses, reassortment was first reported between the RNAs 
of tobacco rattle virus and pea early browning virus (Robinson et al.,
1987). Plant viruses with segmented genomes usually package their 
genomic components in separate virions that probably facilitate reassort-
ment events by allowing the exchange of independent genomic compo-
nents during transmission of viruses (Roossinck, 2005). Reassortment in 
plant DNA viruses was first shown experimentally in the 1980s (Stanley 
et al., 1985).

Viruses as quasispecies

RNA viruses were first described as quasispecies to reflect the extreme 
amount of variation that is possible in their populations (Domingo et al., 1996, 
1998, 2005; Eigen, 1996; Domingo, 2002). There is evidence that DNA 
viruses may also be considered as quasispecies (Isnard et al., 1998). 
Mutations in a quasispecies are generated and lost at a constant rate, so 
the mutation frequency is stable. The average nucleotide at each position 
forms the consensus sequence. This may be the same as the master 
sequence, the sequence of the most common individual in the population. 
A quasispecies is defined as a single replicating population at equilib-
rium. This key point has led to a great deal of confusion for two reasons: 
a single replicating population is not easily defined, and technically may 
mean viruses in a single cell, or single region of the plant; and populations 
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that are not at equilibrium may not reflect a quasispecies-like nature. 
There are a few important significant differences between conventional 
populations and quasispecies. The quasispecies is the unit upon which 
selection acts, meaning that a viral quasispecies can be thought of as an 
individual with thousands of alleles. The quasispecies may carry within 
it many mutant genomes that can provide extended function. This also 
can lead to much greater adaptability in changing environments. Another 
important aspect of quasispecies is that the effects of genetic drift are min-
imal, because if the population passes through a narrow bottleneck, the 
most fit variant, if lost, will be rapidly regenerated by the highly error-
prone polymerase (Manrubia et al., 2005).

Mechanisms and Consequences of Virus Evolution

Mutation rates and frequencies

Replication of genetic information is a key process in all biological enti-
ties that is achieved enzymatically through polymerases. Plant RNA virus 
and pararetrovirus replication are directed by virally encoded replicases, 
while plant DNA viruses use the host DNA-dependent DNA polymerase 
(DdDp) for their replication. RNA-dependent RNA polymerases (RdRps) 
are thought to lack proofreading capability, resulting in very high error 
rates. No direct experimental data is available for the mutation or error 
rates of any plant viral RdRps, although the error rates of the RdRps of 
animal RNA viruses have been assessed either in cell culture or in vitro
and are about 1 in 10−4 (Domingo and Holland, 1994). The mutation rate of 
TMV was calculated to be similar to other RNA viruses (Malpica et al.,
2002). Eukaryotic cellular DdDps have error rates on the order of 10−9, but 
geminiviruses that use host DdDps for replication are highly variable, and 
may have found ways to enhance their variability through alternate uses 
of host DdDps (Roossinck, 1997).

The mutation frequency or genetic diversity of plant viruses is a more 
directly measurable population parameter, but it requires very careful 
experimental methods to be accurate. The use of error-prone cDNA cloning 
methods has clouded the analysis of mutation frequencies in many stud-
ies. Mutation frequencies have been reported for a number of plant RNA 
viruses, either in individual isolates of viruses, or in experimental evolu-
tion studies (Table 5.1). The low levels of variation found within individ-
ual isolates of some plant viruses show that the high mutability of RNA 
viruses does not necessarily result in high genetic variation. Other factors 
such as purifying selection and genetic bottlenecks can reduce the genetic 
diversity of viruses (Roossinck, 1997; Holland and Domingo, 1998). A set 
of experiments with three related plant viruses, TMV, cucumber mosaic 
virus (CMV) and cowpea chlorotic mottle virus (CCMV) and several differ-
ent host plants, demonstrated that the mutation frequency was constant for 
a given plant–virus combination, but varied with different viruses in the 
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Table 5.1. Mutation frequencies of plant viruses.

  Gene/  Mutation 
Virus/isolate Genome RNAa Host  frequency (10−3)b References

Plant RNA viruses
CCMV ssRNA RNA3 Nicotiana 0.05 Schneider and
    benthamiana   Roossinck 
      (2000)
CMV-Fny ssRNA RNA3 N. benthamiana 0.6 Schneider and
      Roossinck 
      (2000)
  RNA3 Pepper 1.8 Schneider and 
      Roossinck 
      (2000)
  RNA3 Squash 0.7 Schneider and 
      Roossinck 
      (2000)
  RNA3 Tobacco 1.0 Schneider and 
      Roossinck 
      (2000)
  RNA3 Tomato 0.7 Schneider and 
      Roossinck 
      (2000)
  RNA3 Tobacco 2.5 Schneider and
    protoplast   Roossinck 
      (2000)
CYSDV ssRNA HSP70 Cucurbit 0.28 Rubio et al.
      (2001a)
  CP Cucurbit 0.25 Rubio et al.
      (2001a)
KGMMV ssRNA Replicase Cucumber 1.47 Kim et al. (2005)
  Replicase Zucchini 1.61 Kim et al. (2005)
  CP Cucumber 2.70 Kim et al. (2005)
  CP Zucchini 2.01 Kim et al. (2005)
TMV-U1 ssRNA 30 kD/CP N. benthamiana 0.4 Schneider and 
      Roossinck 
      (2000)
  30 kD/CP Pepper 1.5 Schneider and 
      Roossinck 
      (2001)
  30 kD/CP Tobacco 0.9 Schneider and 
      Roossinck 
      (2001)
  30 kD/CP Tomato 0.2 Schneider and 
      Roossinck 
      (2001)
  30 kD/CP Tobacco  2.0 Schneider and
    protoplast   Roossinck 
      (2001)
TMV-U1 ssRNA CP Buckwheat 0.3 Kearney et al.
      (1999)
  CP Collinsia spp 0.4 Kearney et al.
      (1999)
  CP Marigold 0.6 Kearney et al.
      (1999)
  CP Nightshade 0.4 Kearney et al.
      (1999)

Continued
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same host, or with the same virus in different hosts. In addition, CCMV did 
not develop any detectable variation except for a single recombination 
event. In these studies, there was no evidence of genetic drift even after ten 
passages in plants (Schneider and Roossinck, 2000, 2001).

Apart from one example of an ssDNA virus, maize streak virus (Table 
5.1), little work is available to document the mutation frequency of plant 
DNA viruses. More work is needed to compare the mutation frequency of 
various plant DNA viruses in different hosts, and to better understand the 
dynamics of DNA virus populations.

High levels of variation in viral quasispecies are thought to give viruses 
much greater adaptability, and be responsible for emergence of new viral 
diseases. While logical, there is little experimental evidence to substanti-
ate this idea.

Table 5.1. Continued

  Gene/  Mutation 
Virus/isolate Genome RNAa Host  frequency (10−3)b References

  CP Phacelia 1.0 Kearney et al.
      (1999)
  CP Plantain 0.8 Kearney et al.
      (1999)
WSMV ssRNA CP Barley 0.81 Hall et al. (2001b)
  CP Corn 0.71 Hall et al. (2001b)
  CP Wheat 0.58 Hall et al. (2001b)
CTV ssRNA P-PRO Sweet orange 0.13656 Rubio et al.
      (2001b)
  MTR Sweet orange 0.05993 Rubio et al.
      (2001b)
  CP Sweet orange 0.03792 Rubio et al.
      (2001b)
  P20 Sweet orange 0.06029 Rubio et al.
      (2001b)
CLBV ssRNA Replicase Sweet orange 3.1 Vives et al. (2002)
  CP Sweet orange 2.0 Vives et al. (2002)
BanMMV ssRNA RdRP Banana 18.9 Teycheney et al.
      (2005)
  CP Banana 19.3 Teycheney et al.
      (2005)
Plant DNA viruses
MSV-SP1 ssDNA Full genome Coix lacryma-jobi 0.38 Isnard et al. (1998)
MSV-SP2  Full genome Maize 1.05 Isnard et al. (1998)
MSV-N2A  Full genome Maize 0.69 Isnard et al. (1998)

CCMV, cowpea chlorotic mottle virus; CMV, cucumber mosaic virus; CYSDV, cucurbit yellow stunting 
disorder virus; KGMMV, kyuri green mottle mosaic virus; TMV, tobacco mosaic virus; WSMV, wheat 
streak mosaic virus; CTV, citrus tristeza virus; CLBV, citrus leaf blotch virus; BanMMV, banana mild 
mosaic virus; MSV, maize streak virus.
aPortion of the genome analysed: HSP70, heat shock protein 70; CP, coat protein; 30 kD, movement 
protein; P-Pro, papain-like protease; MTR, methyletransferase, P20, P-20 protein; RdRP, RNA-dependent 
RNA polymerase.
bMutation frequency/103 bases, measured by sequence analysis of cDNA clones.
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Recombination

Several models for RNA recombination have been suggested, but the most 
popular model is the template switching, or copy choice mechanism, 
which predicts that viral RdRps switch templates during RNA synthesis 
(Cheng and Nagy, 2003). Experimental evidence supporting the template-
switching model has been obtained with BMV and CMV. The recombina-
tion hot spot regions frequently contain AU-rich stretches, form 
intramolecular or intermolecular secondary structures or are localized 
within cis-acting elements such as replication enhancers (Cheng et al.,
2005). Two main factors are thought to affect RNA recombination: the 
structure of recombining molecules and the ability of the particular viral 
RdRp to switch templates. Recently, it was shown that the mechanisms of 
homologous and non-homologous recombinations are different and 
depend on the virus mode of replication (Alejska et al., 2005).

Recombination occurs in both plant RNA and DNA viruses (Monci 
et al., 2002) and has been documented to occur between viral and host 
genes in potato leaf roll virus (Mayo and Jolly, 1991). High rates of recom-
bination have been reported for positive single-stranded RNA viruses 
both experimentally and naturally (Table 5.2). Homologous and non-
homologous recombinations were observed in the RNAs of BMV (Nagy 
and Bujarski, 1992), CCMV (Allison et al., 1990) and tomato bushy stunt 
virus (White and Morris, 1995). The frequency of homologousrecombination
was tenfold higher than non-homologous recombination. Recombination 
occurs less frequently in negative-strand RNA viruses, most likely because 
of the ribonucleoprotein complex that inhibits the RNA polymerase from 
switching templates (Chare et al., 2003). Recombination has also been 
reported in plant pararetroviruses (caulimoviruses) and DNA viruses 
(geminiviruses) (Table 5.2).

Recombination occurs more frequently in some host species than in 
others (Worobey and Holmes, 1999; Desvoyes and Scholthof, 2002), indi-
cating that host genes may affect the RNA recombination process. Recent 
work in yeast has identified a number of host genes that can affect the 
recombination process, including an exoribonuclease (Cheng et al., 2006; 
Serviene et al., 2006).

Reassortment

Plant viruses with segmented genomes can undergo pseudorecombina-
tion or reassortment. When plants are infected with two different strains 
of a related virus, which is probably very common in natural infections, 
the progeny virus particles can contain mixtures of RNA segments which 
are derived from either parental strain, thus providing a ready mechanism 
for generating new viruses. Phylogenetic analyses of segmented plant 
virus genomes show different evolutionary histories for different genes, 
suggesting that reassortment has been an important factor in their evolution
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Table 5.2. Recombination in plant viruses.

 Virus  Genome 
Virus genus name Genome  configuration References

Plant RNA viruses
Alfamovirus AMV ssRNA (+) 3 segments Huisman et al. (1989); Kyul
    et al. (1991)
Benyvirus BNYVV ssRNA (+) 5 segments Bouzoubaa et al. (1991)
Bromovirus BMV ssRNA (+) 3 segments Bujarski and Kaesberg (1986)
 CCMV ssRNA (+) 1 segment Allison et al. (1990)
Carmovirus TCV ssRNA (+) 1 segment Cascone et al. (1990)
Cucumovirus CMV ssRNA (+) 3 segments Fernández-Cuartero et al.
     (1994)
 TAV ssRNA (+) 3 segments Fernández-Cuartero et al.
     (1994)
Hordeivirus BSMV ssRNA (+) 3 segments Edwards et al. (1992)
Polerovirus PLRV ssRNA (+) 1 segment Mayo and Jolly (1991)
Potyvirus PVY ssRNA (+) 1 segment Watson (1960)
 ZYMV ssRNA (+) 1 segment Gal-On et al. (1994)
 PPV ssRNA (+) 1 segment Varrelmann et al. (2000)
 PVA ssRNA (+) 1 segment Paalme et al. (2004)
Tobamovirus TMV ssRNA (+) 1 segment Beck and Dawson (1990)
Tobravirus PEBV ssRNA (+) 2 segments Robinson et al. (1987); 
     Goulden et al. (1991)
Tombusvirus TBSV ssRNA (+) 1 segment Hillman et al. (1987)
 CNV ssRNA (+) 1 segment White and Morris (1994)
Tospovirus TSWV ssRNA (−) 3 segments Best and Gallus (1955)
Nepovirus ToRSV ssRNA (+) 2 segments Rott et al. (1991)
 GFLV ssRNA (+) 2 segments Vigne et al. (2004)
Plant DNA viruses
Begomovirus ACMV ssDNA 1 segment Pita et al. (2001)
 AYVV ssDNA 1 segment Saunders et al. (2001)
 BGMV ssDNA 1 segment Garrido-Ramirez et al. (2000)
 CLCuV ssDNA 1 segment Sanz et al. (2000)
 TYLCV ssDNA 1 segment Monci et al. (2002)
Reassortment
Cucumovirus CMV ssRNA (+) 3 segments White et al. (1995); Lin et al.
     (2004)
 PSV ssRNA (+) 3 segments Hu and Ghabriel (1996)
Bromovirus CYBV ssRNA (+) 3 segments Iwahashi et al. (2005)
Phytoreovius RDV dsRNA 12 segments Uyeda et al. (1995)
Tospovirus TSWV ssRNA (−) 3 segments Qiu and Moyer (1999)
Tenuivirus RGSV ssRNA (−) 6 segments Miranda et al. (2000)
Tobravirus TRV and  ssRNA (+) 2 segments Robinson et al. (1987)
  PEBV

AMV, alfalfa mosaic virus; BNYVV, beet necrotic yellow vein virus; BMV, brome mosaic virus; CCMV, 
cowpea chlorotic mottle virus; TCV, turnip crinkle virus; CMV, cucumber mosaic virus; TAV, tomato 
aspermy virus; BSMV, barley strip mosaic virus; PLRV, potato leaf roll virus; PVY, potato virus Y; ZYMV, 
zucchini yellow mosaic virus; PPV, plum pox virus; PVA, potato virus A; TMV, tobacco mosaic virus; PEBV, 
pea early-browning virus; TBSV, tomato bushy stunt virus; CNV, cucumber necrosis virus; TSWV, tomato 
spotted wilt virus; ToRSV, tomato ring spot virus; GFLV, grapevine fanleaf virus; ACMV, African cassava 
mosaic virus; AYVV, ageratum yellow vein virus; BGMV, bean golden mosaic virus; CLCuV, cotton leaf curl 
virus; TYLCV, tomato yellow leaf curl virus; PSV, peanut stunt virus; CYBV, cassia yellow blotch virus; RDV, 
rice dwarf virus; RGSV, rice grassy stunt virus; TRV, tobacco rattle virus; PEBV, pea early browning virus 
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(Roossinck, 2002, 2005). Reassortant viruses have been reported for 
numerous plant viruses (Table 5.2) with either positive-sense or negative-
sense, single-stranded RNA (Hu and Ghabriel, 1998; Qiu and Moyer, 1999; 
Miranda et al., 2000; Lin et al., 2004) and also for double-stranded RNA 
viruses (Uyeda et al., 1995).

Reassortment has been reported to occur both experimentally (Garrido-
Ramirez et al., 2000; Ramos et al., 2003) and naturally (Sanz et al., 2000; 
Pita et al., 2001) for a number of plant DNA viruses, mostly belonging to 
the genus Begomovirus of the family Geminiviridae (Table 5.2). In at least 
some cases, it has led to the generation of new viral strains with expanded 
host ranges (Garrido-Ramirez et al., 2000).

Natural selection, bottlenecks and genetic drift

Natural selection is the process by which the fittest variants in a specific 
environment increase their frequency in the population (positive selec-
tion), while less fit variants decrease their frequency (negative selection). 
The effect of selection is directional and results in decreased population 
diversity. If a population undergoes a bottleneck where only a limited 
number of individuals are passed through, genetic drift occurs. Plant 
viruses face bottlenecks at different points in their infection cycles. 
Systemic infection can impose a bottleneck, where limited numbers of 
viral genomes are able to move systemically from the initially infected 
leaf, and transmission events can also impose bottlenecks.

Bottlenecks occurring during systemic movement of viruses were 
estimated by determining the number of marker-bearing mutants of CMV 
that moved from inoculated leaves to systemically infected leaves (Li 
and Roossinck, 2004). Estimates have also been made for TMV (Sacristán 
et al., 2003) and wheat streak mosaic virus (Hall et al., 2001a; French 
and Stenger, 2003), based on population diversity. In all cases, signifi-
cant bottlenecks were found during systemic infections of plant viruses. 
Recently, genetic bottleneck events were also demonstrated during the 
horizontal transmission of CMV population by aphid vectors (Ali et al., 
2006).

Genetic bottlenecks are random events that reduce genetic variation of 
a population as opposed to the directional changes resulting from selec-
tion. Bottlenecks randomly decrease diversity within populations. When 
a few or even a single genome of a virus population generates a new popu-
lation, there is a high probability that it carries a mutation relative to the 
consensus genome of the parental population, resulting in drift. However, 
even though beneficial adaptations may be eliminated, they can be regen-
erated as the population re-establishes its mutant swarm. This could 
explain why populations of CMV do not change their consensus sequences 
after multiple passages (Schneider and Roossinck, 2000, 2001), even 
though they undergo significant bottlenecks during systemic infection (Li 
and Roossinck, 2004).
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Development of New Technologies 

Implications of virus evolution for disease control

The evolutionary potential of RNA viruses results in a rapid adaptability of 
viral genomes to new environments. This makes direct control of viruses 
difficult, because most resistance mechanisms imposed by the host are over-
come by newly emerging viral strains. However, it is important to remember 
that the goal of a virus is simply to replicate. Causing disease is a side effect of 
virus infection, and may be exacerbated by monoculture practices common in 
agriculture. Virus disease is much less common in natural settings where plant 
species are quite diverse. Virus disease may, in fact, be a product of human 
culture (Palumbi, 2001). There are numerous examples of plant viruses that 
infect tolerant hosts. Unfortunately, very little work has been done on viruses 
that do not cause disease, but these may hold the key to effective and long-
lasting control of plant virus diseases. If the disease process could be avoided 
without interfering with virus replication, there would be no selection pressure 
imposed on the virus to change. In conclusion, we will have to learn to live 
with viruses, because we will never be able to get rid of them for very long.

Conclusions and Future Directions

Mutation, recombination and reassortment are the three main sources of 
genetic polymorphism that contribute to the rapid evolution of plant viruses. 
Error-prone replication of RdRps introduces a wide spectrum of point muta-
tions at the rate of 10−4–10−5 per nucleotide per replication cycle into the viral 
RNA genome. Recombination is a widespread phenomenon described in 
many groups of plant viruses, whereas reassortment is limited to plant viruses 
with segmented genomes. Our understanding of plant virus evolution is in its 
early stages and more knowledge is needed to understand the role of various 
forces that shape populations. The mutation rates of plant viral RdRps, the 
replication modes of positive single-stranded, negative single-stranded and 
double-stranded plant RNA viruses, the mutation frequencies of dsRNA and 
DNA viruses, the roles of various host genes shaping virus populations, the 
effects of genetic bottlenecks during the systemic infection of various hosts 
and horizontal and vertical transmission of plant viruses are the areas that are 
largely unstudied. Without a complete understanding of virus evolution we 
are certain to see the cycle of emerging viruses and new viral diseases repeat 
itself endlessly. In addition, it may be necessary to rearrange our thinking to 
come up with successful strategies for plant virus disease control and to learn 
to live with viruses rather than eradicating them.
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Abstract
The replicative strategies of viroids differ in several fundamental aspects from those 
of RNA plant viruses. Rather than replicating in the cytoplasm, like most viruses, 
viroids must first be transported into either the nucleus (pospiviroids) or the chlo-
roplast (avsunviroids) before the beginning of replication. The RNA polymerases 
involved in viroid replication – DNA-dependent RNA polymerase II or a nuclear-
encoded chloroplastic RNA polymerase – are entirely host-encoded, and the absence 
of viroid-encoded polypeptides strongly suggests that the subsequent cell-to-cell and 
long-distance movement of progeny is also completely dependent on normal host 
cell pathways. Recent studies with potato spindle tuber viroid (PSTVd) have identi-
fied specific structural features that are involved in: (i) cleavage or ligation of repli-
cative intermediates; and (ii) transport of viroid progeny across tissue boundaries. 
Significant progress has also been made in unraveling the molecular mechanism(s) of 
viroid pathogenesis, in particular, the possible role of viroid-induced RNA silencing 
in disrupting host gene expression. The availability of detailed information regarding 
host contributions to the disease process has provided new opportunities to target 
disruption of specific events in the viroid replication cycle. Plants that are resistant 
or immune to infection can be used to augment the diagnostic testing and seed or 
nursery stock certification schemes currently used to control viroid diseases.

Introduction

Ever since their discovery in 1971, viroids have been the subject of intense 
interest. Viroids are the smallest known agents of infectious disease – small 
(246–401 nucleotides), highly structured, circular, single-stranded RNAs lack-
ing detectable messenger RNA activity. Viruses supply some or most of the 
genetic information required for their replication, whereas viroids are regarded 
as ‘obligate parasites of the cell’s transcriptional machinery’. Over the last 35 
years, much has been learned about the molecular biology of viroids and 
viroid–host interaction, but the precise nature of the molecular signals that 

©CAB International 2007. Biotechnology and Plant Disease Management
(eds Z.K. Punja, S.H. De Boer and H. Sanfaçon) 125

6 Molecular Understanding of Viroid 
Replication Cycles and Identification 
of Targets for Disease Management

R.A. OWENS



126 R.A. Owens

allow these agents to replicate autonomously and induce disease in many of 
their plant hosts remains elusive. A series of questions first posed by Diener, 
their discoverer, summarize many gaps in our current understanding of 
viroids:

1. What are the molecular signals that induce certain host DNA-dependent 
RNA polymerases to accept viroids as templates for the synthesis of 
complementary RNAs?
2. Are the molecular mechanisms that are responsible for viroid replication 
operative in uninfected cells? If so, what are their functions?
3. How do viroids induce disease? In the absence of viroid-specified pro-
teins, disease must arise from the direct interaction of host cell constituents 
with either viroids themselves or viroid-derived RNAs. What role does RNA 
silencing play in the disease process?
4. What determines viroid host range? In the broadest terms, are viroids 
restricted to higher plants, or do they have counterparts in animals?

The impact of efforts designed to answer these questions extends far 
beyond the immediate areas of virology and plant pathology. For example, 
the discoveries of hammerhead ribozymes (Hutchins et al., 1986) and 
RNA-dependent DNA methylation (Wassenegger et al., 1996) as well as 
the characterization of the RNA-dependent RNA polymerase involved in 
RNA silencing (Schiebel et al., 1998) are landmarks in plant molecular 
biology and biotechnology. In the area of plant disease management, the 
first application of nucleic acid-based diagnostics involved the diagnosis 
of potato spindle tuber viroid (PSTVd) infections (Owens and Diener, 
1981). Subsequently, PSTVd has been virtually eliminated from both 
potato breeding programmes and commercial production in Europe and 
North America, thereby illustrating the value of combining a rapid and 
sensitive diagnostic method with a rigorous clean stock or seed certifica-
tion scheme. In contrast, attempts to create plants that are resistant or 
immune to viroid infection using knowledge gained from fundamental 
studies have been only partially successful so far. In summarizing our cur-
rent understanding of the viroid replication cycle, this chapter will attempt 
to identify potential ‘weak points’ where future biotechnological inter-
ventions may lead to useful levels of resistance.

Background

A review by Diener (2003) provides a comprehensive personal perspective 
on the discovery of viroids in the late 1960s to early 1970s. At the same 
time that characterization of PSTVd was underway at Beltsville, Maryland, 
USA, the causal agents of two other viroid diseases – chrysanthemum stunt 
and citrus exocortis – were also under study by independent groups. Thus, 
many plant virologists quickly recognized the potential significance of 
viroids as a novel class of infectious agents, but broader acceptance of the 
‘viroid concept’ required their physical recognition as ultraviolet (UV) 
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light-absorbing RNA molecules in polyacrylamide gels or small circular 
molecules visible in the electron microscope. This pioneering phase of 
viroid research ended in 1978 with determination of the complete nucleo-
tide sequence of PSTVd (Gross et al., 1978).

Shortly thereafter, sequences of several other viroids, including those 
of citrus exocortis (CEVd), chrysanthemum stunt (CSVd) and avocado 
sunblotch (ASBVd) appeared, and the knowledge of their molecular prop-
erties began to expand at a rapid rate. A key event in this rapid expansion 
was the development of cloned viroid cDNAs using recombinant DNA 
techniques. In addition to greatly facilitating nucleotide sequence deter-
mination, cloned viroid cDNAs found immediate use as hybridization 
probes. In rapid succession, cloned viroid cDNA probes were used to 
demonstrate that: (i) PSTVd replication proceeds through an asymmetric 
rolling circle mechanism (Branch and Robertson, 1984) and (ii) the rapid 
and sensitive detection of PSTVd using dot-blot hybridization (Owens 
and Diener, 1981). Comparison of the complete nucleotide sequences of 
several viroids led Symons and colleagues (Keese and Symons, 1985) to 
propose that PSTVd and related viroids contain five structural domains. 
Sequence differences between naturally occurring mild and severe strains 
of PSTVd and CEVd were seen to cluster in the ‘pathogenicity domain’, an 
observation that has had a major influence on the course of viroid research. 
Sensitivity to low levels of α-amanitin implicated DNA-dependent RNA 
polymerase II as the host enzyme responsible for the replication of PSTVd 
and related viroids (Schindler and Muhlbach, 1992).

During this time, ASBVd RNAs of both polarities were shown to 
undergo spontaneous self-cleavage in vitro (Hutchins et al., 1986), reveal-
ing for the first time the existence of hammerhead ribozymes. Charac-
terization of ASBVd replicative intermediates revealed that this (and 
presumably other) ribozyme-containing viroids replicate through a sym-
metric rolling circle mechanism (Daròs et al., 1994). Yet another key event 
was the demonstration in 1983 that inoculation of susceptible host plants 
with greater-than-full-length PSTVd cDNAs resulted in systemic infection 
(Cress et al., 1983), thereby allowing the application of reverse genetics to 
the study of viroid–host interaction. Characterization of novel viroid chi-
meras assembled using recombinant DNA techniques revealed that symp-
tom expression is regulated by multiple sequence or structural elements, 
some of which are located outside the pathogenicity domain (Sano et al.,
1992).

By the mid-1990s, most of the 29 currently recognized viroid species 
had been discovered and the broad outlines of their two contrasting replica-
tive mechanisms were established. Over the past decade, molecular studies 
of viroid–host interaction have focused on three broad areas. First, sequence 
elements that act as promoters for either RNA polymerase II (PSTVd and 
other pospiviroids replicating in the nucleus) or a nuclear-encoded RNA 
polymerase found in the chloroplast (ASBVd and other avsunviroids repli-
cating in chloroplasts) have been identified (Navarro and Flores, 2000; 
Kolonko et al., 2006), and the series of molecu lar rearrangements necessary 
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for multimeric PSTVd RNAs to undergo cleavage or ligation by host enzymes 
has been defined (Baumstark et al., 1997; Schrader et al., 2003). The picture 
of viroids that emerges is one of a group of highly dynamic molecules in 
which alternative secondary structures and tertiary interactions play a cru-
cial role in almost every phase of viroid–host interaction. Second, separate 
groups of studies have focused on the ability of viroids to move systemi-
cally in their hosts without the aid of viroid-encoded proteins. Of the many 
different techniques used to study viroid movement – from the cytoplasm 
into the nucleus or chloroplasts prior to replication, from cell to cell through 
the plasmodesmata and long distance in the vascular system – in situ
hybridization has proven particularly useful in identifying potential con-
trol points in the infection process (Ding et al., 2005). Third, significant 
progress has been made in assessing the effects of viroid infection on host 
gene expression. Macroarray analysis has revealed that PSTVd infection 
triggers complex changes in host gene expression (Itaya et al., 2002), and at 
least one component of a potential signal transduction cascade (i.e. a  viroid-
induced protein kinase) has been identified (Hammond and Zhao, 2000). 
Viroid infection also induces RNA silencing (Itaya et al., 2001; Papaefthimiou 
et al., 2001; Martinez de Alba et al., 2002), and the possible role of this phe-
nomenon in regulating viroid pathogenicity is currently under investigation 
in several laboratories (Markarian et al., 2004; Wang et al., 2004).

Molecular biology of viroid replication

In focusing on aspects of viroid replication that currently seem most likely 
to involve potential disease management targets, it has been necessary to 
lay aside several related topics such as the origin and evolution of viroids. 
Fortunately, an up-to-date monograph (Hadidi et al., 2003) and three 
recent reviews (Tabler and Tsagris, 2004; Ding et al., 2005; Flores et al.,
2005) are available for those desiring additional information on other 
aspects of viroid molecular biology.

As shown in Table 6.1, the 29 officially recognized species of viroids are 
divided into two families (i.e. the Pospiviroidae and the Avsunviroidae)
that contain a total of seven genera. All 25 species (and one provisional 
species) in the family Pospiviroidae have a rod-like secondary structure that 
contains five structural or functional domains (Keese and Symons, 1985) 
and replicate in the nucleus. Three of the four members of the Avsunviroidae,
in contrast, have a branched secondary structure, and all replicate or accu-
mulate in the chloroplast. All members of the Avsunviroidae contain ham-
merhead ribozymes in both the infectious (+)strand and complementary 
(−)strand RNAs. With the possible exception of PLMVd, viroids appear to 
contain no modified nucleotides or unusual phosphodiester bonds.

Viroids differ dramatically in host range. Some like PSTVd and HSVd 
have comparatively broad host ranges that include diverse herbaceous and 
woody species; others are restricted to either a single species (CChMVd) or a 
closely related group of species (ASBVd). Most detailed studies of viroid rep-
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lication have been carried out using either PSTVd- or ASBVd-type members 
of the nuclear and the chloroplast families of viroids. Organizing this informa-
tion as a schematic diagram of the infected cell (see Fig. 6.1) highlights several 
points in the infection process where it may be possible to disrupt the viroid–
host interactions necessary for systemic spread and disease induction.

Table 6.1. Officially recognized viroid species (Eighth Report, ICTV).

  Reported  
Genusa Species variantsb Length (nt)

Family Pospiviroidae
Pospiviroid Potato spindle tuber (PSTVd) 109 341–364
 Chrysanthemum stunt (CSVd) 19 348–356
 Citrus exocortis (CEVd) 86 366–475
 Columnea latent (CLVd) 17 359–456
 Iresine (IrVd) 3 370
 Mexican papita (MPVd) 6 359–360
 Tomato apical stunt (TASVd) 5 360–363
 Tomato chlorotic dwarf (TCDVd) 2 360
 Tomato planta macho (TPMVd) 2 360
Hostuviroid Hop stunt (HSVd) 144 294–303
Cocadviroid Coconut cadang-cadang (CCCVd) 8 246–301
 Coconut tinangaja (CTiVd) 2 254
 Citrus bark cracking (CBCVd) 6 284–286
 Hop latent (HLVd) 10 255–256
Apscaviroid Apple scar skin (AASVd) 8 329–333
 Apple dimple fruit (ADFVd) 2 306
 Apple fruit crinkle (AFCVd)c 29 368–372
 Australian grapevine (AGVd) 1 369
 Citrus bent leaf (CBLVd) 24 315–329
 Citrus dwarfing (CDVd) 53 291–297
 Grapevine yellow speckle 1  49 365–368
  (GYSVd-1)
 Grapevine yellow speckle 2  1 363
  (GYSVd-2)
 Pear blister canker (PBCVd) 18 314–316
Coleviroid Coleus blumei-1 (CbVd-1) 9 248–251

Coleus blumei-2 (CbVd-2) 2 295–301
Coleus blumei-3(CbVd-3) 3 361–364

Family Avsunviroidae
Avsunviroid Avocado sun blotch (ASBVd) 83 239–251
Pelamoviroid Chrysanthemum chlorotic mottle  21 397–401
  (CChMVd)
 Peach latent mosaic (PLMVd) 168 335–351
Elaviroid Eggplant latent (ELVd) 9 332–335

aNames of viroid genera are derived from those of the respective type species (listed first).
bSequences available online from the Subviral RNA Database (http://subviral.med.uottawa.ca).
cProvisional species (not officially recognized).

http://subviral.med.uottawa.ca
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Intracellular Transport to the Nucleus or the Chloroplast

Viroids enter the host cell in one of the two ways: through microscopic 
wounds in epidermal cells (mechanical inoculation) or through the plasmo-
desmata connecting most vascular and non-vascular cells (grafting or 
slash inoculation). Once in the cytoplasm, they must be transported to 
either the nucleus or the chloroplast before replication begins.

Two different experimental strategies have been used to study the 
movement of PSTVd into the nucleus. Addition of full-length, fluores-
cently labelled PSTVd RNA transcripts to a suspension of permeabi-
lized tobacco protoplasts is followed by accumulation in the nucleus. 
Through the use of various inhibitors, nuclear import was shown to be 
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Fig. 6.1. Structural features of viroids. (A) The rod-like secondary structures of PSTVd and 
other members of the family Pospiviroidae contain five structural or functional domains; i.e. 
terminalleft, pathogenicity, central, variable and terminalright. Members of the genera Pospiviroid 
and Apscaviroid and the two largest members of the genus Coleviroid also contain a terminal 
conserved region (TCR). Members of the genera Hostuviroid and Cocadviroid contain a terminal 
conserved hairpin (TCH). Arrows indicate a pair of inverted repeats that defines the limits of 
the central conserved region with its loop E motif containing an array of non-Watson–Crick 
base pairs (open circles). Members of the genus Pospiviroid also contain 1–2 copies of a 
purine–pyrimidine-rich (RY) motif in their TR domain. (B) Quasi-rod-like (ASBVd) and branched 
secondary structures of other members of the family Avsunviroidae. Sequences conserved in 
most (+)strand and (−)strand hammerhead ribozymes are enclosed by solid or dashed boxes, 
respectively. Shaded oval denotes a kissing loop interaction in PLMVd. (Modified from Fig. 1 of 
Flores et al., 2005, with permission from the publisher.)
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a cytoskeleton-independent process mediated by a specific and satura-
ble receptor and independent of the Ran GTPase cycle (Woo et al., 1999). 
In the second system, green fluorescent protein (GFP) expression from a 
potato virus X gene vector replicating in the cytoplasm was completely 
blocked by inserting an intron into the coding sequence of GFP. When 
a full-length copy of PSTVd was inserted into this intron, however, 
the resulting mRNA was transported into the nucleus, the intron was 
removed, and the perfectly rejoined mRNA was returned to the cyto-
plasm for translation into protein (Zhao et al., 2001). Subsequent experi-
ments have shown that nuclear import of PSTVd requires only the 
presence of sequences derived from the upper portion of the central 
conserved region (R.W. Hammond, Beltsville, Maryland, 2007, personal 
communication). Although it is likely that PSTVd is transported to the 
nucleus as a ribonucleoprotein complex, the host proteins involved in 
transport remain to be identified. The central domain of PSTVd and 
related viroids contains a loop E motif (Branch et al., 1985), so ribosomal 
protein L5 and T(ranscription) F(actor) IIIa could be involved. Another 
possibility is VIRP1, a bromodomain-containing protein from tomato 
that binds specifically within the right terminal domain of PSTVd and 
contains a nuclear localization signal (Martínez de Alba et al., 2003; 
Maniataki et al., 2003).

The entry or exit of ASBVd and other avsunviroids in the chloroplast 
is unknown. The outer chloroplast membrane contains no structures cor-
responding to the nuclear pore complex. Protein import into the chloro-
plast (followed in some cases by insertion into the thylakoid membranes) 
depends on the presence of N-terminal signal sequences (Jarvis and 
Robinson, 2004). Flores and colleagues (Daròs and Flores, 2002) have 
identified two chloroplast proteins that behave like RNA chaperones and 
facilitate the hammerhead-mediated self-cleavage of ASBVd. These pro-
teins are encoded by the nuclear (rather than the chloroplast) genome, and 
thus they could also play a role in viroid movement into the chloroplast. 
As no viral or cellular RNAs are known to move from the cytoplasm to the 
chloroplast, the pathway by which these few viroids enter the chloroplast 
is completely unknown.

Rolling circle replication

As shown schematically in Fig. 6.2, nucleic acid extracts from infected 
leaf tissue contain a variety of viroid-related RNAs of both polarities. 
Some of these molecules (especially those having a complementary or 
‘(−)strand’ polarity) are considerably longer than the infectious circular 
viroid (+)strand. Characterization by Northern analysis using strand-
specific probes and/or primer extension has shown that these molecules 
represent the intermediates expected for a ‘rolling circle’ mechanism of 
replication.
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Fig. 6.2. Rolling circle replication schemes for Pospiviroids and Avsunviroids together with potential 
pathways for generation of viroid-specific siRNAs. Following transport into the nucleus, the circular 
genomic RNA of Pospiviroids is transcribed by DNA-dependent RNA polymerase II into an oligomeric 
complementary RNA that is designated as (−)strand even though the genomic (i.e. (+)strand) RNA has 
no mRNA activity. Transcription of this oligomeric (−)strand RNA by DNA-dependent RNA polymerase 
II results in the synthesis of oligomeric (+)strand RNA that is subsequently ‘processed’ into monomeric 
circular viroid progeny. The (+)strand progeny accumulates in the nucleolus, but the precise location of 
the cleavage or ligation reaction (i.e. nucleoplasm or nucleolus) is not yet clear. Avsunviroids replicate 
in the chloroplast where transcription appears to involve a tagetitoxin-insensitive RNA polymerase 
encoded by the nuclear genome. Both the (+)strand and (−)strand RNAs contain hammerhead 
ribozymes and are able to cleave spontaneously. Following cleavage, the monomeric (−)strand RNA is 
circularized, thereby resulting in a replicative pathway that is ‘symmetrical’. Replication of viroids from 
either family results in the accumulation of viroid-specific siRNAs. Because the subcellular location 
(nucleus or cytoplasm) of key steps in the siRNA pathway(s) is not yet clear, only a single pathway is 
shown in the dashed box. Dashed arrows denote intracellular and intercellular transport pathways. 
(Modified from Fig. 2 of Tabler and Tsagris, 2004, with permission from the publisher.)



Molecular Understanding of Viroid Replication Cycles 133

Analysis of ASBVd-infected leaf tissue reveals the presence of mon-
omeric circular RNAs of both polarities (Daròs et al., 1994); thus, ASBVd 
(and presumably other avsunviroids) replicate through a symmetric 
rolling circle mechanism. Replication of PSTVd, in contrast, proceeds 
through an asymmetric rolling circle mechanism in which progeny 
(+)strands are synthesized on a multimeric linear (−)strand template 
(Branch and Robertson, 1984). The presence of hammerhead ribozymes 
in both strands allows multimeric ASBVd RNA to cleave spontaneously, 
thereby releasing the corresponding linear monomers. Processing of 
longer-than-unit-length PSTVd (+)strand RNA requires the central con-
served region to fold into a multihelix junction containing at least one 
GNRA tetraloop hairpin followed by cleavage by an as-yet-unidentified 
host nuclease (Baumstark et al., 1997). Although evidence has been pre-
sented suggesting that monomeric linear PLMVd molecules can sponta-
neously circularize with the formation of a 2',5'-phosphodiester linkage 
(Cote et al., 2001), circularization of most viroids appears to require the 
action of a host RNA ligase.

A central question about viroid replication concerns the identity of 
the polymerase(s) involved. Inhibition of (+)strand and (−)strand PSTVd 
RNA syntheses by α-amanitin exhibits exactly the same dose–response 
effect in nuclear run-off experiments as does host mRNA synthesis 
(Schindler and Muhlbach, 1992), thereby implicating host DNA- dependent
RNA polymerase II as the enzyme responsible for pospiviroid replication. 
Actinomycin D (a widely used inhibitor of rRNA synthesis) had no effect. 
Direct evidence for an association between RNA polymerase II and CEVd 
has been presented by Warrilow and Symons (1999), who showed that 
addition of a monoclonal antibody directed against the C-terminal domain 
of the largest subunit of RNA pol II results in immunoprecipitation of a 
nucleoprotein complex containing both (+)strand and (−)strand CEVd 
RNAs. Resistance of ASBVd RNA synthesis in permeabilized chloroplasts 
to tagetitoxin inhibition (Navarro et al., 2000) suggests that a nuclear-
encoded RNA chloroplastic polymerase (and not the eubacterial-like RNA 
polymerase encoded by the plastid genome) is responsible for ASBVd 
strand elongation.

Initiation of both ASBVd and PSTVd RNA syntheses appears to be 
promoter-driven. For ASBVd, both (+)strand and (−)strand syntheses ini-
tiate within AU-rich regions located in the terminal hairpin loops of the 
rod-like native structure. Interestingly, the nucleotide sequences around 
the ASBVd start sites bear a striking resemblance to the promoter sequences 
of certain chloroplast genes transcribed by the same nuclear-encoded RNA 
polymerase believed to be responsible for ASBVd replication (Navarro 
and Flores, 2000). A recent publication from the Riesner laboratory 
(Kolonko et al., 2006) has shown that transcription of PSTVd (+)strand 
template by RNA polymerase II starts at either position 359 or 1 in the left 
terminal loop. Exactly how ASBVd or PSTVd redirect the respective host 
DNA-dependent RNA polymerases to accept its quasi-double-stranded 
RNA genome as template remains to be determined.
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Movement from the nucleoplasm to the nucleolus

The involvement of RNA polymerase II implies that PSTVd replication 
occurs in the nucleoplasm of infected cells, and two studies (Harders et al.,
1989; Qi and Ding, 2003a) have examined the relative distribution 
of (+)strand and (−)strand PSTVd RNAs between the nucleoplasm and the 
nucleolus in some detail. The picture that emerges indicates that: 
(i) synthesis of both (−)strand and (+)strand PSTVd RNAs occurs in the 
nucleoplasm; (ii) (−)strand PSTVd is somehow ‘anchored’ in the nucleo-
plasm, while (+)strand PSTVd is selectively transported into the nucleolus;
and (iii) a small amount of (+)strand PSTVd moves back into the nucleo-
plasm and eventually returns to the cytoplasm before spreading to adjacent 
cells through the plasmodesmata. Because the in situ hybridization tech-
niques used cannot distinguish multimeric from monomeric PSTVd RNAs, 
it is not clear whether the cleavage or ligation of nascent (+)strand PSTVd 
multimers occurs in the nucleoplasm (i.e. the site of synthesis) or in the 
nucleolus (site of accumulation). Following movement to the nucleolus, 
PSTVd colocalizes around the periphery with small nucleolar RNAs (snoR-
NAs) U3 and U14. Unlike hepatitis delta virus where two different host 
RNA polymerases may required to complete the replication cycle (Lai, 
2005; for opposing view, see Taylor, 2006), there is currently no evidence 
that PSTVd replication involves any polymerase other than RNA pol II.

Export from the nucleus and formation of siRNA

How PSTVd and related viroids leave the nucleus is currently unclear. In 
addition to its role in ribosome biosynthesis, the nucleolus plays an 
important role in many other important cellular processes involving RNA 
and protein trafficking (Kim et al., 2004). The presence of a loop E motif 
in their central domain suggests that, like 5S rRNA, pospiviroids may 
interact with ribosomal protein L5 and transcription factor III A. In 
Arabidopsis, TFIIIA is concentrated at several nuclear foci, including the 
nucleolus, but is absent from the cytoplasm. Ribosomal protein L5 also 
accumulates in the nucleus and the nucleolus, and is also present in the 
cytoplasm (Mathieu et al., 2003). It is possible that viroid transport to the 
cytoplasm involves the pathway used by host ribosomal RNAs.

A review by Baulcombe (2004) summarizes evidence for the existence of 
at least three RNA silencing pathways in plants. Silencing signals can be 
amplified and transmitted between cells, and the biological roles of these 
pathways – defence against virus infection, regulation of gene expression 
and formation of heterochromatin – are diverse. Over the past several years, 
several reports have appeared which documented the presence of viroid-
specific silencing-induced RNAs in plants infected with PSTVd and ASBVd 
(reviewed in Tabler and Tsagris, 2004). As shown in Fig. 6.2, it is not yet 
clear where and how these viroid-specific siRNAs are produced. Their site(s) 
of action is also unclear. Because Dicer (an RNase III-like enzyme) is not 
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known to be present in the chloroplast, formation of ASBVd (and presuma-
bly other avsunviroid) siRNAs probably takes place in the cytoplasm. 
PSTVd-related siRNAs may or may not originate in the nucleus, but bio-
chemical analyses have shown that they accumulate in the cytoplasm (Denti 
et al., 2004). Whether Dicer acts on single-stranded viroid RNAs themselves 
and/or double-stranded by-products of the replication is also unknown. 
Wheat germ extracts contain a Dicer activity that is able to cleave one of the 
long hairpin stems in PLMVd (Landry and Perrault, 2005), but human dicer 
is unable to cleave either ASBVd or PSTVd (Chang et al., 2003).

What, if any, role does RNA silencing play in regulating viroid repli-
cation and pathogenicity? Two observations – first, an inverse correlation 
between avsunviroid titre and siRNA concentration (Martinez de Alba 
et al., 2002); second, the accumulation of PSTVd siRNA preceding recov-
ery from severe disease (Sano and Matsura, 2004) – indicate that RNA 
silencing can suppress viroid replication. On the other hand, the fact that 
plants infected by mild and severe strains of PSTVd or CChMVd contain 
very similar levels of siRNA suggests that siRNA concentration alone can-
not explain the often dramatic differences in viroid symptom expression. 
The possible role of viroid-induced RNA silencing in regulating host gene 
expression is considered in more detail below (see the section on evolving 
concepts of viroid pathogenesis).

Cell-to-cell movement via the plasmodesmata

Plasmodesmata function as a supracellular control network in plants, 
allowing proteins and RNA to move from cell to cell and affect develop-
mental programmes in a non-cell-autonomous manner (Lucas and Lee, 
2004). Following microinjection into symplastically connected leaf meso-
phyll cells, fluorescently labelled PSTVd moves rapidly from cell to cell 
where it accumulates in the nucleus (Ding et al., 1997). Further evidence 
that viroids contain specific sequence or structural motifs for plasmodes-
matal transport comes from the ability of otherwise non-mobile RNAs to 
move from cell to cell following their fusion to PSTVd. Movement of many 
viral genomes (both RNA and DNA) through plasmodesmata requires spe-
cific viral-encoded ‘movement proteins’ (Lucas, 2006). Viroid movement 
from cell to cell presumably involves interaction with one or more host 
proteins, but their identity remains to be determined.

Phloem-mediated long-distance movement

Viroids, like most plant viruses, move systemically in the host phloem. 
Dot-blot hybridization analysis of tomato seedlings infected with wild-
type PSTVd (Palukaitis, 1987) has shown that overall viroid movement 
follows the flow of photoassimilates; i.e. from photosynthetic source 
(mature leaves) to metabolic sinks (shoot apex, young leaves and roots). 
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Upon closer examination using in situ hybridization, however, a much 
more nuanced picture of viroid–host interaction emerges. PSTVd move-
ment in the phloem is tightly regulated by developmental and cellular 
factors and probably sustained by replication in phloem-associated cells 
(Zhu et al., 2001). For example, viroid could not be detected in shoot api-
cal meristems of PSTVd-infected tomato or Nicotiana benthamiana plants, 
even though it was present in the underlying procambium and pro-
tophloem. Similarly, PSTVd appears unable to enter developing flowers 
of N. benthamiana, but is found in the sepals (although not other por-
tions) of mature flowers (Zhu et al., 2002). These types of restrictions on 
viroid trafficking are not absolute, however, because PSTVd (as well as 
several other viroids) is seed-transmitted in certain hosts.

Viroid movement in the phloem almost certainly involves interaction 
with host proteins and formation of a ribonucleoprotein complex. Two 
studies have shown that the most abundant protein in cucumber phloem 
exudate, a dimeric lectin known as phloem protein 2 (PP2), binds non-
specifically to HSVd RNA in vitro (Gomez and Pallas, 2001; Owens et al.,
2001). A follow-up (Gomez and Pallas, 2004) revealed that cucumber PP2 
contains a dsRNA-binding motif and is able to move from an HSVd-
infected host rootstock into a non-host (i.e. pumpkin) scion. These inter-
actions may be part of a ‘systemic small RNA signalling system’ that 
involves a variety of phloem proteins and plays a key role in regulating 
plant development and defence against pathogens (Yoo et al., 2004).

Although much remains to be learned about the factors that control 
the ability of viroids to enter and exit host vascular tissue, a study by Ding 
and colleagues (Qi et al., 2004) has demonstrated a direct role for a bipar-
tite sequence motif in mediating the directional movement of PSTVd 
across a specific cellular boundary separating the bundle sheath from the 
leaf mesophyll. A single C/U substitution at position 259 within the loop 
E motif of PSTVd strain KF440-2 was known to confer upon this molecule 
the ability to replicate in tobacco (Wassenegger et al., 1996), and further 
passage in tobacco resulted in a several-fold increase in viroid titre and 
the appearance of five additional sequence changes; i.e. four changes at 
positions 47, 309, 313 and 315 in pathogenicity domain on the left side of 
the molecule and one change at position 201 in the right terminal loop. 
Analysis of the effects of individual mutations revealed that four of these 
five changes (i.e. all but a U/C change at position 315) were required to 
allow PSTVd to leave the bundle sheath and move into the mesophyll. 
The presence or absence of this bipartite motif had no effect on movement 
in the opposite direction (Qi et al., 2004; see also Qi and Ding, 2002).

Evolving concepts of viroid pathogenesis

Shortly after the appearance of the first complete viroid nucleotide 
sequence in 1978, RNA fingerprinting studies revealed the presence of 
only minor sequence differences between mild and severe strains of 
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PSTVd (Dickson et al., 1979). Nearly all of these changes later proved to 
be located in the ‘pathogenicity domain’ of PSTVd, and much effort has 
been expended over the years to determine exactly how mutations affect-
ing only 1–2 positions can have such dramatic biological consequences.

Initial results suggested that PSTVd symptom severity was inversely 
correlated with the structural stability of a ‘virulence modulating’ region 
located within the pathogenicity domain. Nucleotides in the virulence-
modulating region were proposed to interact directly with one or more 
unidentified host factors, the strength of this interaction thereby regulat-
ing viroid pathogenicity (Schnölzer et al., 1985). However, several later 
studies showed this model to be overly simplistic. For example, charac-
terization of a series of novel viroid chimeras containing sequences 
derived from TASVd and CEVd revealed that pospiviroid pathogenicity is 
regulated by determinants located in multiple structural domains – not 
just the pathogenicity domain (Sano et al., 1992). Within the pathogenic-
ity domain itself, three-dimensional conformation proved to be a much 
better predictor of PSTVd pathogenicity than structural stability (Owens 
et al., 1996). Finally, single mutations in a loop E motif located in the cen-
tral domain of PSTVd can have dramatic effects on symptom expression 
(Qi and Ding, 2003b) and host range (Wassenegger et al., 1996). Similar 
analyses have identified pathogenicity determinants in HSVd 
(Reanwarakorn and Semancik, 1998), CChMVd (De la Pena and Flores, 
2002) and PLMVd (Malfitano et al., 2003).

At present, much less is known regarding the host contribution to 
disease development. As described earlier, the interactions of several host 
proteins with viroids have been characterized in some detail; e.g. those 
involving tomato VirP1 (Martinez de Alba et al., 2002), cucumber phloem 
lectin PP2 (Gomez and Pallas, 2004) and two RNA chaperones from 
avocado (Daròs and Flores, 2002). Differential activation of a mammalian 
interferon-induced, dsRNA-activated protein kinase by PSTVd strains 
of varying pathogenicity (Diener et al., 1991) as well as the isolation of a 
viroid-induced serine–threonine protein kinase from tomato (Hammond 
and Zhao, 2000) have also been reported. Viroid infection results in the 
accumulation of p(athogenesis)-r(elated) proteins and low-molecular 
weight metabolites such as genistic acid involved in systemic signalling 
(Bellés et al., 2006), and macroarrays of tomato cDNAs have been used 
to assess the broader effects of PSTVd infection on host gene expression 
(Itaya et al., 2002).

An often unspoken assumption in these studies is that disease results 
from the direct interaction of host cell components with either the viroid 
genomic RNA or perhaps the less abundant, complementary (−)strand 
RNA synthesized during replication. The recent discovery that viroid-
infected plants also contain a variety of small viroid-related siRNAs (see 
earlier) highlights the many gaps in current concepts of viroid–host inter-
action. Filling these gaps will require a shift in emphasis from genomics 
of the pathogen to that of their hosts. Unfortunately, although Arabidopsis
thaliana has been shown to contain the enzymatic machinery necessary to 
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replicate representative species of the Pospiviroidae, replication rates are 
low, and systemic movement is impaired (Daròs and Flores, 2004).

Development of new technologies

Table 6.2 summarizes the economic effects, distribution and measures 
currently used to control the viroid diseases affecting a variety of econom-
ically important crops. Under most conditions, seed and insect transmis-
sion plays only a minor role in disease spread; the primary means of viroid 
spread are vegetative propagation and mechanical transmission. Measures 
currently used to control viroid diseases are extensions of those used for 
virus diseases and include: (i) elimination of viroids from planting mater-
ial (certified stock programmes); (ii) control of viroid spread in the field 
(eradication); and (iii) quarantine exclusion of new infection. Proper sani-
tation, including sterilization of tools and equipment between each plant 
(for certified stock) or between each bed, row or section (to prevent spread 
in the field), is critical. Many quarantine and certification programmes are 
currently in place to prevent viroid introduction from germplasm collec-
tions. Results are uneven, but in those cases where control has been 
achieved (e.g. PSTVd elimination from certified seed potato production in 
North America and Western Europe, Singh, 1988 ), three factors have 
proven critical: first, the availability of rapid and sensitive diagnostic 
test(s) (see Chapter 12, this volume); second, adoption of either a one-pass 
production system or a clean stock programme where mother plants main-
tained under protected conditions are repeatedly tested for their infection 
status; and third, strict adherence to a zero-tolerance policy.

To date, no useful sources of genetic resistance to viroid infection have 
been identified in any plant species. For example, many tomato and potato 
varieties respond to PSTVd infection with very mild or no detectable 
symptoms, but none has been shown to be resistant or immune to infection 
(Singh and O’Brien, 1970). Several efforts to create transgenic plants that 
are resistant to infection by PSTVd or related pospiviroids have been 
reported over the past decade. RNA-based strategies (Matousek et al., 1994; 
Atkins et al., 1995; Yang et al., 1997) have involved the constitutive expres-
sion of antisense RNA – either antisense RNA alone or coupled to a trans-
acting ribozyme. An alternative, protein-based (and sequence-independent) 
strategy relies on the constitutive expression of pacI, a dsRNA-specific 
RNase derived from Schizosaccharomyces pombe (Sano et al., 1997). 
Although viroid accumulation and symptom expression were often 
reduced, useful levels of resistance have not been achieved. Many of the 
inhibitory effects observed are probably due to RNA silencing.

As information concerning the structural determinants regulating 
viroid replication and movement across tissue boundaries continues to 
accumulate, a third strategy to create resistance becomes increasingly feas-
ible; i.e. the design of RNA decoys that are able to out-compete viroids for 
essential host factors. A study involving hepatitis C virus (Zhang et al.,
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2005) illustrates the potential value of this approach. In this study, aden-
ovirus-mediated expression of small RNA molecules containing stem-loop 
structures that act as cis-acting replication elements for hepatitis C virus 
reduced virus accumulation by 35- to 38-fold – presumably by preventing 
the binding of the viral replicase to hepatitis C virus genomic RNA.

Conclusions and New Directions

The tools needed to control or eliminate many viroid diseases – a sensitive
and reliable diagnostic test as well as appropriate zero-tolerance schemes 
for the production of certified seed or nursery stock – have been available 
for some time. The virtual eradication of PSTVd from commercial potato 
production in North America and Europe demonstrates the efficacy of 
existing methods. Nevertheless, efforts continue to reduce both the cost 
per test and the expertise required; i.e. equipment as well as training. 
None of the existing hybridization- or PCR-based diagnostic tests provides 
results in ‘real time’ or under field conditions. Genetic resistance to viroid 

Table 6.2. Viroid diseases: economic effects, distribution and current control measures. 
(Modified from Table 1.1 in Hadidi et al., 2003, with permission from the publisher.)

    Seed 
Viroid(s) Economic host Distribution Damage  transmission Control strategy

ASBVd Avocado Widespread Severe Yes Eradication/
      certified stock
CCCVd/ Coconut/ Limited Lethal Low Quarantine/
 CTiVd  oil palm     replant
CSVd Chrysanthemum Widespread Severe  Eradication/
      certified stock
Citrus viroids Citrus Widespread Variable  Eradication/
      certified stock
Grapevine  Grapevine Widespread Minor Yes Eradication/
 viroids      certified stock
HSVd Hops Limited Moderate  Eradicate/replant
 Cucumber Limited Severe  Eradication
Apscaviroids Pome/stone  Widespread Mild  Eradication/
  fruits     certified stock/
      quarantine
PLMVd Peach/ Widespread Mild  Quarantine/

Prunus spp.     certified stock
PSTVd Potato Limited Moderate Yes Eradication/
      certified stock/
      quarantine
 Tomato Sporadic Severe  Eradication
TASVd/CLVd Tomato Sporadic Severe  Eradication
TPMVd Tomato Limited Severe  Eradication
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infection remains an important goal, especially for fruit trees like citrus 
and other woody perennials where susceptible varieties are maintained 
for years under unprotected field conditions. Results from previous 
attempts to create resistance to viroid infection using strategies developed 
for use against viruses have been disappointing, possibly because these 
strategies do not take into account significant differences between the 
structure and replicative strategies of viroids and RNA viruses. In this 
respect, two recent developments offer reason for cautious optimism.

First, several specific structural features such as the loop E motif of 
PSTVd and an alternative multihelix structure have been shown to play cru-
cial roles in regulating viroid replication and host range. As described earlier, 
a specific host protein (i.e. VirP1) has been shown to bind to the RY motif 
found in the right terminal loop of PSTVd and other pospiviroids, an interac-
tion that may be well required for both intracellular and intercellular move-
ments. As demonstrated by initial characterization of a bipartite sequence 
motif that regulates PSTVd movement between mesophyll and bundle sheath 
cells in the leaf, these interactions will undoubtedly prove to be complex. 
Nevertheless, they provide the first viroid-specific targets against which RNA 
decoys and other yet-to-be-developed resistance strategies can be tested.

Second, the still-to-be-clarified role(s) of small viroid-related RNAs 
during the infection process has added a previously unsuspected degree 
of complexity to the interaction between viroids and their hosts. As in the 
case of plant viruses, current evidence indicates that RNA silencing plays 
an important role in the host’s attempts to mount a defence against viroid 
infection. Indeed, it has recently been proposed that the compact, highly 
base-paired structure of viroids and certain satellite RNAs has evolved to 
resist the effects of RNA silencing (Wang et al., 2004). This study also 
raises the possibility that these small viroid-related RNAs may be respon-
sible for many of the characteristic symptoms of viroid infection. Several 
animal viruses encode small RNAs that target genes involved in the host 
immune response (Cullen, 2006). Even more intriguingly, replication of 
hepatitis C virus is dependent on the binding of a specific host microRNA 
to the 5'-UTR of the genomic RNA (Jopling et al., 2005). Either scenario 
offers exciting new opportunities to create resistance to viroid diseases.

Critical evaluation of the role of small RNAs in viroid–host interactions 
requires much more detailed information about likely changes in both host-
encoded and viroid-derived small RNA populations during the course of 
infection. Fortunately, the combination of new sequencing technologies 
and bioinformatic analysis now allows sampling that is ‘deep’ enough to 
distinguish host microRNAs from short-interfering RNAs (Lu et al., 2005). 
These types of studies also require detailed knowledge of the sequence of 
the host genome, and it is here that the inability of presently known viroids 
to replicate and move freely in Arabidopsis (Daròs and Flores, 2004) has 
created what will hopefully be only a temporary bottleneck. Sequencing of 
the tomato genome is now approximately 20% complete, and a microarray 
containing approximately 10,000 tomato cDNAs is freely available (http://
sgn.cornell.edu). The next 2–3 years should see a much clearer picture of: 

http://sgn.cornell.edu
http://sgn.cornell.edu
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(i) changes in host gene expression associated with viroid infection and (ii) 
molecular mechanisms responsible for these changes. This information can 
then be used to design and test currently unimaginable strategies to render 
plant resistance or immunity to viroid infection.
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Abstract
Microbes underpin most of the soil ecosystem functions and studying plant pathogens 
amongst the incredible soil biodiversity is a challenge. Soilborne plant pathogens are, 
most often, within taxonomically difficult genera, but fortunately, this also means that 
they have been included in many comprehensive phylogenetic studies of fungi, 
including oomycetes. Such databases are being used for the development of molecu-
lar diagnostic tools that can provide qualitative or quantitative data on specific taxa. 
More than two decades after its invention, polymerase chain reaction (PCR) and its 
many derived applications remain the core technology for soil molecular studies. 
There are two general kinds of approaches to study soil with PCR. Universal primers 
of various taxonomic resolution are used to generate a broad mixture of amplicons 
that are analysed further through a range of techniques. Alternatively, species-spe-
cific PCR reactions are performed to detect and/or quantify the target species. Both 
approaches can be amenable to the detection of a range of pathogens and benefi-
cials. Molecular techniques can resolve many of the taxonomic difficulties that more 
traditional approaches need to confront, but the crucial issue of soil sampling in 
ecological studies remains. Molecular detection uncovered and compounded 
another problem. Many fungi that are being characterized by direct DNA processing 
of soil are supposedly unculturable, whereas molecular detection is reducing the 
need for isolation of the culturable ones. There is a need to try to find ways to grow 
and describe unculturable species and maintain reference collections of live cultures. 
The stability of DNA in dead organisms and a bias towards detecting non- living 
organisms does not appear to be a broad issue in microbiologically active soil. 
Testing for regulatory purposes is an important niche for DNA-based soil assays, but 
routine usage of these techniques on a commercial scale has not yet been achieved. 
The availability of on-site testing devices that can provide a resolution at the patho-
type or race level of the pathogens and detect the beneficial species that reduce the 
impact of pathogens would greatly encourage the wide adoption of DNA-base 
techniques for soilborne disease management. The biosecurity initiatives support-
ing the sequencing of many genomes of soilborne pathogens and the DNA barcode 
initiatives targeting the sequencing of the largest possible number of species will 
greatly help to achieve this goal.
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Introduction

Fungi, including oomycetes, are major components of agricultural ecosys-
tems and limitations in isolating and identifying them using traditional 
methods make it difficult to improve the management of soilborne diseases.
This is compounded by the fact that the most common soiborne genera, 
such as Fusarium, Colletotrichum, Trichoderma, Penicillium, Phytophthora
or Pythium, also happen to be within the most challenging groups for 
taxonomists. In wheat field soils, it has been estimated that half of the 
estimated 2500 kg biomass/ha is of fungal origin (Brookes et al., 1985). 
A commonly cited statistic is the expected presence of 10,000 microbial 
species/g of soil, which would include saprophytes, plant pathogens, plant 
growth promoters, zoophagous fungi and hyperparasites (Torsvik et al.,
1996). There is a gap between the taxonomists who study fungi and the 
plant pathologists or ecologists trying to understand the dynamics of plant 
diseases. The overwhelming diversity of soil fungi, combined with the 
technical challenges and knowledge needed in identifying them, leads to a 
‘black box’ syndrome when trying to understand epidemiology of soilborne 
diseases. Biotechnology can narrow the gap between taxonomy and plant 
pathology and shed light into this by combining classical taxonomy with 
modern molecular techniques, new methods for isolating or detecting 
microbes that are difficult to grow and the design of rapid diagnostic assays 
that can simultaneously detect and identify hundreds or thousands of soil-
borne organisms.

Background

The molecular diagnostics era started with the utilization of polyclonal 
and monoclonal antibodies. In plant pathology, antibodies are used exten-
sively for virus and bacteria testing of plant samples and have been suc-
cessfully commercialized. The use of antibody-based assays for fungi and 
for soil or even root testing is limited. Fungal antibodies tend to be less 
specific than the ones developed for viruses or bacteria and the infected 
roots or infested soil have higher concentrations of organisms that can 
cause cross-reactions with antibody-based assays for fungi. Substrate uti-
lization and fatty acid profiles can also be used to characterize soil 
microbes (see Mazzola [2004] for review).

Over two decades after its invention (Mullis and Faloona, 1987), 
polymerase chain reaction (PCR) as a method for amplification of DNA or 
RNA is still going strong and has not been replaced by alternatives that are 
as robust, cost-effective and flexible. PCR for environmental samples is 
applied in a number of different ways that can be grouped under two gen-
eral categories. Species-specific primers are used to detect single species or 
even multiple species if several species-specific primer sets are used for a 
given sample. Alternatively, more universal primers can be used and the 
mixture of PCR products then can be sorted out through different techniques,
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such as cloning and sequencing individual molecules, hybridization to 
specific oligonucleotides or electrophoresis techniques, thereby resolving 
the PCR mixture. Within these kinds of applications, there have been many 
technological advances to PCR or to the processing of PCR products that 
helped maintain its popularity and expand potential applications. For 
example, more robust and efficient Taq polymerases keep increasing its 
efficiency and robustness and the advent of real-time PCR has reduced 
time and labour. Specific applications of PCR to plant pathology and stud-
ies of soil fungi have been reviewed extensively (Martin et al., 2000; Schaad 
and Frederick, 2002; Filion et al., 2003; Kageyama et al., 2003; Schaad 
et al., 2003; Lebuhn et al., 2004; Paplomatas, 2004; Schena et al., 2004; 
Bonants et al., 2005; Lubeck and Lubeck, 2005; Okubara et al., 2005). 
Despite all the research being done on PCR, only 15–20% of clinical labo-
ratories use it for medical diagnostics (Anonymous, 2006). Interestingly, 
PCR is being adopted more rapidly in animal diagnostics, especially for the 
replacement of enzyme-linked immunosorbent assay (ELISA), which sug-
gests some regulatory hindrance for its more widespread adoption in the 
medical field (Salisbury, 2006). Nevertheless, some technical issues remain 
with PCR and one always needs to be aware of them when using it for diag-
nostics. The presence and effect of inhibitors in the DNA extract always 
needs to be tested with proper controls. The sensitivity of PCR is one of its 
main advantages but also one of its potential pitfalls. When the same frag-
ment is repeatedly amplified for detection, the laboratory becomes con-
taminated with this product, increasing drastically the likelihood of false 
positives. As such, false-positive reactions can be sporadic, a single nega-
tive control reaction cannot always detect the problem reliably. Nested 
PCR, i.e. running two consecutive PCR reactions to increase sensitivity, 
compounds the problem of potential false-positive results.

Phylogenetic and genome studies are showing unequivocally that some 
parts of the genomes are highly conserved across large taxonomic groups 
(e.g. small subunit [SSU] ribosomal DNA), whereas others are hyper-
variable. Because of this fundamental nature of the genomes and the  rapidly
expanding DNA sequence databases, there is an endless source of data to 
design DNA-based assays with different specificity for different taxonomic 
groups. This review will focus primarily on DNA-based assays.

Sampling and DNA Extraction

Sampling is probably one of the main challenges in molecular detection of 
pathogens from soil. Most of the sampling issues for molecular tests are the 
same as the ones for more traditional microbiological techniques developed 
to study soilborne fungi. It is hard to process more than a few grams of soil 
sample for dilution plating or DNA extraction; therefore, the sample is an 
infinitesimal portion of the field or the plot. If the organism has a rather 
uniform distribution, this is less of a problem, but for organisms with patchy 
or clumped distribution, this is a major issue. Keeping the sampling size 
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small per plot reduces the power of an experiment, i.e. a reduction in the 
probability of detecting a difference between treatments and/or an increase 
in the size of the minimum difference that can be detected, whereas increas-
ing the sample size will increase power but make the experiment more 
costly. The right balance always needs to be achieved.

DNA extraction kits vary in the amount of soil or roots they can han-
dle. Being able to extract DNA from grams instead of milligrams would be 
a major improvement. It was found that soil samples larger than 1 g showed 
much less variation when assessed for bacterial and fungal community 
structure than samples of less than 1 g (Ranjard et al., 2003). A simple and 
cheap extraction technique capable of handling approximately 5 g was 
developed by Reeleder et al. (2003). The pooling of soil cores is often used 
to reduce processing cost, while maintaining proper sampling representa-
tion of species with uneven distribution. It appears that if large soil sam-
ples (1 kg) are thoroughly mixed before DNA extraction, it is possible to 
achieve homogeneity in DNA assay results for bacterial communities with 
250 mg of soil for DNA extraction (Kang and Mills, 2006). The compar-
isons done so far were made with techniques that provide characteriza-
tion of communities at a high taxonomic level, probably hiding some of 
the distribution characteristics. Assays that would provide resolutions at 
the species level should be assessed with various sampling, pooling and 
DNA extraction schemes if the distribution needs to be known.

Concentrating the propagules before DNA extraction is a way to pro-
cess a larger sample without the technical challenge of extracting DNA 
from a large amount of soil. Inoculum concentration is not new to plant 
pathology. For example, microsclerotia of Verticillium albo-atrum have 
been concentrated through a combination of sieving and sucrose gradient 
separation (Huisman and Ashworth, 1974), whereas sporangia of 
Synchytrium endobioticum can be concentrated by a combination of siev-
ing and chloroform flotation followed by centrifugation (Pratt, 1976). The 
latter is the basis for European and Mediterranean Plant Protection 
Organization (EPPO)-recommended protocols for testing and deschedul-
ing of soils (van Leeuwen et al., 2005). Instead of processing the concen-
trate by microscopy or plating on semi-selective media, it is possible to 
extract its DNA in order to run a PCR assay. An extraction procedure for 
nematode eggs was recently adapted to concentrate sporangia of S. endo-
bioticum before PCR, providing a sensitivity of 10 sporangia/100 g of soil 
(van den Boogert et al., 2005).

The sampling situation is somewhat easier if one wants to study soil-
borne pathogens in roots. The rhizosphere is a complex environment, but 
in a monoculture, it is much less variable that the soil itself. Root sam-
pling is also similar to baiting in some ways. The root system and baiting 
will attract the pathogen in the surrounding soil, using the pathogen 
chemotaxis towards a suitable substrate, increasing the likelihood of 
detecting the pathogen and the sensitivity of the overall assay. Baiting was 
an order of magnitude more sensitive than sieving for detecting 
Phytophthora cinnamomi (Greenhalgh, 1978). However, different hosts or 
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baits will attract different colonists. Arcate et al. (2006) and Tambong 
et al. (2006) showed that the oomycete community profile obtained 
through baiting was different from the one obtained by direct PCR detec-
tion from the rhizosphere or soil, respectively. If one wants to assess the 
community of pathogens and beneficial microorganisms, baiting or root 
sampling will be of more limited value.

Multiplexing

Especially in soil, many pathogens act synergistically or are affected by 
beneficial organisms and it becomes increasingly important to detect a 
wide range of organisms simultaneously. The detection of some patho-
gens, e.g. pathogens that are regulated or a concern for crop biosecurity, 
means that immediate action must be taken. The detection of some others 
does not necessarily mean that the plant or yield will be affected. Pythium
irregulare or Pythium dissotocum were isolated from healthy and diseased 
strawberry roots at a similar frequency (Leandro et al., 2005). The physical 
environment and the predisposition of the hosts can be an important fac-
tor for such an outcome, but the presence of antagonists or plant growth-
promoting organisms also could be a significant factor in reducing the 
probability of a pathogen species being detected. In ecology, the denatur-
ing gradient gel electrophoresis is commonly used to compare fungal 
diversity (Marshall et al., 2003; Kowalchuk and Smit, 2004). The power of 
this technique lies in its ability to characterize the diversity with limited 
background information about the fungal group that is being affected by 
treatments. However, when the disease potential needs to be assessed 
quickly, this technique cannot provide the required species resolution in 
a timely fashion. DNA array-based technologies are being developed to 
provide such resolution in a multiplex fashion.

Functional Genomics Versus Molecular Detection 
from the Environment

The development of molecular tools for the detection of pathogens has 
been closely linked to advances in genomics, but more recently, there has 
been a parallel development between functional genomics and molecular 
detection of organisms from the environment.

Large-scale sequencing

Whole-genome sequencing has been instrumental to the field of func-
tional genomics. Once all the genes of a species are sequenced, they must 
be annotated. If very few genes have known functions, the data provided 
by assays to determine which genes are upregulated or downregulated 
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have more limited value. In DNA barcode or molecular phylogeny initia-
tives, scientists are attempting to sequence one or a few genes across as 
many species as possible. This ‘horizontal genomics’ approach provides 
data about many species and eventually includes all known species, for 
a very limited set of ubiquitous genes. If the species are not identified 
properly, the use of these sequences in ecological work to determine 
which species are fluctuating also has limited value. The resources put 
towards the sequencing of numerous genomes have had, and continue 
to have, a tremendous impact on functional genomics. Unfortunately, 
initiatives towards sequencing one or a few genes for a broad swath of the 
global diversity have not received the same level of support as of yet (see 
DNA barcode section below). Without the comprehensive databases that 
barcode or tree of life initiatives can provide, the molecular detection of 
organisms will always be limited to economically important pathogens 
and/or rife with false-positive results because of poor sampling within 
the genera.

Arrays and hybridization

In functional genomics, many and often all the genes of one species are 
represented on a microarray or a gene chip. The mRNA is made into 
fluorescently labelled cDNA before hybridization to the microarray. By 
comparing the hybridization patterns between different treatments, it 
is possible to identify the genes that are upregulated or downregulated 
between these treatments. In phylogenetic oligonucleotide arrays, all the 
species of a genus (e.g. Tambong et al., 2006; see Fig. 7.1) or different path-
ogens of a crop (e.g. Sholberg et al., 2005) can be represented on an array. 
By comparing the hybridization patterns between treatments, one can 
determine the ‘upregulated and downregulated’ species instead of genes. 
The preparation and labelling of the probing material for such a phyloge-
netic array is most often done by PCR instead of reverse transcriptase.

Confirmation and quantification

In functional genomics, two different dyes representing each treatment 
are typically used for the same hybridization, allowing for direct compari-
son of hybridization signals on the same microarray. A significant differ-
ence in hybridization intensity between the dyes or treatments is seen as a 
good indication of upregulation or downregulation. However, the regula-
tion of the most important genes identified by microarray hybridization 
often needs to be confirmed and quantified more accurately by reverse 
transcriptase PCR. This is currently the fastest growing market for PCR 
applications (Anonymous, 2006). Similarly, the hybridization signal on 
a phylogenetic array processed with an environmental sample is semi-
quantitative (Lievens et al., 2005), but the results for the most important 
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species influenced by treatments should be confirmed and their accuracy 
should be improved by quantitative PCR. Conversely, it is possible to 
perform quantitative PCR assays for several species and use DNA array 
hybridization to confirm that the main species have been tested. This was 
done to detect and quantify Pythium spp. in soils of Washington State 
(Schroeder et al., 2006). Some companies are developing gene-expres-
sion PCR platforms of such high throughput that there would be enough 
individual PCR reactions to bypass the array hybridization step for many 
applications (Anonymous, 2006).

Fig. 7.1. (A) Root rot symptoms on soybean plants from the Phytophthora nursery at 
the Central Experimental Farm, Ottawa. (B) Diagrammatic representation of positive 
hybridization reaction between a labelled PCR product and a perfectly matching specific 
and immobilized oligonucleotide. (C) Hybridization reactions on a DNA array after the 
processing of roots shown in (A). The Pythium array is from Tambong et al. (2006) and the 
Phytophthora array is unpublished. The main species in the arrays were also isolated in 
the nursery. The Xs denote oligonucleotides that are known to cross-react with the species 
present. The rows or oligonucleotides at the upper right corners of both the Pythium and 
the Phytophthora arrays are positive controls or oligonucleotides with genus specificity.
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Array Development for Pathogen Detection

Most genes in a functional genomics array differ markedly in sequence 
composition, whereas phylogenetic arrays for molecular detection of fun-
gal species need to exploit very small differences between species to 
maintain species specificity. This is a fundamental difference in the design 
of arrays between these two applications. Full cDNAs spotted onto micro-
arrays can work in functional genomics, whereas arrays based on immobi-
lized large fragments (>250 bp) cannot differentiate closely related species 
(Lévesque et al., 1998). However, signal intensity on microarrays increases 
as the length of the immobilized probe increases (He et al., 2005a). The 
current trend in functional genomics of using 70-mer oligonucleotides to 
increase sensitivity will probably not be applicable in situations where 
closely related species need to be differentiated using the same DNA 
region (He et al., 2005b). There is a need for at least a 10% difference in 
sequence to avoid false positives with long oligonucleotides (see Sessitsch 
et al., 2006 for review). The side effect of using shorter oligonucleotides is 
a reduction in sensitivity; therefore, this needs to be compensated by 
arraying substrate and hybridization detection technologies that maxi-
mize sensitivity. Membrane-based arrays are many thousandfold (105)
more sensitive than planar microarrays (Cho and Tiedje, 2002). The load-
ing limit of the substrate and the amount of immobilized DNA are given 
as the main explanation for the difference in sensitivity. A porous sub-
strate can ‘stack’ more immobilized molecules over the same surface area 
and provide a much stronger signal per unit area. It is also possible that a 
porous solid substrate enhances hybridization kinetics compared to a pla-
nar surface to which bound oligonucleotides must become hybridized to 
the labelled DNA in aqueous solution. Membrane arrays cannot have the 
density of planar glass slides; however, developments are being made to 
make microarrays more porous (e.g. Wu et al., 2004). Gentry et al. (2006) 
provided an extensive review of all the existing types of arrays for micro-
bial ecology studies. Oligonucleotide suspension microarray is a new 
technology where the hybridization events are detected in a solution of 
microspheres with different oligonucleotides bound to them (e.g. Deregt 
et al., 2006). It will be interesting to compare the sensitivity of this tech-
nology with planar microarrays and macroarrays.

Genetic Markers

So far, most of the DNA-based fungal pathogen detection assays have been 
based on ubiquitous genes or spacers such as intergenic transcribed spac-
ers (ITS). As more genomes are being sequenced, the choice of novel genes 
will become easier. It is important to have enough polymorphisms in the 
selected genes or spacers to avoid cross-reactions and false positives; the 
more polymorphisms, the better. The presence of insertions or deletions 
(indels) greatly facilitates the design of specific PCR primers orhybridization
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oligonucleotides. These indels ensure that no cross-reactions will occur. It 
is also very important to have sequences of the most closely related species 
to design highly specific assays. Since it is better to have sequences that 
can be easily aligned for phylogenetic studies, good genes for phylogenies 
are not necessarily the best to design detection assays. Genes for high-level 
phylogenies (e.g. SSU) are rarely useful for species detection. When there 
is a high level of polymorphism in genes for robust species differentiation, 
it is likely that species-specific markers can be developed. If single nucle-
otide polymorphisms are evenly scattered along the sequences and cannot 
be found in clusters within stretches of 20–25 nucleotides, phylogenetic 
resolution at species level could be achieved, but difficulties in generating 
hybridization oligonucleotides should be expected. If one wants to detect 
a single species, phylogenetic studies that identify the most closely related 
species become invaluable. The first widely used assay for Phytophthora
ramorum was cross-reacting with the most closely related species known 
at the time because the ITS was providing few polymorphisms between 
these two species (Hayden et al., 2004). Assays with genes that had more 
polymorphisms showed better specificity (Martin et al., 2004; Bilodeau 
et al., 2006). With the genome of P. ramorum now sequenced (Tyler et al.,
2006) and with a better sampling of species within the genus (e.g. Brasier 
et al., 2005), the development of detection assays for P. ramorum with 
highly specific genes, potentially involved even in pathogenicity or aviru-
lence, will be easier. However, the development for multiplex assays tar-
geting all the species of this genus will require genes or spacers found in 
all species.

Living Versus Non-living

The issue of the viability of the propagules detected through DNA-based 
molecular techniques is often raised. DNA is a food source and it is very 
likely that in a microbiologically active substrate, such as moist soil, it 
will be quickly metabolized by other organisms (Lebuhn et al., 2004). To 
evaluate this phenomenon, we irradiated spores and used them to inocu-
late greenhouse potting mix under different treatments. The amount of 
spores as estimated through quantitative PCR was the same across all 
treatments (∼30,000/g) immediately after inoculation with the same 
number of irradiated or non-irradiated spores (Fig. 7.2). DNA in the dead 
spores was stable in a sterile environment, but not if there was microbial 
activity. One week after inoculation, the number of irradiated spores 
detected in non-sterile soil dropped to 50 (three logs or 99.8%) and fur-
ther dropped down to 10 in the wet potting mix when reassessed after 
another week. The detection of DNA from Penicillium bilaiae remained 
constant over the same period when irradiated spores were mixed with 
sterile soil. The detection of viable spores remained unchanged except for 
some slight fluctuation in non-sterile soil. This would confirm that DNA 
within dead spores is used as food source. One would expect more micro-
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bial activity in most natural soils compared to dry greenhouse potting 
mix; therefore, this is probably a conservative estimate about the rapid 
degradation of DNA in dead spores in a natural soil environment.

It is believed that RNA-based tests would give a more accurate  estimate 
of viable cells than DNA-based tests that might detect dead cells. A recent 
medical study found that the rRNA test was actually more sensitive than 
the DNA test, i.e. more subjects were found to be infected with Chlamydia 
trachomatis through the rRNA test (Yang et al., 2006). One hypothesis is 
that more rRNA template is present than DNA template. Amplifying 
mRNA versus ribosomal DNA can give slightly different results; however, 
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Fig. 7.2. Effect of irradiation of spores, moisture, autoclave sterilization of potting substrate 
and time after inoculation on PCR-based detection of Penicillium bilaiae using DNA extracted 
from potting mix. The numbers of spores were extrapolated from a standard curve made with 
DNA extracted from live spores. The D10, i.e. the exposure to kill 90% of the spores, was 
independently established to be 13 min for P. bilaiae (0.05 Mrad). The spores were exposed to a 
source of 3612 rads/min for 100 min which caused a drop of 6 logs in spore viability. The wet 
potting soil was kept at 0.1 bar (300% w/w moisture), whereas the dry potting soil was at 3 bars 
(130% w/w moisture).
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they caution that transcriptome may change rapidly, making quantifica-
tion of cells more difficult (Bodrossy et al., 2006).

Validation

This is one of the most challenging issues with the development of detec-
tion systems for microorganisms. The assays must have been tested against 
a wide rage of strains of the target species and of the species that can cause 
false positives. They must have been tested with both pure cultures (well-
characterized samples with high inoculum for obligates) and field sam-
ples that have been assessed for the presence or absence of the target 
organisms. When developing multiplex assays with over 100 oligonucle-
otides (e.g. Sanguin et al., 2006; Tambong et al., 2006), this becomes even 
more challenging as permutations of possible combinations of pathogens 
at different concentrations are practically infinite. Comparisons of the 
results among the DNA-based array, traditional microbiological methods 
and/or the cloning and sequencing of PCR product were used for valida-
tion in these studies. When a pathogen is of high economic importance, it 
is common to have different assays that have been developed to detect it. 
Recently, different assays for P. ramorum were compared in a blind ring 
trial that included hundreds of DNA samples provided by the World 
Phytophthora Collection, University of California, Riverside (Martin et al.,
2006). It appears that redundancy in the assays, i.e. having more than one 
marker, is a good approach to reduce ambiguous results. This was proba-
bly the first example of such an extensive comparison of different assays 
for the same plant pathogen.

DNA Barcode

One reason why validation of assays for pathogen detection can be so difficult 
to achieve is the incomplete sampling of species within a genus in the data-
base used to design an assay. Many functional genomics microarrays and their 
associated PCR assays for confirmation are designed with the full genome 
already sequenced. This would be equivalent to having all the species of a 
large taxonomic group sampled and sequenced for at least one marker with 
enough variation. This is the ultimate goal of the international Consortium for 
the Barcode of Life (CBOL) (Hebert et al., 2003). In the animal kingdom, the 
database of the 5' end of the cytochrome oxidase I (COI) gene is expanding 
rapidly (e.g. Hajibabaei et al., 2006). It would be advantageous to have the 
same sequence region as barcode for all eukaryotic life forms. One could assess 
the biodiversity of all eukaryotes in a soil sample by amplifying a single gene 
region. In many situations, it is difficult to pinpoint the etiology of a disease to 
a single species, and disease-causing agents appear to be working synergisti-
cally (e.g. nematodes, and fungi). The ability to detect simultaneously a wide 
range of causal agents, their antagonists, their hosts and a wide range of other 
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organisms within the community by the amplification of a single gene would 
be an elegant way to do this. In fungi and oomycetes, there is already an exten-
sive ITS sequence database and the potential of COI to discriminate species is 
good (e.g. Martin and Tooley, 2003), but the technique must be tested across a 
broad range of genera. In Eumycota, the frequency and practical limits of 
introns need to be evaluated for the adoption of COI as barcode. Knowing 
which plant species are likely to occur in soil samples (e.g. weed versus crop 
root fragments) is valuable information in some situations, although it appears 
that COI will not work well as barcode for plants (Chase et al., 2005). 
Unfortunately, one will need to amplify more than one gene to characterize 
the different eukaryotic kingdoms in soil. Given that other genes will need to 
be amplified for bacteria and virus characterization, characterization of all 
living forms and infectious agents will not be a trivial task, but it is far from 
being insurmountable.

Detection of Pathogens and Disease Management

Quarantine pathogens and biosecurity

Regulated pathogens have been the prime targets for the development of 
molecular detection tools. The production of pathogen-free seeds and the 
early detection of quarantine pathogens remain the best lines of defence. 
Increased concerns about crop biosecurity (e.g. National Academy of Sciences, 
2002) and the recent development of programmes such as the National Plant 
Diagnostic Network in the USA (Stack et al., 2006) have increased the aware-
ness and the needs for rapid diagnostic tools. As a result, more diagnostic 
laboratories have been equipped and personnel have been trained in the use 
of molecular technologies to detect plant pathogens.

Use in research

Molecular diagnostics are part of a research continuum. Taxonomy and 
molecular phylogeny should be the basis for the development of molecular 
diagnostics. At the receiving end, there are many research endeavours that 
are now routinely using molecular diagnostic tools. DNA sequencing and 
molecular detection techniques are the commonly used methods of identi-
fication for research projects in etiology, epidemiology, disease manage-
ment, plant breeding and soil ecology. Researchers studying root and soil 
biology are likely to remain important users of molecular diagnostics.

Commercial applications

Compulsory requirement for certification can be a significant impetus for 
increasing the demand for a particular molecular test. Seed and clonal 
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propagation material are routinely tested and support the commercial via-
bility of the diagnostics industry. In regions where quarantine soilborne 
pathogens such as S. endobioticum are present, there are needs to certify 
or ‘deschedule’ fields. It is harder for the commercial diagnostics industry 
to develop expertise and markets for testing services that are only done 
when symptoms appear. Moreover, it is often too late to take remedial 
action once the disease symptoms are present. Therefore, routine testing 
for early detection of pathogens and to be able to make disease manage-
ment decisions in a timely fashion is probably where the potential for 
growth in diagnostic services is the highest. The pathogen detection in 
hydroponic solutions for greenhouse vegetables is an example where such 
routine testing services exist. Detection of pathogens on spore traps is 
another example where routine testing to decide on fungicide sprays 
could be done for integrated pest management (IPM), following what the 
entomologists have been doing with pheromone traps since the 1970s. For 
soilborne pathogens in the field, the applications where routine testing 
outside a regulatory framework or research could be commercially suc-
cessful are less obvious. Soil testing before seeding could be done to deter-
mine the likelihood of development of certain root diseases for different 
crops in order to optimize decisions about rotation or seed treatments. 
The ‘soil health’ could be determined to make decisions on soil organic 
amendments. If the testing services can provide information about patho-
gen races or pathotypes, the cultivar could be selected more judiciously.

Importance of having specimens or live cultures

Molecular studies have shown that a high proportion of soil microorgan-
isms are ‘non-culturable’ (e.g. Smit et al., 1999); however, it appears that 
for at least some of them, it is the inability to compete on nutrient-rich 
media that makes them hard to isolate and grow. Dilution to extinction 
(Wise et al., 1999) and low nutrient media (Aagot et al., 2001) can help to 
culture some of these organisms that were thought to be unculturable, an 
important step to better characterize the unknown species.

The advent of antibody and DNA-based molecular detection tools has 
reduced the need for the isolation of the pathogens for routine diagnos-
tics. This situation is already causing a side effect in the medical field: it 
is becoming harder to obtain live strains that have been recently isolated, 
as it is diagnostically simpler to detect specific genetic information asso-
ciated with a taxon group in a clinical specimen. This practice has been 
done for years for essentially unculturable, slowly progressing bacterial 
pathogens (e.g. Tropheryma whippelii, cause of Whipple’s disease), but 
nucleic acid-based tests have replaced culturing as the gold standard diag-
nostic test for many common human pathogens that can be easily isolated 
(Nolte and Caliendo, 2003). Therefore, researchers who want to document 
and study the process of antibiotic resistance acquisition or for presence 
of other virulence factors in the future, will not have access to a range of 
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live cultures isolated from clinical material. This is compounded by the 
fact that the infrastructure and technological advances in microbial culture
collections have not kept pace with the biotechnology boom. This prob-
lem will not be different in plant pathology. If diagnostic laboratories no 
longer isolate pathogens and culture collections do not get new accessions 
regularly, it will become increasingly difficult to conduct certain studies 
in plant pathology. When there is any doubt that an unusual strain might 
be involved in a plant disease outbreak, isolation should be attempted and 
a specimen or live culture should be deposited as voucher. Koch’s postu-
late will remain a fundamental protocol in plant pathology whenever a 
new disease is suspected and it cannot be done without isolation and 
reisolation after inoculation.

Development of New Technologies

The development of diagnostic kits that growers and IPM consultants can 
use on-site to diagnose diseases from leaves or seed samples was a break-
through for antibody-based systems. They were developed mainly for 
viruses and bacteria. It has been harder to design such system for direct 
detection of any pathogens from roots or soil. PCR instruments, including 
real-time ones, are becoming smaller and can run on battery power. 
Miniaturized and automated PCR systems that can constantly run samples 
from extraction to real-time reading exist and are being used routinely. The 
anthrax detection system that easily fits under a small bench is now opera-
tional in hundreds of US postal offices (Knight, 2002). The handheld and 
point-of-care PCR instrument that can perform everything from DNA extrac-
tion to automatic reading of results is the holy grail and intensive research 
continues to design such device (e.g. Higgins et al., 2003; Lee et al., 2006).

Conclusions and Future Directions

There is no doubt that PCR was a revolutionary innovation for molecular 
detection and diagnostic. However, it is sobering to see how long it is taking 
for its widespread application in laboratory processing of field samples on a 
large scale. Maybe, this is just a good example of how long it takes to bring 
an invention into widespread field applications. PCR is fairly unique because 
one can pinpoint precisely when it was invented – it is not a technology like 
many ecological field techniques that was developed by a series of incre-
mental steps over a long period of time. One reason for its slow implementa-
tion in the medical field is the rigid regulatory framework under which 
medical diagnostic laboratories operate, while the more rapid acceptance of 
PCR in veterinary laboratories is probably because of less-stringent rules 
(Salisbury, 2006). Then, why the plant diagnostic laboratories have not 
applied PCR-based tests as rapidly since their regulatory framework is less 
rigid too? The most probable explanation is the cost of processing samples, 
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i.e. the animal diagnostic market can sustain a higher cost per sample than 
the plant pathogen detection market. The market for crop diagnostics and 
the research grants for soil ecology research can probably sustain the cost of 
licensing the latest technologies only for a limited number of customers or 
applications. Access to low-cost technologies becomes an essential require-
ment for commercialization or usage in plant pathology laboratories that are 
required to process a large number of samples.

Earlier, I made the parallel between phylogeny-based arrays and arrays 
for functional genomics. The new generation of parallel sequencers will 
allow the sequencing of a full genome rapidly and cost-effectively. With 
the expanding number of soilborne fungal genomes that have been or are 
in the process of being fully sequenced, the combination of the power of 
functional genomics and phylogeny-based array will provide new insight. 
Metagenomics can provide entire genomes for a broad range of species in 
a given community (Venter et al., 2004). New sequencing technology will 
allow a massive amount of sequencing for environmental samples. The 
dominant species of a community could be identified rapidly with a phyl-
ogeny array at the same time as the main genes being expressed could be 
characterized by a functional genomics array. Ecological data will be tied 
to function and taxa if the functional genomic array can have species spe-
cificity for the most important genes being expressed.

Combining expression of genes involved in pathogenicity or avirulence 
with species detection will be a powerful tool for disease management. 
Complete validation of such systems will be an almost impossible task, as 
seen in gene expression microarray assays, but running such assays through 
carefully planned controlled experiments will provide the basis for disease 
management applications under field conditions. Probably, the best way to 
avoid questionable results will be through redundancy of markers on the array, 
i.e. targeting several genes, having several oligonucleotides per gene per spe-
cies, and by creating artificially mismatched oligonucleotides that can con-
firm the true matches within a sample (Liu et al., 2005). The amount of data 
regarding communities and genes being expressed will be phenomenal and a 
major statistical challenge; however, such data will allow us to shed some 
light in that soil ‘black box’ and help us define and predict soil ‘health’.
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Abstract
Detection of bacterial plant pathogens on seed and other plant parts used to propa-
gate agricultural and ornamental crops is an important component of disease pre-
vention strategies. Disease prevention or avoidance strategies are particularly 
important in controlling bacterial diseases since there are few other control 
options. Such strategies require that the propagation of the agricultural or orna-
mental crop utilizes seed or vegetative plant parts that are free from pathogenic 
bacteria. While production methods are important for obtaining pathogen-free 
plant parts for propagation, indexing and monitoring of such material is required 
to ensure that specific disease-causing bacteria are not present in or on the plant-
ing material. Various molecular methods, based mostly on the polymerase chain 
reaction (PCR), have been utilized for sensitive and specific detection of bacterial 
pathogens on seeds and vegetative plant parts. A large number of test methodolo-
gies have been explored which target specific DNA regions. These have then been 
used to develop sensitive tests that can reveal the presence or absence of bacterial 
species, subspecies or pathovars of concern in consignments of seed and ship-
ments of tubers, bulbs, cuttings, etc. Adequate validation of such molecular diag-
nostic protocols has been an additional challenge since these methods are being 
used for certification programmes and trade-related applications.

Introduction

Plant diseases are caused by a number of different etiological agents which 
include fungi, viruses, nematodes and bacteria. The nature and biology of 
these agents determines which potential control strategies can be used to 
prevent the spread and occurrence of plant diseases or mitigate the loss 
they cause in agricultural production systems.

Several hundred species and subspecies of bacteria have been described 
as etiological agents of plant disease. Some plant pathogenic bacteria are 
highly fastidious, such as Xyllela fastidiosa, which is exclusively found in 
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association with host plants or its insect vectors. Others such as Streptomyces
spp. are soil residents and can survive indefinitely in the absence of a plant 
host. Many bacterial plant diseases, however, are caused by members of gen-
era such as Clavibacter, Curtobacterium, Dickeya, Erwinia, Pectobacterium,
Pseudomonas and Xanthomonas that may have the capacity to be free- living 
in the environment, but are principally associated with host plants. For bac-
terial pathogens that are associated with plant parts used for propagation, 
whether consisting of sexually derived seed or asexually derived tubers, 
bulbs, cuttings, etc., an important control strategy is avoidance. Avoidance 
strategies in plant disease control are characterized by methods to prevent 
the pathogenic bacteria from becoming associated with the host in the first 
place. Identification of ‘clean’ planting material is essential for those plant 
diseases whose principal inoculum source is infected or contaminated seed 
or vegetative plant parts.

Seed and vegetative plant propagation units that are exported and 
imported around the world must be free from bacteria that are of quaran-
tine significance or causal agents of regulated plant diseases. The concept 
of avoidance as a plant disease control strategy is not only applicable to 
individual crops, but also to the maintenance of pest-free areas and places 
of production. The 20th century has seen a shift to a global marketplace, 
with agricultural commodities exported to locations far away from the 
place of production. Globalization of trade engenders globalization of 
plant pests. Hence, determining whether phytobacterial pathogens are 
present or absent within a given production area has become an important 
risk mitigation activity required prior to export.

It is often difficult to determine whether pathogenic bacteria are asso-
ciated with seed lots or various vegetative plant propagation units because 
usually no symptoms or signs of such infections or associations are visi-
ble. Population densities of the bacteria may be variable and the inci-
dence of infected seeds or plant parts is often sporadic. While in some 
cases bacterial pathogens may be present at high levels in latently infected 
plants, e.g. bacterial ring rot of potato, in others, they are present at 
very low levels. Systemically infected cultivars that are considered to be 
resistant, but not immune, can harbour high densities of pathogenic bac-
teria without expression of symptoms. Moreover, an etiologic agent of 
disease can be difficult to distinguish from innocuous bacteria in plant 
tissues that are typically contaminated by high numbers of saprophytic 
microorganisms.

Detection methodologies for bacteria have benefited greatly from mod-
ern molecular technologies. Molecular methods involving specific ampli-
fication of target DNA fragments have been particularly useful for 
confirming the presence of specific bacteria in plant tissue extracts. 
Detection methods need to be sensitive, specific and robust. Consequently, 
various strategies have been utilized to attain appropriate test specificity 
by targeting different regions of the bacterial genome for amplification. 
Different amplification strategies and reporter molecules have been 
explored to achieve adequate test sensitivity. Nevertheless, a number of 
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challenges remain to adequately validate these methodologies and to pre-
vent the occurrence of false-positive and false-negative results.

At present, most molecular tests are applied in combination or along-
side other methodologies for disease diagnosis or for the purpose of path-
ogen detection. A significant question to be addressed is whether adequate 
criteria can be established so that molecular tests can be used as the sole 
criterion to measure the bacterial pathogen status of a consignment of 
seed, a lot of seed potatoes, a shipment of ornamental cuttings, etc. In this 
chapter, the potential of biotechnology to contribute to this aspect of con-
trol of bacterial plant diseases is explored.

Dissemination of Bacteria on Seed and Vegetative Plant 
Propagation Units

The fact that bacteria cause diseases of plants was already firmly estab-
lished by the end of the 19th century. Yet, it has taken fully another half a 
century, and in some cases even longer, to confirm and authenticate the 
bacterial etiology of some plant disorders. New bacterial plant diseases 
are still being described today. It has taken at least as long to understand 
the ecological and epidemiological parameters that characterize bacterial 
plant diseases and to fully comprehend the impact of these parameters on 
their control. Moreover, in recent years, the use of molecular technology 
in systematics is increasing the number of distinct taxa of etiologically 
significant bacteria. Closely related, but phylogenetically distinct, bacte-
ria are often not distinguished by phenotypic markers (e.g. antigens and 
enzymes) used in conventional diagnostic methods. Molecular diagnos-
tics will therefore be increasingly required to provide the degree of dis-
crimination needed to detect and monitor bacterial plant diseases due to 
evolving or newly introduced pathogens.

Bacterial plant diseases are difficult to control. With few exceptions, 
chemical control options are not available. Agronomic practices in some 
cases can mitigate disease losses but the major means by which bacterial 
plant diseases can be controlled is by avoiding them altogether. Avoidance 
is more practical for some diseases than others, the main consideration 
being the source of inoculum. If the disease-causing bacteria are present 
in the environment, i.e. in soil, in insect vectors or on foliage of weed 
plants, transmission to and subsequent infection into host crop plants is 
difficult to avoid. Nevertheless, there are many bacterial plant diseases for 
which the main inoculum source is the planting material itself. Hence, the 
use of pathogen-free seed or vegetative propagation units is an important 
disease control strategy. Appropriate, sensitive and robust detection tech-
nologies are vital to the implementation of such strategies. There are many 
examples where detection methodologies represent the only disease con-
trol option available. Some examples of bacterial plant diseases that are 
borne on seed and vegetative plant propagation units (both herbaceous 
and woody) are described.



Seedborne bacterial pathogens

The black rot disease of crucifers, caused by Xanthomonas campestris pv. 
campestris, is typical of seedborne bacterial diseases. Testing seed lots for 
the presence of the pathogen is essential because the initial inoculum which 
is carried by infected seeds is a critical factor determining the severity of 
disease in the subsequent crop (Park et al., 2004). The industry standard for 
determining whether seed lots are contaminated by X. campestris pv. camp-
estris involves testing 30,000 seeds from each lot, as three subsamples of 
10,000 (Franken et al., 1991). However, successful seed testing depends on 
the availability of an efficient and reliable method to detect the pathogen.

Similarly, the use of disease-free seed is essential for cost-effective 
field production of tomato. Clavibacter michiganensis subsp. michigan-
ensis, the causal agent of bacterial canker of tomato, is a quarantine organ-
ism in various countries, including those in the European Union. It is 
considered to be the most important bacterial disease of tomato causing 
substantial economic losses worldwide. Infected seed is the primary inoc-
ulum source and the major cause of outbreaks of bacterial canker. Even a 
low (0.01%) transmission rate from seed to seedling can initiate a serious 
epidemic in field tomatoes (Tsiantos, 1987). Another example of a seed-
borne pathogen on tomato is the bacterial speck pathogen, Pseudomonas
syringae pv. tomato, which causes significant economic losses to the 
industry under certain disease-conducive conditions. Indexing of seed for 
the canker and bacterial speck pathogens is an important component of 
disease control strategies in tomato production.

The use of certified seed is necessary for effective control of common 
blight (X. campestris pv. phaseoli), halo blight (P. syringae pv. phaseoli-
cola) and bacterial wilt (Curtobacterium flaccumfaciens pv. flaccumfa-
ciens) on bean. These diseases are widespread and destructive on common 
bean, a major food crop in Africa and other bean-growing regions. The 
presence of extremely low levels of primary inoculum can initiate severe 
epidemics under favourable conditions. Long latency periods prior to the 
development of disease symptoms and the endophytic nature of patho-
gens such as the wilt bacterium and its occurrence in low numbers have 
made pathogen detection particularly difficult in seed certification 
programmes for bean as well as for quarantine inspection of imports 
(Guimaraés et al., 2001). Consequently, certification of seed as free of these 
pathogens requires the use of highly sensitive and specific methods. 
Similarly, P. syringae pv. pisi, the etiological agent of pea blight, is prima-
rily seedborne. It has near worldwide distribution and was first recorded 
in the UK in 1985 in a crop of protein peas grown from infected, imported 
seed (Stead and Pemberton, 1987). There is strong evidence linking the 
effectiveness of control with the degree of seed testing undertaken.

Stewart’s bacterial wilt and leaf blight of sweetcorn and maize is caused 
by Pantoea stewartii subsp. stewartii (syn. Erwinia stewartii) and is respon-
sible for serious crop losses. While the pathogen is spread by the corn flea 
beetle (Chaetocnema pulicularia), seed transmission is also a significant 
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component in the epidemiology of the disease (Michener et al., 2002). The 
potential risk of seed transmission is considered to be so important that 
more than 50 countries ban the importation of maize seed unless it is certi-
fied to be free of P. stewartii subsp. stewartii. Likewise, rice seeds contami-
nated with Acidovorax avenae subsp. avenae, the cause of bacterial stripe 
and various diseases on other monocotyledonous crop plants, are impor-
tant sources of primary inoculum and a means of disseminating the patho-
gen to new areas.

Bacterial dissemination on herbaceous plant propagation units

The impact of molecular test methods has been very significant in the seed 
potato industry. Potato tubers used for planting (i.e. seed potatoes) are the 
principle inoculum source for brown rot (Ralstonia solanacearum), bacte-
rial ring rot (C. michiganensis subsp. sepedonicus) and to a lesser extent 
blackleg and soft rot (Pectobacterium atrosepticum [synonym Erwinia
carotovora subsp. atroseptica], P. carotovorum subsp. carotovorum [syn. 
E. carotovora subsp. carotovora] and Dickeya spp. [syn. E. chrysanthemi]).
Asymptomatic, infected potato tubers are a major factor in the dissemina-
tion of R. solanacearum both locally and internationally. Because patho-
gen-free seed tubers are required to control pathogen dissemination, assays 
to detect R. solanacearum in tubers are most important. Race 3, biovar 2 of 
R. solanacearum is of particular concern to the potato industry. Although 
this bacterium was, at one time, considered to be restricted in its distribu-
tion to tropical and subtropical regions, its appearance in Sweden in 1976 
and intermittent outbreaks across Western Europe since the 1990s has 
changed that perspective. R. solanacearum also infects geraniums and it 
was detected in cuttings imported from Central America and Africa 
(Williamson et al., 2002). The testing for the pathogen in geranium cuttings 
has become an important practice for mitigating further distribution of the 
bacterium.

Even more than brown rot, bacterial ring rot spread is associated with 
latent tuber infection. Detection of latent infections of C. michiganensis
subsp. sepedonicus in potato seed lots is of prime importance in control-
ling the disease. Indexing tubers for the ring rot pathogen is done routinely 
in some domestic seed potato certification programmes as well as to satisfy 
international trade requirements. In contrast, some of the soft rot pectobac-
teria are prevalent in the environment and their presence on seed tubers is 
of incidental significance (Pérombelon, 2002). Nevertheless, other strains 
such as P. atrosepticum, which cause blackleg, appear to be more restricted 
to potato and the identification of seed lots free of the bacterium is a useful 
disease control practice (De Boer, 2002).

Xanthomonas axonopodis pv. manihotis causes bacterial blight of cas-
sava. The pathogen is both seedborne and carried on symptomless planting 
material. In the former case, the bacterium is borne either on the seed coat 
or in the embryo, and as such, it is of international concern during exchange 
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of germplasm as true seed. At the regional level, cassava is propagated veg-
etatively from pieces of stem and unless the use of contaminated planting 
stock is avoided, the pathogen is readily spread into new fields (Lozano, 
1986). Similarly, leaf scald disease of sugar cane (Xanthomonas albiline-
ans) is controlled by planting only healthy stalks. Latent infection with the 
pathogen is very common and such stalks are undoubtedly the most impor-
tant means of pathogen dissemination (Destefano et al., 2003).

Since many ornamental and flower crops are also multiplied vegeta-
tively, the use of pathogen-free mother plants is essential for controlling 
bacterial diseases. For example, production of anthurium, the second larg-
est tropical flower crop in the world, valued at US$20 million in 2002, is 
threatened by bacterial blight, caused by X. axonopodis pv. dieffenbachiae
(Robene-Soustrade et al., 2006). Latent infections, which are thought to be 
involved in the spread of the pathogen within and between countries, 
may be present for more than 1 year in anthurium propagative material. 
Disease control consists principally of prevention, sanitation and the use 
of axenically propagated plants. Also, Xanthomonas hyacinthi, causal 
agent of the yellows disease in hyacinth, is easily spread by wounding of 
bulbs during mechanical sorting in the presence of diseased bulbs. The 
development of a rapid and specific test to ascertain whether symptoms 
are caused by this yellow-pigmented bacterium is of utmost importance to 
hyacinth growers (van Doorn et al., 2001).

Bacterial dissemination on woody plant propagation units

Most fruit tree production depends on grafting appropriate scion cultivars 
onto specific rootstocks. Both the scion and the rootstock can be a source 
of bacterial infections. Apple propagation on dwarf rootstocks in Japan is 
limited by the occurrence of the crown gall disease, caused by 
Agrobacterium tumefaciens and Agrobacterium rhizogenes. Because the 
spread of the pathogen is enhanced by the use of contaminated scions and 
rootstocks, the use of pathogen-free plant parts for grafting is a high prior-
ity to prevent spread of the disease (Suzaki et al., 2004). Another disease 
on apple, fireblight (Erwinia amylovora), although transmitted mostly by 
wind, rain and insects, requires that apple fruit and breeding stock be 
tested for the presence of E. amylovora prior to export to areas where the 
disease is absent (Norelli et al., 2003).

Crown gall, caused by A. tumefaciens, is an important pathogen of 
grapevine in addition to being a pathogen of apple and other woody fruit-
producing crops. Economic losses due to this pathogen are not only from 
intrinsic plant damage, but also from restrictions in trade of potentially 
infected plants. Again, accurate detection methods are required to identify 
clean planting material (Cubero et al., 1999). Similarly, bacterial necrosis 
and canker (Xylophilus ampelinus) are serious diseases of table grape culti-
vars in the Mediterranean and in some regions within South Africa. Up to 
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80% loss in production occurs in infected plants. The bacterium survives in 
the vascular tissues and is transmitted by the use of infected propagating 
material. Because the pathogen is present in symptomless plants, it is crucial 
that growers screen propagating material prior to use (Panagopoulos, 1987).

X. axonopodis pv. citri and Xylella fastidiosa cause citrus canker and 
citrus variegated chlorosis, respectively. Because of the economic and quar-
antine importance of citrus canker, the accurate detection of the X. axonop-
odis pv. citri in seedlings, budwood and asymptomatic plants is critical and 
is the best approach to prevent further dissemination of the pathogen 
(Coletta-Filho et al., 2006). While X. fastidiosa is primarily transmitted by 
leafhoppers, it can also be transmitted to seedlings from seed (Li et al., 
2003) and can be spread through natural root grafts (He et al., 2000).

Other examples of bacterial diseases on orchard crops for which pri-
mary control strategies involve pathogen detection include olive knot, 
caused by Pseudomonas savastanoi and bacterial canker of hazelnut 
caused by Pseudomonas avellanae. Spread of both these pathogens is only 
limited by early detection of low bacterial levels in propagation material 
(Scortichini and Lazzari, 1996; Penyalver et al., 2000).

Methods to Detect Bacteria

Detection of pathogenic bacteria in seed and other plant tissues (particu-
larly in latent infections) is challenging because the target bacteria are 
often irregularly distributed and present as a small component of a much 
larger bacterial population. Moreover, it is often difficult to distinguish 
and identify pathogenic bacteria from all the soil-associated and other 
saprophytic bacteria normally present on plant surfaces. In addition to 
epiphytic and casual surface contaminants, non-detrimental or beneficial 
endophytic bacteria may also be present.

Traditional methods

Traditional techniques to detect the presence of pathogenic bacteria 
involve field inspection for symptoms and signs of disease as well as labo-
ratory tests. Laboratory procedures for detection of the bacteria may 
involve grow-out assays, serological tests such as enzyme-linked immu-
nosorbent assays (ELISA) and immunofluorescence microscopy. In addi-
tion, isolation of the bacteria on selective or semi-selective media is also 
done. Following isolation, strains need to be characterized by physiologi-
cal, biochemical and pathogenicity tests. Use of traditional methods are 
reliable and efficient for some of the bacterial plant pathogens, but for 
many others they lack adequate sensitivity and specificity. Another major 
disadvantage is the long times required for grow-out assays, bacterial iso-
lation and pathogenicity tests.
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Molecular-based methods

Extraction and purification of bacterial DNA from infected plant material
Since the introduction of the polymerase chain reaction (PCR) in the 1980s, 
a continuing challenge has been to isolate high-quality amplifiable nucleic 
acid from plant extracts (Mumford et al., 2006). The basic steps for isolation 
of nucleic acids involve tissue disruption followed by removal of proteins 
and washing of the nucleic acids to remove common plant substances 
which bind to DNA and/or are inhibitory to DNA polymerase (including 
proteins, polyphenols and acidic polysaccharides). Purification procedures 
generally use detergents and solvents. Detergents release nucleic acids from 
protein complexes into the aqueous phase of a phenol or chloroform extrac-
tion system. The most commonly used detergent is cetyltrimethyl ammo-
nium bromide (CTAB) (Doyle and Doyle, 1987). In the presence of a high 
level of salt, CTAB dissociates and precipitates proteins and polysaccha-
rides. Proteins released from the initial dissociation step are then precipi-
tated using deproteinizing agents, generally phenol and chloroform. Nucleic 
acids can then be precipitated from the aqueous layer using salt and alco-
hol. Such methods often involve multiple steps and hazardous reagents. 
For high-throughput routine diagnostic use, an increasing range of non-haz-
ardous automatable alternatives are available, including:

1. Immunocapture-PCR (IC-PCR) methods (e.g. van der Wolf et al., 1996; 
Khoodoo et al., 2005; Mulholland, 2005). These methods are simple, but 
are not generic since they require specific antibodies and associated pro-
tocols for each target pathogen.
2. Chelex extraction methods involve tissue disruption by heating (98–
100°C) in the presence of chelex resin which binds to heavy metals and 
other cellular components which may inhibit nucleic acid analyses. DNA 
extracted in this way is single-stranded and is suitable for PCR (Singer-
Sam et al., 1989; Boonham et al., 2002) but not for restriction fragment 
length polymorphism (RFLP) analyses.
3. Silica-based extraction methods rely on the lysing and nuclease- inactivating 
properties of guanidinium thiocyanate together with the nucleic acid-binding 
properties of silica particles. Proteins, salts or residual phenol and chloroform 
do not bind to silica and therefore can be eliminated during washes. Silica is 
available in different formats, including spin-columns (e.g. Boom et al., 1990) 
and silica-coated magnetic beads (e.g. Ward et al., 2004; Tomlinson et al., 
2005) and a wide range of DNA purification kits are commercially available, 
some being in automatable and high-throughput formats.
4. ChargeSwitch technology (DNA Research Innovation LTD (DRI), 
Sittingbourne, UK) is a new non-silica-based technology which avoids the 
used of ethanol, concentrated salts and organic solvents. Nucleic acids 
bind to the surface of coated particles when they are positively charged 
at pH < 6.5, but are eluted into buffers when the charge is neutralized at 
pH > 8.5. Proteins and other contaminants are not bound to the bead sur-
face and are washed away in the extraction process.
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5. Enzymatic protein digestion using proteinase-K, a serine protease with 
very broad cleavage specificity, for general digestion of protein in biologi-
cal samples including plant material and bacterial cells, to leave undi-
gested DNA (Mahuku, 2004). A new development of this technology uses 
a thermophilic protease, which while inactive at 37°C is fully active at 
75°C, and is irreversibly denatured at 95°C (Zygem Corp. Ltd., Hamilton, 
New Zealand). Thus, multiple enzyme reactions can be controlled with 
temperature by the addition of a mesophilic enzyme (such as lysozyme) 
and the two activities can be used sequentially with a simple temperature 
shift from 37°C to 75°C. A final high-temperature cycle at 95°C can be 
used to remove all residual enzyme activity prior to DNA analysis. This 
enables single-tube, high-throughput systems without the risk of cross-
contamination or misidentification of samples.

Assay formats for amplifying pathogen-specific nucleic acids

Molecular assays which involve amplification of DNA fragments to detect 
specific pathogen DNA sequences have a number of advantages over tra-
ditional methods. Various formats of such assays are available and 
although each has particular advantages and disadvantages, all have the 
potential for high specificity, sensitivity and speed.

Conventional polymerase chain reaction
PCR is a technique in which a specific nucleotide sequence is exponentially 
amplified in vitro. The amplification reaction is driven by temperature cycling 
to promote repeated template denaturation, primer annealing and extension 
of the annealed primers by a DNA polymerase until there is sufficient product 
for analysis. Specificity is attained by the design of primers that scan the 
genomic template for complementary target during the annealing step. Fidelity 
of primer hybridization depends on the stringency of the reaction, which in 
part, is a function of temperature and magnesium ion concentration. When 
PCR is used to detect low levels of bacteria in plant tissues, actual template is 
very dilute in comparison with the total amount of DNA in the sample. Dilute 
template presents a challenge for efficiency of the reaction, since collision fre-
quency of primer and template is markedly rare; hence, the first few cycles of 
the reaction are most sensitive to optimization of conditions, whereas in later 
cycles, the primer to template ratio becomes considerably more favourable.

DNA fragments (amplicons) generated during PCR reactions are detected 
by gel electrophoresis in the conventional procedure. Bands of DNA are visu-
alized by staining the gel with ethidium bromide and visualizing under ultra-
violet (UV) light. Bands of DNA can be provisionally identified by their degree 
of migration compared to amplicons generated in control PCR reaction, and 
to commercially available standards of DNA mixtures of varying sizes (DNA 
ladders). However, amplicon size alone can be misleading and additional 
verification of amplicon identity is required either by hybridization with a 
labelled probe, restriction analysis or sequencing of the amplicon.
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Immunocapture-PCR
This method combines two diagnostic tools in series, exploiting high-
affinity binding antibodies to selectively capture the target organism, 
generally from within a complex matrix, prior to detection by conven-
tional PCR amplification (Mulholland, 2005). The method has the advan-
tage that the initial purification step does not have to be specific, and 
frequently, genus-specific antibodies can be employed. In addition, it also 
has the advantage of removing the target organisms from substances which 
may inhibit or compete in the PCR amplification step. IC-PCR has been 
successfully used to detect X. axonopodis pv. dieffenbachiae, the cause of 
bacterial blight of anthurium, in vegetative propagation material (Khoodoo 
et al., 2005). Similarly, P. atrosepticum was detected by IC-PCR in pota-
to peel extracts containing both P. atrosepticum and its close relative 
P. carotovorum at low levels (van der Wolf et al., 1996). It was possible to 
enumerate P. atrosepticum to as low as 100 cells/ml, in contrast to con-
ventional PCR alone, in which it was only possible to enumerate cells at 
105 cells/ml, and only after the extract had been diluted 100 times to 
reduce the effect of inhibitors (van der Wolf et al., 1996).

PCR–ELISA
An alternate method for detection of PCR products relies on the use of 
ELISA to detect labels incorporated into the amplicons during PCR ampli-
fication. Such protocols may be particularly optimal for automated PCR 
detection because it avoids the need for gel electrophoretic analysis. 
A PCR–ELISA was developed for detection of E. amylovora, causal agent 
of fireblight of apple and other roscaceous plants (Merighi et al., 2000). 
In this protocol, PCR amplification was carried out in the presence of a 
digoxigenin-labelled nucleotide. Specific hybridization capture of amplicons 
on streptavidin-coated microtitre plates was achieved by designing a 5' 
biotinylated probe that could hybridize to an internal region of the 
PCR amplicon. Detection of the bound amplicons involved binding of anti-
digoxigenin-peroxidase-conjugated antibodies and addition of a colori-
metric or chemiluminescent substrate that could be read by an automated 
detector (Merighi et al., 2000).

BIO-PCR
The term BIO-PCR was coined to describe a procedure that involves an 
enrichment technique prior to extraction and amplification of DNA of the 
target bacterium (Schaad et al., 1995). The intent of the method is to achieve 
rapid and specific growth of the target bacterium and suppress the growth 
of non-target bacteria. The greater proportional population of the target 
bacterium is then easier to detect with less interference from the non-target 
microbial flora. Detection of P. savastanoi pv. savastanoi by PCR was 
enhanced by pre-enrichment in either non-selective King’s B medium or 
on a semi-selective medium designed for P. savastanoi pv. savatanoi
(Penyalver et al., 2000). Normally, the success of the method is wholly 
dependent on the availability of a reliable selective medium. Song et al.
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(2004) describe the development of such a medium for A. avenae subsp. 
avenae on rice seeds. Presumptive utilization of carbon and nitrogen com-
pounds for growth of the bacterium was determined by using Biolog GN 
Microplates. The most promising carbon and nitrogen compounds were 
then selected and tested by comparing the specificity and recovery effi-
ciency by dilution-plating techniques. Subsequently, several inhibitors 
were evaluated to reduce the growth of other rice-associated bacteria with-
out reducing the growth of A. avenae subsp. avenae. BIO-PCR not only 
increases the sensitivity of detection, but also avoids the possibility of 
detecting dead bacterial cells. Moreover, the enrichment step serves to 
minimize problems with PCR inhibitors because inhibitory molecules are 
sufficiently diluted out in the enrichment medium. However, quantifica-
tion of bacterial populations cannot be readily done with BIO-PCR, and if 
an adequate selective medium is lacking, organisms which compete with 
or are antagonistic to the target bacterium during enrichment can result in 
decreased rather than increased sensitivity of detection.

Nested PCR
Sensitivity of molecular detection is increased by nested PCR, which 
involves the introduction of a second round of amplification using the 
amplicon of the first PCR reaction as template for the second. However, 
the manipulation of the previously amplified products vastly increases 
the risk of cross-contamination in routine analysis. To avoid this problem, 
nested PCR can be carried out in a single closed tube by designing primers 
that support amplification at different temperatures. Bertolini et al. (2003) 
developed a nested PCR test for P. savastanoi pv. savastanoi using  external
primers that amplified at 62°C and internal primers that amplified at 50°C, 
but not at 62°C. In one nested PCR test developed to detect X. axonopodis
pv. dieffenbachiae in anthurium, the detection threshold was lowered to 
approximately 103 cfu/ml, which corresponds to one target DNA molecule 
detected per reaction (Robene-Soustrade et al., 2006). This sensitivity was 
suitable for detecting the target bacterium in symptomless plants. A nested 
PCR was also used to detect X. axonopodis in cassava seed (Verdier et al.,
2001). No DNA amplification was detected using conventional PCR, while 
with the nested procedure as few as 1.2 × 102 and 8.6 × 102 cfu were 
detected per reaction. Nested PCR was also used to detect X. ampelinus in 
grapevine cuttings (Botha et al., 2001) where it overcame the problem of 
excess non-target DNA template compared to target template. The first 
PCR run generated sufficient copy numbers of the target gene fragment to 
serve as a template for the internal primer pair. Consequently, low num-
bers of target cells could be detected when an excess number of saprophytic
bacteria were present.

Multiplex PCR
The simultaneous amplification of two or more amplicons in the same 
reaction mix is called multiplex PCR. This method is used to detect more 
than one bacterial pathogen at the same time, or to amplify a control DNA 
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fragment along with target DNA to ascertain the absence of PCR inhibitors 
when target amplicon is not generated. Multiplex PCR can take on differ-
ent formats and can be applied to conventional, competitive and real-time 
PCR assays. Multiplex PCR tests can utilize multiple primer sets, a pair for 
each amplicon to be generated, or the same primer pair can be used to 
amplify two different amplicons. Multiplex PCR is particularly useful to 
demonstrate the competence of amplification when plant extracts are 
present alongside the target DNA template. Amplification of an internal 
control indicates both successful DNA isolation and absence of PCR 
inhibitors within the DNA extract, thus avoiding the possibility of false-
negative results.

Pastrik (2000) and Pastrik et al. (2002) developed multiplex PCR tests 
to detect C. michiganensis subsp. sepedonicus and R. solanacearum in 
potato tissue, respectively. In addition to amplifying a targeted DNA frag-
ment from the bacterial pathogens, a second set of primers was included 
to amplify a region of the 18S rRNA gene which is conserved in various 
eukaryotes, including angiosperms such as potato, tomato and aubergine. 
A very similar strategy was used to develop a multiplex PCR to detect 
X. campestris pathovars in Brassica seed (Berg et al., 2005). The amplifi-
cation of an rRNA gene fragment from Brassica species also served as an 
internal control to judge the success of DNA extraction and freedom from 
PCR-inhibiting components. The relative concentration of the primer sets 
is critical for the sensitivity of the PCR assay. When the concentration of the 
plant-targeted primer set is too high, amplification of the bacterium-
specific DNA fragment decreases, reducing the sensitivity of the test 
(Pastrik, 2000). In an optimized multiplex PCR, it is possible to detect 
specific bacteria at a sensitivity equivalent to uniplex PCR. However, opti-
mization can be difficult since the ratio of plant to bacterial DNA is often 
variable and unknown. To avoid some of the competition between ampli-
fication of target and control DNA fragments, it is also possible to construct
an artifical control by ligating primer sequences to a heterologous DNA 
fragment (Smith et al., 2007). Amplification of both target and control 
DNA is then directed by the same primer set. Subsequent differentiation 
of amplicons is readily done, depending on the PCR format, by hybridization, 
sequencing or melt curve analysis.

Competitive PCR
This technique, a form of multiplex PCR, allows the simultaneous detection
and quantification of target organisms. Like multiplex PCR, competitive 
PCR has value in that it can be used to differentiate a true negative reaction
from other factors that may result in an unsuccessful amplification, namely 
the presence of PCR inhibitors. Competitive PCR relies on the construction 
of a competitor or internal DNA standard which is amplified using the 
same primers as those designed for the target organism. The competitor 
DNA is generally cloned into a suitable vector, e.g. Escherichia coli and 
known amounts of whole cells or extracted DNA are introduced into the 
assay. This method was used to detect and quantify C. michiganensis
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subsp. sepedonicus DNA in infected plant tissues (Hu et al., 1995). The 
competitive DNA template was generated by the amplification of 
Arabidopsis genomic DNA to yield a 450 bp amplicon distinct from the 
250 bp amplicon characteristic of C. michiganensis subsp. sepedonicus.
The ratio of the PCR products amplified in the presence of a constant 
amount of internal standard DNA template increased linearly and compet-
itively with increased amounts of C. michiganensis subsp. sepedonicus
DNA. Cell numbers estimated by immunofluorescence were consistent 
with PCR product ratios obtained from cell cultures and inoculated potato 
plantlets (Hu et al., 1995). Compared to immunofluorescence, competitive 
PCR was about tenfold more sensitive and could detect as few as 100 cells. 
A similar approach was used to quantify the potato pathogen, P. atrosepti-
cum (Hyman et al., 2000). Predetermined numbers of bacterial cells con-
taining competitor template were added to potato peel extract, either 
pre-inoculated with P. atrosepticum or from naturally contaminated tubers, 
and pathogen numbers were estimated by comparing the ratio of products 
generated from P. atrosepticum target DNA and competitor template DNA 
following PCR. Although this method has advantages over conventional 
PCR in that it can quantify the target and be used to distinguish true nega-
tive results, it is difficult to perform routinely and has possibly been super-
seded by real-time PCR in recent years.

Real-time PCR
This method is so named because it allows the measurement of amplicon 
generation while the reaction proceeds. It provides further advantages as 
a one-step reaction over all conventional-based PCR methods, including 
nested PCR, competitive PCR, etc., which rely on the use of agarose gels to 
detect the amplicon. Measurement of amplicon accumulation is achieved 
in the majority of cases using one of two detection chemistries – the 5' 
nuclease or TaqMan assay, or the use of a DNA-binding dye such as SYBR 
Green. Although other reporter systems are available (see Wong and 
Medrano, 2005), all methods are dependent on dedicated instrumentation 
that is capable of cycling the reaction temperatures and capturing the 
fluorescent signals. SYBR Green is a double-stranded DNA (dsDNA)-
binding dye which is incorporated into amplicons during the PCR. When 
the dye binds to the minor groove of dsDNA, the intensity of fluorescence 
emission increases. Hence, measurement of fluorescence during PCR 
amplification is a function of the amount of dsDNA amplicons in the 
reaction mix. The advantage of this chemistry for real-time PCR is that no 
additional probes are required. However, post-amplification analysis is 
required to identify the amplicon since the method detects all amplified 
products, including non-specific DNA fragments. A melting-curve analysis
is usually the most convenient way to confirm specific amplification. The 
melting profile should be a single peak.

The 5' nuclease or TaqMan assay requires two primers as in conven-
tional PCR that amplify a DNA fragment in the 50–100 bp size range. In 
addition, a probe designed to hybridize specifically to the target PCR 



178 S.H. De Boer et al.

product is included in the reaction. The probe is labelled with a fluores-
cent reporter dye and a quencher dye, so that while the reporter dye is in 
close proximity to the quencher dye, no fluorescence signal escapes from 
the molecule. The probe is designed to hybridize to the complementary 
region of the amplicon during each PCR cycle. Subsequently, during the 
amplification step, the assay exploits the 5' nuclease activity of Taq DNA 
polymerase and the probe is digested by the polymerase, separating the 
dyes and permitting the escape of the reporter fluorescence signal. Repeated 
PCR cycles result in exponential amplification of the PCR product and a 
corresponding increase in fluorescence intensity. Measurement of fluores-
cence throughout the PCR cycling regime provides a means to analyse the 
reaction kinetics in real time as well as to quantify amplicon accumula-
tion. The amplicons generated by TaqMan are considerably shorter than 
the amplicons in conventional PCR, which should be at least 150 bp in 
length to be readily detected by electrophoretic separation techniques. 
This increased efficiency is coupled with greater specificity engendered by 
the requirement of probe hybridization to the amplicons during each PCR 
cycle. Moreover, the measurement of fluorescence throughout the reaction 
eliminates the need for post-PCR processing to reveal the presence of 
amplicon product. Fluorometric readings can be used to simply determine 
the presence or absence of amplified DNA, corroborating the presence or 
absence of the target bacterium. Alternatively, the fluorometric readings 
captured in real time can facilitate quantification of sample DNA. The 
number of cycles required to reach a predetermined threshold (threshold 
cycle, CT) is correlated with the concentration of template DNA originally 
present in the sample. Comparison of threshold cycles to those of standard 
preparations of varying DNA concentrations provides a quantitative esti-
mate that relates back to bacterial density in a sample.

Another major advantage of real-time PCR for bacterial detection is the 
reduced potential for cross-contamination when compared to conventional 
PCR. Because the real-time method does not require post- amplification
analysis, the PCR tubes that contain amplified DNA never need to be 
opened in the laboratory. The high concentration of specific DNA  fragments
that are generated by PCR amplification is easily aerosolized by any post-
PCR manipulations. Even with the best laboratory practices, cross-contam-
ination of new samples with aerosolized DNA from previous runs is almost 
inevitable in conventional PCR. The quantitative signals in real-time PCR 
are measured directly in the test tubes. The assay can be run with high 
sample numbers and is thus suitable for large-scale monitoring and screen-
ing procedures. The advantages of real-time PCR are a quantitative detec-
tion of the pathogen, the potential for high sample throughput, and the 
absence of the need for time-consuming post-PCR analysis.

Real-time PCR detection has been combined with the BIO-PCR strat-
egy to detect R. solanacearum race 3, biovar 2, in potato at a high level 
of sensitivity (Ozakman and Schaad, 2003). In addition, it can be multi-
plexed to allow the simultaneous detection of two targets as illustrated by 
an alternative approach for the detection of R. solanacearum (Weller et al.,
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2000). In this assay, primers and probes were designed to allow the detec-
tion of specific members of the species (phylotype and sequevar) as the 
cause of potato brown rot. This assay can be used simultaneously to estab-
lish the presence of an infection and determine the identity of the intraspe-
cific group involved.

NASBA
A non-PCR isothermal nucleic acid amplification procedure known as 
nucleic acid sequence-based amplification (NASBA) has been evaluated 
for detecting plant pathogenic bacteria. It is a particularly interesting pro-
cedure in that it uses RNA rather than DNA as template. The RNA tem-
plate increases the probability that nucleic acid from only viable bacterial 
cells is amplified (since the half-life of RNA molecules is very short) and 
it may also increase sensitivity due to the greater copy number of RNA 
molecules compared to DNA. NASBA is based on exponential amplifi-
cation of single-stranded RNA molecules by simultaneous activities of 
reverse transcriptase and polymerase enzymes (Kievits et al., 1991). The 
procedure begins with extension of a primer containing a T7 promoter 
sequence on an RNA template by avian myeloblastosis virus reverse tran-
scriptase (AMV-RT), followed by degradation of the RNA strand of the 
newly formed RNA/DNA duplex by RNase H. Subsequently, a second 
primer anneals to the resulting single-stranded DNA and a complemen-
tary DNA strand is synthesized by the DNA-dependent DNA polymerase 
activity of the AMV-RT, yielding a dsDNA molecule including a T7 RNA 
polymerase promoter sequence. The T7 RNA polymerase then gives a 100- 
to 1000-fold increase in specific antisense RNA. The sensitivity of NASBA 
for detection of R. solanacearum in potato tuber extracts was estimated to 
be 104 cfu/ml, equivalent to 100 cfu/reaction (Bentsink et al., 2002). The 
detection level for purified RNA was estimated to be 104 rRNA molecules, 
which corresponded to less than a bacterial cell. Real-time NASBA proto-
cols have also been devised for detection of C. michiganensis subsp. sepe-
donicus (van Beckhoven et al., 2002) and R. solanacearum (van der Wolf 
et al., 2004) in potato by combining RNA amplification with molecular 
beacons. Molecular beacons are single-stranded oligonucleotides which 
contain a stem and a loop structure. The loop is complementary to the 
sequence of the target, and the adjoining stem has a double-stranded struc-
ture. Complementary ends of the stem are labelled with a fluorophore and 
a quencher, respectively. When the loop hybridizes to the target, the stem 
opens up, causing the fluorophore and quencher to become physically 
distanced, with resulting fluorescence emission.

Primer or probe selection strategies

Whether molecular detection is by conventional, real-time or other nucleic 
acid amplification strategy, the success of specific detection is always a func-
tion of the uniqueness of the DNA or RNA fragment targeted. In addition, if 
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the targeted nucleic acid sequence is not present in all strains of the bacterial 
species of interest, complete detection cannot be achieved. Furthermore, if 
the targeted nucleic acid sequence occurs in other bacteria besides the bacte-
rial species of interest, then false positives will result. Various strategies have 
been used to identify regions within the bacterial genome that provide the 
optimal level of target specificity. Targeted areas include the intergenic 
spacer region of the ribosomal gene cluster, pathogenicity-related genes and 
non-specified taxon-specific genomic fragments.

Intergenic spacer region
The eubacterial intergenic transcribed spacer (ITS) region between the 16S 
and 23S rRNA genes, which typically contains one or two tRNA genes, is 
considered an ideal region for developing PCR primers that are specific to 
targeted bacterial taxa. This region of the genome contains extensive 
sequence variation at the genus and species levels, yet retains remarkable 
conservation of sequences within species, subspecies and pathovars of 
plant pathogenic bacteria. C. michiganensis was one of the first phytopatho-
genic bacterial species for which the ITS region was targeted for the devel-
opment of subspecies-specific PCR primers (Li and De Boer, 1995). Sequence 
similarity of the ITS region, initially amplified by universal primers 1493f 
and 23r, for the five C. michiganenesis subspecies was determined to be in 
the order of 95%. Yet, sufficient single-base differences, insertions and dele-
tions were present to enable design of primers specific for C. michiganensis
subsp. sepedonicus. These primers have found extensive use in testing for 
the presence of the bacterial ring rot pathogen in latently infected potato 
tubers (Li and De Boer, 1995). The two base-pair difference at the 3' end 
of the forward primer and the one base-pair difference and one insertion 
near the 3' end of the reverse primer were sufficient to prevent amplifica-
tion of the other C. michiganensis subspecies.

Similarly, ITS-based primers were developed for P. stewartii (Coplin 
et al., 2002) and X. ampelinus (Botha et al., 2001) by conventional PCR, and 
for A. avenae subsp. avenae (Song et al., 2004) and Burkholderia glumae
by real-time PCR (Sayler et al., 2006). In these examples, ITS sequences of 
the target species or subspecies were compared in silico with analogous 
sequences available in GenBank. Subsequently, specific primer sequences 
were selected using any one of a number of software programmes that are 
available for primer selection and characterization.

Pathogenicity-related genes
Genes directly involved in plant pathogenicity are logical targets for the 
development of pathogen-specific DNA primers and probes. Those genes 
within gene clusters that encode for the hypersensitive reaction and patho-
genicity (hrp) may contain, in part, the code that determines host specificity 
as part of the disease-causing process. Furthermore, analysis of the nucle-
otide sequences of the hrp gene clusters in phytopathogenic bacteria such 
as Xanthomonas spp. has revealed that the organization and size of the 
majority of the hrp genes are highly conserved within the genus. The HrpF 
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protein may play a role in determining the host specificity of pathogenic 
xanthomonads and the gene showed low homology to sequences of other 
xanthomonad pathovars. The 3' end of the hrpF gene was subsequently 
used to develop PCR primers to differentiate X. campestris from other spe-
cies (Park et al., 2004; Berg et al., 2005). Similarly, specific primers to 
P. syringae pv. tomato were based on a similar hrp gene, hrpZ (Zaccardelli 
et al., 2005). hrpZ is a chromosomal gene located in the hrp/hrc pathogenic-
ity island of P. syringae pv. tomato, and is essential for symptom production 
in host plants and the hypersensitive response in non-hosts. The hrpZ gene 
encodes a class of type III secreted proteins which are able to elicit a hyper-
sensitive response in tobacco and trigger systemic acquired resistance in 
Arabidopsis. The hrpZ open reading frame is the second gene in an operon 
which encodes components of the type III secretion apparatus and its phys-
ical position is conserved among phytopathogenic pseudomonads, as was 
demonstrated by multiple alignments of the nucleotide sequences of the 
hrpZ open reading frames of P. syringae pathovars (Zaccardelli et al., 2005). 
Contrary to avr/hop genes, hrpZ is not known to have homologues in regions 
of the genome unlinked to the hrp/hrc cluster, and, therefore, can be consid-
ered a genetically stable trait. A short pathovar-specific sequence with 
appropriate GC content was selected for potential primer design. Specific 
primers for P. avellanae were selected from the regions of yet another hrp
gene, hrpW, that differed in sequence from the hrpW gene of P. syringae pv. 
tomato, and P. syringae pv. syringae (Loreti and Gallelli, 2002).

A conserved region of the pelADE cluster (420 bp) specific to Dickeya
spp. which encodes for three of the five pectate lyase proteins involved in 
the maceration and soft-rotting of plant tissues has been used successfully 
to differentiate strains of soft-rotting enterics obtained from different hosts 
and geographical areas (Nassar et al., 1996). Amplification was obtained 
with all Dickeya spp. while no PCR products were obtained from other 
soft-rotting pectobacteria or non-pectinolytic relatives.

The cps gene region in P. stewartii is a second major pathogenicity-related 
gene cluster in addition to the hrp gene cluster of this maize pathogen. While 
the hrp cluster contains genes which encodes a type III secretion system that 
is necessary for general pathogenicity, the cps gene cluster comprises 12 
genes that encode for the production of the exopolysaccharide, stewartan. 
The cps gene cluster is similar to the ams gene cluster of E. amylovora that is 
responsible for the synthesis of the stewartan-like polysaccharide, amylovo-
ran. However, three glycosyl-transferase genes differ between the ams and 
cps clusters. One of these genes, cpsD, proved to be useful for developing 
PCR primers specific for P. stewartii (Coplin et al., 2002).

In X. axonopodis pv. citri, there is a gene cluster that regulates the expres-
sion of pathogenicity factors known as rpf genes. Analysis of the organiza-
tion of these genes revealed significant differences from the rpf gene cluster 
in X. campestris pv. campestris and other plant pathogenic xanthomonads. 
Primers selected from within the rpf gene cluster of X. axonopodis pv. citri
specifically amplified a 581 bp amplicon from the bacterium (Coletta-Filho 
et al., 2006).
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P. savastanoi is uniquely pathogenic to olive, resulting in the produc-
tion of tumorous outgrowths known as the olive knot disease. Pathogenicity 
in this bacterium is dependent on the production of the phytohormone, 
indolacetic acid (IAA), and cytokinins. An iaaL gene encodes the conver-
sion of IAA to IAA-lysine. This gene was targeted as a source of external 
and internal primer sequences for specific nested PCR amplification of 
the olive knot pathogen (Bertolini et al., 2003).

Pathogenicity of some of the P. syringae pathovars is enhanced by the 
production of phytotoxic compounds. Phaseolotoxin, for instance, is a 
non-host-specific toxin that induces chlorosis in leaves of several plant 
species by inhibiting ornithine carbamoyl transferase, a critical enzyme in 
the urea cycle. Sequences of DNA coding for phaseolotoxin biosynthesis 
are organized into a large (>30 kb) gene cluster (tox cluster). PCR with 
primers selected for the open reading frame of the phaseolotoxin gene 
cluster amplified DNA from toxigenic strains of P. syringae pv. phaseoli-
cola, but not from strains that did not produce the toxin (Marques et al.,
2000). However, since non-toxigenic strains of the bacterium also play an 
important role in the epidemiology of halo blight disease of bean, another 
set of primers needed to be developed to detect all pathogenic strains. 
Pathogenic, non-toxigenic strains could be detected by PCR using primers 
that targeted the avirulence gene, avrPphF, that is embedded in a plasmid-
borne pathogenicity island (Rico et al., 2003). Although the repertoire of 
avirulence genes varies with races of the bacterium, DNA from all of the 
non-toxigenic strains and a few toxigenic strains of P. syringae pv. phase-
olotoxin were PCR-amplified with the avirulence gene primers. Another 
example in which a toxin gene sequence was successfully employed for 
development of pathogen-specific PCR primers relates to P. syringae pv. 
tomato (Cuppels et al., 2006). In this case, the sequence of a 5.3 kb frag-
ment from the gene cluster controlling production of the phytotoxin coro-
natine, which was previously used successfully as a DNA detection probe, 
served as the basis for selecting the primers.

Primers derived from pathogenicity-related plasmid sequences were 
also useful for PCR detection of E. amylovora (Salm and Geider, 2004). All 
naturally occurring strains of E. amylovora contain the non-transmissible 
plasmid pEA29. Genes encoded by this plasmid greatly enhance patho-
genicity of the bacterium although they are not strictly required for the 
bacterium to cause disease. The real-time TaqMan assay developed from 
the plasmid sequence amplified a 112 bp fragment. The melting tempera-
ture of the primers at 55–60°C was about 10°C lower than the melting 
temperature of the GC-rich probe. In a similar way, a PCR test with prim-
ers based on published sequences of the universal virulence gene, virC,
encoded by the Ti or Ri plasmids was designed for detection of tumori-
genic strains of Agrobacterium spp. (Suzaki et al., 2004).

The fact that X. hyacinthi can be specifically detected by antibodies to 
fimbriae suggested that possession of fimbriae is a pathogenesis-related 
characteristic. van Doorn et al. (2001) initially cloned and sequenced the 
fimbrial gene, by first amplifying it with degenerate primers designed 
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from the amino acid sequence of the fimbriae subunit. Although the fimA
gene of X. hyacinthi was found to have regions of homology with fimbrial 
and pilin genes of other bacteria, specific primers could be developed 
from the hypervariable central and C-terminal region of the gene.

Non-specified genomic sequences
Some PCR tests that are very useful for detection of specific bacterial phy-
topathogens utilize primers that were selected from genomic DNA frag-
ments as being unique to the bacterial pathogen of interest without a priori
knowledge of the function of the particular gene region. This approach 
usually involves either a subtraction hybridization step or isolation of a 
species-specific polymorphic band from a repetitive PCR experiment.

The subtraction hybridization method involves a protocol in which frag-
mented DNA from the target bacterium is hybridized to DNA from a closely 
related non-target bacterium on a solid support. Unhybridized DNA from 
the target bacterium will constitute a fraction that is enriched in fragments 
which lack complementary sequences in the related bacterium. Genomic 
fragments unique to the species P. atrosepticum and carotovorum, for exam-
ple, were identified from a cloned genomic library by their inability to 
hybridize with the taxonomically related E. coli (Ward and De Boer, 1990). 
The sequence of one clone that hybridized specifically with strains of 
P. atrosepticum was subsequently used to design species- specific primers 
(De Boer and Ward, 1995). In another study, DNA fragments unique to 
P. atrosepticum were isolated by using P. carotovorum subsp. carotovorum
as the source of subtractor DNA (Darrasse et al., 1994).

Genomic primers specific for C. michiganensis subsp. sepedonicus
were designed by Mills et al. (1997) from clones prepared from DNA of the 
target bacterium that were not subtracted by hybridization to a DNA cock-
tail. The cocktail consisted of total DNA extracted and pooled from three 
related strains, including C. michiganensis subsp. michiganensis and 
subsp. insidiosus, and Rhodococcus facians. Three rounds of subtraction 
hybridization were carried out and the remaining enriched target DNA 
fragments were amplified and cloned. Three clones that hybridized only 
to C. michiganensis subsp. sepedonicus DNA were sequenced and used to 
design three different sets of subspecies-specific primers. This unique 
sequence has also been used to develop real-time BIO-PCR assays for 
C. michiganensis subsp. sepedonicus (Schaad et al., 1999).

To identify a unique genomic DNA sequence for E. amylovora, five 
cloned sequences were hybridized to 69 strains of E. amylovora and 29 
strains of other Erwinia spp. (Taylor et al., 2001). One clone that hybrid-
ized to DNA from all E. amylovora strains, but not to DNA extracted from 
the other Erwinias, was sequenced and used to design PCR primers. Two 
30-mer oligonucleotide primers corresponding to sequences near the ter-
mini of the cloned insert were shown to direct the synthesis of a 187 bp 
PCR product exclusively from E. amylovora.

Repetitive PCR methods involve amplification of many small DNA frag-
ments with relatively small primers. Subsequent electrophoretic separation 
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of amplification products generates multiple bands. Comparison of banding 
patterns of the target species with the heterologous species usually reveal 
polymorphisms useful in the differentiation of taxons. Individual polymor-
phic bands may constitute genomic sequences that are unique to the source 
bacterium. To design specific primers for R. solanacearum, characteristic 
banding patterns obtained by random amplification of polymorphic DNA 
(RAPD) using 15 primers were analysed (Lee and Wang, 2000). One major 
reproducible fragment of 0.7 kb was cloned and shown to hybridize with a 
2.7 kb EcoRI fragment of genomic DNA from R. solanacearum. The EcoRI 
fragment was excised from the gel, cloned and tested for specificity. After 
confirming specificity, the fragment was sequenced and used to generate 
two primers that amplified a 1.1 kb fragment of all R. solanacearum strains 
tested but not other bacteria.

A similar RAPD-based PCR technique was used to identify DNA frag-
ments that were putatively specific to X. axonopodis pv. dieffenbachiae.
One of the random primers resulted in amplification of a major 1.6 kb 
amplification product from all X. axonopodis pv. dieffenbachiae strains 
that was absent in other Xanthomonas spp. and subspecies tested. This 
fragment was specifically hybridized to the target bacterium, and was 
cloned, sequenced and used as sequence-characterized amplified region 
(SCAR) markers. One of the SCARs was used to develop a nested PCR 
protocol (Robene-Soustrade et al., 2006). In the same way, representative 
isolates of Pseudomonas corrugata were subjected to RAPD-PCR with 
nine primers (Catara et al., 2000). Amplified fragments were labelled and 
used as hybridization probes to determine specificity. Two fragments were 
cloned and sequenced. Primers were designed from the fragment sequences 
and used to develop a PCR test specific for the pathogen causing tomato 
wilt necrosis.

Insertion elements
These are mobile genetic elements that are only known to encode func-
tions involved in insertion events. A non-coding region of insertion 
sequence IS1405 was used to design specific primers to detect race 1 
strains of R. solanacearum (Lee et al., 2001). IS1405 is 1174 bp in length 
and has 18 bp imperfect terminal-inverted repeats and contains a single 
open reading frame encoding a protein of 321 amino acids. IS1405 is 
related to the IS5 subgroup of insertion sequences, and the sequence simi-
larity between members of IS5 subgroup corresponds to the relationship 
of the host organisms. Comparison of the nucleotide sequence of IS1405
with that of insertion sequences of the IS5 family indicated that the extent 
of identity was 51–54%, but only 23–31% in the non-coding region. 
Therefore, primers could be selected from the more diverse non-coding 
region to develop a PCR test for R. solanacearum race 1.

Sequences within a rare insertion element were used to develop a PCR 
test for C. michiganensis subsp. insidiosus (Samac et al., 1998). An element
related to IS1122 that occurs in C. michiganensis subsp. insidiosus was 
only found in C. michiganensis subsp. sepedonicus among more than 40 
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species of bacteria tested. The two insertion elements, each 1078 bp in 
size, shared 88% sequence identity and occurred as 30–50 copies within 
the genomes of the respective pathogens. Regions of significant sequence 
diversity between the elements permitted development of a subspecies-
specific primer set.

Sensitivity and Specificity of Detection

The success of laboratory testing for the presence of bacterial plant patho-
gens is a function of test specificity and sensitivity. The specificity of a 
test is evaluated by determining reactivity with organisms which are 
closely related to the target bacterium, as well as to the organisms gener-
ally associated with relevant crop plants. In addition, it is important that 
the test is applicable to the whole spectrum of representative strains of the 
pathogen under consideration. It is, of course, a theoretical possibility 
that entirely unrelated microorganisms, not tested during specificity eval-
uation, could share identical gene sequences. However, an inability to 
develop sufficiently specific tests has not yet been reported for any one 
plant pathogenic bacterium. Furthermore, specificity can be significantly 
improved by amplifying multiple specific target sequences from different 
regions of the genome of the target organisms in different PCR reactions.

Test sensitivity is more difficult to establish than specificity. The 
exquisite sensitivity of PCR itself has been well documented and many 
PCR assays developed for plant pathogenic bacteria report a sensitivity of 
less than 10 cells per PCR reaction. However, since high reagent costs dic-
tate that reaction volumes be low (usually 25 µl), the amount of sample 
DNA analysed in each reaction is also very small (usually 1–2 µl of 
extracted DNA). The high level of analytical sensitivity also makes molec-
ular techniques susceptible to cross-contamination and carry-over prob-
lems, leading to false-positive results. Moreover, the presence of inhibitors 
can cause false-negative results. After initial validation, test performance 
needs to be continuously monitored and test results compared to those 
obtained by other test methods.

The probability of detecting the presence of plant pathogenic bacteria 
in a plant sample is therefore a function of multiple factors. These include 
the population size of the target bacterium and the relative density of the 
target and non-target microbes within the sample, and factors related to 
the distribution of the target bacterium in the population of seed, tuber or 
whatever tissue is being sampled, as well as the sampling strategy, sample 
size, DNA extraction protocol and volume of the extract that can be accom-
modated in the PCR reaction. Hence, in practical terms, PCR detection of 
bacteria in plant samples is usually in the range of 103–105 cells/ml of 
plant sample homogenate, about 10- to 100-fold less sensitive than when 
PCR is applied to pure cultures. Measurement of test sensitivity, often 
conducted by diluting pure cultures in plant sample homogenate, may not 
accurately reflect the ability to detect bacteria that occur in association 
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with plants or plant parts grown under field conditions. The physiologi-
cal state of the bacteria, gene copy number, concentration of extraneous 
DNA and coextracted compounds may affect amplification of target DNA 
sequences in the final extract used for the PCR reaction.

Validation of Molecular Diagnostic Protocols

While an increasing number of molecular diagnostic methods are becom-
ing available for plant pathogenic bacteria, few have yet to be incorporated 
into routine testing procedures and fewer, if any, have been adopted as the 
sole approach for official testing in trade scenarios. At present, molecular 
assays are mainly used for added confirmation of results obtained through 
conventional test methods which have been fully validated over many 
years. Demand is nevertheless increasing, on the grounds of cost-efficiency 
and ease-of-use, for robust generic molecular tests such as real-time PCR, 
which permit high-throughput, automated and quantitative testing for 
multiple target organisms. Only when fully validated will the potential 
benefits of current molecular diagnostics technology be realized.

Although molecular assays potentially offer increased sensitivity over 
many conventional methods, this is often not the case in practice, since 
high costs of molecular reagents tend to limit the sizes of sample which can 
be tested. In fact, the advantage of molecular over conventional technology 
in routine testing is often the increased specificity rather than sensitivity. 
Validation of the specificity of molecular assays is facilitated by the oppor-
tunity to perform in silico comparisons of target probes and primers against 
an ever-expanding bacterial DNA sequence database. Nevertheless, sequence 
databases are far from complete and in silico validation does not replace the 
need to test new assays against a wide range of bacteria, including those 
related to the target organism as well as those commonly found in test mate-
rials. Assay validation should therefore encompass testing of a high number 
of known positive and negative samples as well as known organisms (related 
and unrelated) obtained from culture collections. The specificity of molecu-
lar assays can be greatly enhanced when detecting more than one specific 
sequence per target organism, as in real-time PCR assays prescribed for test-
ing potatoes for C. michiganensis subsp. sepedonicus (Schaad et al., 1999) 
and R. solanacearum (Weller et al., 2000).

There are no standardized rules as to how individual tests should be 
validated prior to routine use. A number of key principles, examples of 
good practice, that can be used as a guide are as follows:

● New methods should have been published in peer-reviewed  journals
with data indicating specificity, sensitivity and  reproducibility of the 
method.

● PCR methods should have internal amplification controls and suffi-
cient other positive and negative controls to allow discrimination of 
false-positive and false-negative results. At least one positive control 
should be included such that amplification is detected at or near the 
limit of detection.
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● The performance of new methods should be assessed against an exist-
ing method, which serves as a gold standard.

● Data should be obtained by first testing a set of reference strains, fol-
lowed by a more comprehensive testing phase using both tests in par-
allel with a large number of known positive (naturally infected) and 
negative samples.

● Where detection methods require approval for national or suprana-
tional testing or monitoring programmes, validation is generally 
achieved using multi-laboratory trials or ring tests in which the sensi-
tivity, selectivity, ease-of-use and robustness of protocols are deter-
mined by supplying methods, blind strains, naturally or artificially 
infected and non-infected samples and standardized reagents to a 
number of laboratories and analysing the results obtained by each par-
ticipant (for a brief discussion of this issue, see Hoorfar et al., 2004).

Such an approach was used to approve conventional, multiplex PCR 
assays for C. michiganensis subsp. sepedonicus (Pastrik, 2000) and 
R. solanacearum (Pastrik et al., 2002) for use as a primary screening test 
in recently revised official European Union test procedures for potatoes 
(Anonymous, 2006a,b). Initially, the PCR assays were evaluated against a 
range of strains of each pathogen, close relatives and bacteria which were 
likely to be found in the host, potato. After this, in the case of C. michigan-
ensis subsp. sepedonicus, 3500 composite samples of 200 tubers from 143 
different potato varieties were tested. All positive findings were confirmed 
with the established detection methods of immunofluorescence and an 
aubergine bioassay. Of the 33 positive findings obtained by multiplex 
PCR, 25 were verified by either immunofluoroscence or bioassay, with 11 
of these verified by both methods. A similar approach was employed in 
the development of the PCR assay for R. solanacearum (Pastrik et al.,
2002) where 4300 samples of 200 tubers from 143 cultivars of potato were 
tested. All positive findings were verified by immunofluorescence and a 
tomato bioassay. Of these, 13 samples tested positive by PCR, immuno-
fluorescence and bioassay, while 12 were positive by immunofluo rescence
but negative for both PCR and bioassay. These studies, while highlighting 
good practice, also showed that it is not always possible to verify every 
result using a completely different test methodology.

Conclusions and Future Directions

Over a relatively short period of time, the molecular detection of plant path-
ogenic bacteria has become an important component in the development of 
plant disease management strategies. The value of these methodologies is 
beyond doubt and there are strong indications that our reliance on them 
will increase dramatically in the future. At present, molecular detection 
methods are frequently used in parallel or as confirmatory tests with other 
methods such as ELISA, immunofluorescence and isolation. However, 
deploying these methods in combination with alternative approaches is 
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unlikely to continue into the medium to longer term as a combination of 
improvements in ease-of-use, accuracy and speed continue to be accrued by 
molecular detection methodologies. The methods and technologies 
described here highlight trends that may provide clues as to future direc-
tions that molecular detection strategies may take. However, the biggest 
obstacle against large-scale adoption will always be the cost. Molecular 
detection strategies will be adopted only if they provide significant savings 
on existing methods of diagnosis and detection. Cost savings are being 
derived and will continue to do so through automation and the possibility 
of performing large numbers of tests simultaneously (Mumford et al., 2006). 
In recent years, multiplexing and quantification have taken diagnostics to 
new levels (Lievens and Thomma, 2005). Recent developments in high-
throughput DNA extraction systems and the introduction of 384 well plate 
real-time PCR machines are bringing these technologies within the reach of 
many regulatory laboratories around the world (Lievens and Thomma, 
2005). In the immediate future, it is likely that more and more diagnostic 
laboratories and inspection agencies will embrace these technologies.

Developments in molecular detection strategies for phytobacteria are 
greatly influenced by technological advances in the medical field and the 
growing interest in biosecurity. With regards to the latter, a key step in any 
counterterrorism measure will be the rapid identification of the etiologi-
cal agent. Suitable methods must meet at least some of the requirements 
for speed, accuracy and portability, with the capacity to test for a wide 
range of targets simultaneously. Such requirements also have resonance in 
the development of diagnostic tests for plant pathogenic bacteria and give 
indications as to future trends in the development of detection strategies. 
These include the production of field-based diagnostics and massively 
parallel testing platforms which can assay for a wide range of pests and 
pathogens simultaneously.

In terms of field-based diagnostics, possibly the first description of a 
method for DNA extraction and molecular testing for a plant pathogen, 
carried out entirely in the field, was described recently for Phytophthora
ramorum, the causal agent of sudden oak death (Tomlinson et al., 2005). 
A SmartCycler System (Cepheid, Sunnyvale, California, www.cepheid.
com), a portable, real-time PCR machine, was used with reagents stabi-
lized to be transported at ambient temperatures for diagnostic testing at 
the point of sampling. This system eliminated the time taken to send off 
samples and receive back test results from a centralized diagnostic labora-
tory and could allow identification within 2 h from the point of sampling. 
The inclusion of generic plant cytochrome oxidase-specific primers in the 
assay provides an internal PCR control. Similarly, Idaho Technology Inc. 
(Salt Lake City, Utah, www.idahotech.com) markets a product based on 
real-time PCR technology, called Ruggedized Advanced Pathogen 
Identification Device (R.A.P.I.D.), for pathogen detection in military field 
hospitals and other outdoor environments. The portable system includes 
a rapid thermocycler with concurrent fluorescence monitoring and data 
analysis. This system has been used successfully to detect X. citri and is 

www.cepheid.com
www.cepheid.com
www.idahotech.com
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suitable for use in a mobile field laboratory. The only additional equip-
ment required was a low-speed centrifuge and a vortex mixer (Mavrodieva 
et al., 2004).

The time is fast approaching when extraction and purification steps can 
be integrated to allow results to be generated directly from raw materials. 
The GeneXpert (Cepheid, Sunnyvale, California, www.cepheid.com) is a 
four-site, self-contained device which integrates automated sample process-
ing and real-time PCR detection of infectious agents (Ulrich et al., 2006). All 
the steps required for identifying bacterial and viral agents in various biolog-
ical specimens, including sample preparation, amplification and detection, 
are combined within a single instrument that provides results in approxi-
mately 30–40 min. It is the only platform currently available that is capable 
of both nucleic acid purification and real-time PCR detection enclosed 
within a single system, since all sample manipulations are automated, and 
therefore errors associated with manual processing are eliminated.

Microarrays, initially designed for the study of gene expression, are 
finding increasing use in diagnostics (Kostrzynska and Bachand, 2006). 
They consist of a solid support, most commonly glass or silicon, upon 
which DNA fragments or oligonucleotides are immobilized. Microarrays 
allow for rapid, simultaneous detection of thousands of specific targets. 
Generally, it is necessary to perform a PCR amplification step prior to 
hybridization, although it is possible to detect microorganisms directly 
with genomic DNA, albeit at a greatly reduced sensitivity. The first use of 
arrays for the differentiation of plant pathogenic bacteria was performed 
on pathogens of potato (Fessehaie et al., 2003). Short oligonucleotides of 
the 3' end of the 16S rDNA gene and the 16S–23S intergenic spacer region 
from C. michiganensis subsp. sepedonicus, R. solanacearum and a range 
of pectolytic enterobacteria were spotted onto a nylon array. By using this 
system and an amplification step prior to hybridization, it was possible to 
correctly identify pure and mixed cultures recovered from inoculated 
potato tissue. This approach has been expanded to develop a single micro-
array for all quarantine pathogens listed by the European Union for potato, 
including bacteria, fungi, nematodes, viroids and viruses (Mumford et al.,
2006; www.diagchip.co.uk). This system provides the very real prospect 
of screening, within a single test, all the pests and pathogens of a specific 
host and has enormous potential for screening commodities for the pres-
ence of organisms of quarantine significance.

Other novel technologies for rapid detection focus more on the prod-
ucts or effects of plant pathogens. An electronic nose has been used for the 
early detection of soft-rotting pectobacteria in potato tubers (de Lacy 
Costello et al., 2000). A prototype device incorporating three sensors to 
detect compounds known to be evolved by soft-rotting potato tubers has 
been developed. The device was assessed for its discriminating power 
under simulated storage conditions and could detect one tuber with soft 
rot in 100 kg of sound tubers in a simulated storage crate. The device could 
also detect an inoculated tuber, without visible signs of soft rot, in 10 kg of 
sound tubers.

www.cepheid.com
www.diagchip.co.uk
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In conclusion, it can be envisaged over the longer term that the drive 
towards taking diagnostics back to the field, silo, store or dockside and 
utilizing the technologies developed in the areas of medicine and biosecu-
rity, such as or similar to GeneXpert, will provide accurate and sensitive 
diagnosis performed by the non-specialist at the point of sampling. 
Research into biosensors or ‘lab-on-a-chip’ devices may generate further 
benefits by elimination of sample preparation, enhancements in specifi-
city and reduced analysis times (Deisingh and Thompson, 2004), bringing 
closer the widespread use of field-based diagnostic tests. The increasing 
use of microarray technologies will also allow for a wide range of poten-
tial pests and pathogens to be screened simultaneously, with a high degree 
of speed and accuracy. It is therefore highly likely that in many countries, 
a two-tiered approach to pathogen detection will be adopted using a mix 
of centralized, highly automated laboratories capable of dealing with high-
volume diagnostics for a broad spectrum of pests and pathogens, working 
in partnership with inspection agencies and extension services using 
field-based diagnostic devices at the point of sampling. Such improved 
technologies will undoubtedly contribute significantly to the implemen-
tation and success of plant disease control strategies based on the planting 
of pathogen-tested seed and vegetative propagation units to avoid such 
diseases altogether.
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Abstract
Biochemical and molecular methods of identification provide accurate, reliable 
diagnostic approaches for the identification of plant-parasitic nematodes. Initially, 
the techniques were used solely for taxonomic purposes, but increasingly became 
popular as a component of diagnostic information for farmers, growers and advi-
sors. Diagnostic procedures are now available to differentiate the plant-pathogenic 
species from related but non-pathogenic species. The microscopic size of plant-
parasitic nematodes poses problems and techniques have been developed to 
enrich samples to obtain qualitative and quantitative information on individual 
species. In addition, techniques are available to evaluate single nematodes, cysts 
or eggs of individual species in extracts from soil and plant tissue. Background 
information on early, pioneering work is presented as a prelude to discussion of 
diagnostic approaches. These include the use of isoelectric focusing (IEF) and 
restriction fragment length polymorphisms (RFLPs), progressing to antibody 
approaches and current polymerase chain reaction (PCR)-based techniques. DNA- 
or RNA-based techniques are the most widely used approaches for identification, 
taxonomy and phylogenetic studies, although the development and use of other 
methods has been, and in some cases still is, important. DNA bar coding and the 
extraction of DNA from preserved specimens will aid considerably in diagnostic 
information and these are discussed in the context of the future requirements of 
accurate and rapid diagnostic protocols.

Introduction

It is essential that the causative organism of plant disease is identified cor-
rectly in order to implement effective management strategies. Thus, to 
differentiate species using diagnostic techniques is a vital component of 
management of economically important pests, including plant-parasitic 
nematodes. Conventional methods for nematode identification rely on 
time-consuming morphological and morphometric analysis of several 
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specimens of the target nematode. The accuracy and reliability of such 
identification depends largely on the experience and skill of the person 
making the diagnosis, and the number of such qualified and experienced 
nematode taxonomists is small and currently in decline. Biochemical and 
molecular methods of nematode identification provide accurate, alterna-
tive diagnostic approaches.

For growers and extension workers, economically important species 
of plant-parasitic nematodes have to be detected from soil samples prior 
to planting. Frequently, closely related and morphologically similar spe-
cies are present as mixtures in soil samples and it is vital that diagnostic 
procedures are available to differentiate the pathogenic species from 
related but non-pathogenic species. The microscopic size of plant- parasitic
nematodes poses problems and techniques have been developed to enrich 
samples to obtain qualitative and quantitative information on individual 
species. To assess damage after plant growth, nematodes have to be 
extracted from plant tissue and techniques have been developed to over-
come difficulties associated with this approach. This chapter will indi-
cate the techniques used to evaluate individual nematodes, cysts or eggs 
of individual species in extracts from soil and plant tissue. The goal of 
growers and extension workers is on-site diagnostics, and this is now a 
realistic objective.

Plant health agencies also need molecular techniques to aid the iden-
tification of pathogenic nematodes. The implementation of phytosanitary 
measures is of major importance in reducing the adverse impact of plant-
parasitic nematodes (Hockland et al., 2006). Nematodes that may be of 
phytosanitary importance are intercepted by plant health inspectors at 
points of entry of goods into a country. Frequently, these nematodes are 
species that have the potential to become significant pests if allowed to 
enter and establish. Internationally standardized diagnostic protocols are 
needed to limit or avoid the spread of these species, and rapid and accu-
rate molecular techniques are especially important where morphological 
identification is difficult or where only immature specimens have been 
intercepted.

Diagnostic techniques that rely on the interaction between or separa-
tion of specific molecules include serological, biochemical and DNA- 
or RNA-based approaches. Molecular diagnostics is a term used more 
specifically for the characterization of an organism based on information 
on its DNA or RNA structure. For diagnostic purposes, homologous genes 
or DNA or RNA fragments, whose sequence differs between species but is 
similar for all individuals of the same population or species, are selected 
and compared. DNA- or RNA-based techniques are the most widely used 
approaches for identification, taxonomy and phylogenetic studies (Perry 
and Jones, 1998). However, the history of diagnostics of plant-parasitic 
nematodes shows that the development and use of other methods has 
been, and in some cases still is, important. Initially, the techniques were 
used solely for taxonomic purposes, but increasingly became popular as a 
component of diagnostic information for farmers, growers and advisors.
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Background

The work of Webster and Hooper (1968) was among the first papers on 
differentiation of plant-parasitic nematodes which used serological tech-
niques to examine differences between species of the genera Heterodera
and Ditylenchus. Electrophoretic methods separate proteins based on 
their size or isoelectric point. Trudgill and Carpenter (1971) used polyacr-
ylamide gel electrophoresis (PAGE) to differentiate pathotypes of potato 
cyst nematodes (PCN), which paved the way for the subsequent descrip-
tion of a new species, Globodera pallida, and its differentiation from 
Globodera rostochiensis. Isoelectric focusing (IEF) was used by Fleming 
and Marks (1982) to separate and quantify the two PCN species in mixed 
populations. Bakker and Gommers (1982) used two-dimensional electro-
phoresis combined with protein analysis as a further refinement for dif-
ferentiation of PCN species. The two species of PCN are economically 
important pests, mainly in Europe. Globally, species of the root-knot nem-
atode genus, Meloidogyne, are of primary economic importance. In the 
USA, differentiation of Meloidogyne spp. was achieved by Esbenshade 
and Triantaphyllou (1985) using PAGE combined with staining for este-
rases, a technique still in routine use. Ibrahim and Perry (1992) showed 
that this approach could be used with Meloidogyne females in galled 
roots, thus obviating the need to separate nematodes from the host tissue. 
This technique was used on other genera of plant-parasitic nematodes, 
such as Aphelenchoides (Ibrahim et al., 1994). Monoclonal antibodies 
(MAbs) were used by Schots et al. (1986) as a more sensitive technique to 
differentiate between PCNs. Robinson (1989) used MAbs in a quantitative 
assay for Meloidogyne. The separation of Meloidogyne incognita has been 
achieved using MAbs raised to non-specific esterases, an approach that 
avoids the need to separate the esterases by electrophoresis (Ibrahim et al.,
1996). Antibodies are being used in a method to enhance detection of 
nematodes in soil samples (described later).

Isoelectric Focusing

Of the techniques mentioned above, IEF is currently being used exten-
sively in many nematology diagnostics laboratories using the automated 
electrophoresis equipment, PhastSystem, developed by Pharmacia Corp. 
IEF is used routinely to differentiate the two PCN species, G. rostochiensis
and G. pallida, based on the presence of species-specific bands (Karssen 
et al., 1995); however, this technique has not yet been tested against other 
morphologically similar Globodera spp., such as G. artemisiae, G. millefolii
and G. tabacum. The IEF method may also be useful to differentiate other 
cyst nematodes (Sturhan and Rumpenhorst, 1996).

For routine identification of Meloidogyne spp., perineal patterns (the 
cuticular lines and associated structures surrounding the vulval region) 
are often used as the main diagnostic feature. However, species such as 
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M. paranaensis, M. konensis and M. mayaguensis have perineal patterns 
similar to M. incognita or M. arenaria and could be misidentified (Carneiro 
et al., 2000). Carneiro et al. (2004) concluded that the perineal pattern can 
be used only as a complementary tool; enzyme characterization is impor-
tant for checking the morphological consistency of the identification. 
Extensive enzymatic studies have demonstrated that Meloidogyne spp. 
can be differentiated by enzyme phenotypes (Esbenshade and Triantaphyllou, 
1985; Fargette, 1987). Isozyme phenotypes of adult females, especially 
esterase and malate dehydrogenase, are species-specific and are useful as 
reliable characters for Meloidogyne identification (Esbenshade and 
Triantaphyllou, 1990; Carneiro et al., 2004). Progress in electrophoretic 
procedures has made possible nematode identification from the protein 
extract of a single female in less than 2 h from the time the females are col-
lected from infected plant roots (Esbenshade and Triantaphyllou, 1990). 
Descriptions of new species of root-knot nematodes are now usually 
accompanied by phenotypic profiles for both these isozymes (Castillo 
et al., 2003; Karssen et al., 2004; Carneiro et al., 2005). One of the main 
disadvantages of the IEF method is its sensitivity to nematode age. Only 
young adult females are used for such diagnostics.

Mass Spectrometry

Matrix-assisted laser desorption/ionization time-of-flight mass spec-
trometry (MALDI-TOFMS) analyses thermolabile, non-volatile organic 
compounds, especially those of high molecular mass, and is used suc-
cessfully in biochemistry for the analysis of proteins, peptides, glyco-
proteins, oligosaccharides and oligonucleotides. Identification is based 
on the generation of diagnostic MALDI-TOFMS protein profiles of the 
test organisms. In this technique, positively charged ions are generated 
and analysed after laser irradiation of the organism in extracts after dis-
ruption of cells, or in intact whole cells of the organism in the presence 
of an ultraviolet (UV)-absorbing matrix. Recently, MALDI-TOFMS was 
successfully used for nematode diagnostics (Navas et al., 2002; Perera 
et al., 2005). Perera et al. (2005) used two methods, grinding up nema-
todes and direct analysis of intact nematodes. After standardization, 
these methods were applied to analyse the seed-gall nematodes, Anguina 
tritici and Anguina funesta, and the root-knot nematode, Meloidogyne 
javanica. Typical protein profiles and diagnostic peaks were identified 
for these nematode species and for mixtures of Anguina spp. (Fig. 9.1). 
Compared with other biochemical methods, MALDI-TOFMS is a prom-
ising technique that enables rapid and reliable identification of plant-
parasitic nematodes because sample preparation is simple and analysis 
is rapid. It could be also automated in terms of sample plate loading, 
generation of spectra (up to 400-place sample plates), and automated 
peak calling, leading to automation of species identification (Perera 
et al., 2005).
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Fig. 9.1. MALDI-TOFMS protein profiles generated by direct analysis of intact nematodes: 
(A) Anguina tritici; (B) Anguina funesta; (C) A. tritici and A. funesta mixture (Perera et al., 2005).
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Molecular Diagnostics

The first report of DNA-based techniques to identify plant-parasitic nema-
todes was published over 20 years ago. This seminal work by Curran et al.
(1985) used restriction fragment length polymorphisms (RFLPs) and dem-
onstrated that this technique had greater discriminatory potential than 
serological and biochemical approaches. Several research groups used 
DNA probes for identification purposes, including Marshall and Crawford 
(1987) and Burrows and Perry (1988) who both used probes for PCN, and 
Palmer et al. (1992) who used probes to identify Ditylenchus dipsaci.

Significant progress over the last decade in molecular diagnostics of 
nematodes has been due to the development and introduction of polymer-
ase chain reaction (PCR). This method enables numerous copies to be 
obtained from a single or a few molecules of DNA extracted from an 
organism by chemical synthesis in vitro. It has been used extensively to 
identify species of plant-parasitic nematodes. For example, Ibrahim et al.
(1994) used PCR to amplify a fragment of the rDNA array from 12 species 
and populations of Aphelenchoides. RFLPs in the fragment were used 
successfully to compare and differentiate species and populations. The 
PCR primers used to amplify the rDNA in this work were based on con-
served sequences in the 18S and 26S ribosomal genes of Caenorhabditis
elegans (Files and Hirsh, 1981) and were first used for work on plant-para-
sitic nematodes by Vrain et al. (1992), who examined intraspecific rDNA 
RFLPs in the Xiphinema americanum group. The wide application of PCR 
in diagnostics is a reflection of the advantages of the technique, which is 
very sensitive, rapid, easy to perform and inexpensive. PCR is used rou-
tinely for nematode diagnostics and has been comprehensively reviewed 
recently by Powers (2004), Blok (2005), Subbotin (2006) and Subbotin and 
Moens (2006).

Compared with biochemical approaches, molecular diagnostics has 
several advantages. It does not rely on expressed products and is not influ-
enced by environmental conditions and development stage. Any develop-
ment stage can be used for diagnosis. It is much more sensitive than any 
biochemical technique, and can be used with nanograms of DNA extracted 
from one nematode or even part of a nematode body. It can also be used 
with various types of samples, such as soil extracts, plant material or for-
malin-fixed samples.

Ibrahim et al. (2001) conducted an elegant, comparative study esti-
mating the efficiency of detection, identification and quantification of the 
two PCN species from field soil samples using IEF, ELISA and PCR tech-
niques with standard nematological methods. A greater number of posi-
tive results were obtained with PCR with specific primers than with any 
other method, indicating the greater sensitivity of this method. The results 
from ELISA did not agree with other methods because of partial cross-
reactivity of the two antibodies used. PCR and IEF results can be obtained 
in 1 day, whereas ELISA results are only available the next day. There 
were also differences in pricing for sample testing between these meth-
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ods; the price for IEF testing was significantly higher than that for PCR or 
ELISA.

Keeping nematodes for molecular studies and DNA extraction

The efficiency of DNA extraction from a sample depends on how nematodes 
have been prepared and fixed. Various methods of fixation have been pro-
posed and described, but the best approach is to use live nematodes for 
diagnostics. If the period between nematode extraction and molecular anal-
yses is several days or weeks, nematodes may be kept at low temperatures 
before use. In some cases, quarantine regulations do not allow live nema-
todes to be kept and transported, so nematodes should be heated briefly to 
kill them but leave the DNA undamaged. Often, during long field sampling 
trips, it is not possible to keep nematodes at low temperatures, so fixation in 
75–90% alcohol, glycerol or simply drying the nematodes in a plastic tube 
are alternative methods to save nematode DNA for further molecular study.

For long-term storage, formalin has been used as a fixative in nematol-
ogy for many years. It had been assumed that the effects of formalin fixa-
tion caused fixed specimens to be unsuitable for DNA analysis, but several 
methods of DNA extraction from formalin-fixed and glycerine-embedded 
nematodes stored for days or even years have been tested and have shown 
promising results (De Giorgi et al., 1994; Thomas et al., 1997; Bhadury 
et al., 2005; Rubtsova et al., 2005). However, although De Giorgi et al.
(1994) amplified DNA fragments from fixed nematodes, they reported 
several artificial mutations in sequences recovered from formalin-fixed
nematodes. Artefacts could be the consequence of formalin damaging or 
cross-linking cytosine nucleotides on either strand, so that DNA polymer-
ase would not recognize them and instead of guanosine incorporate ade-
nosine, thereby creating an artificial C–T or G–A mutation (Williams et al.,
1999). In contrast, Thomas et al. (1997) and Bhadury et al. (2005) did not 
find ambiguities in sequences obtained from formalin-fixed nematodes 
after a few days of storage. Rubtsova et al. (2005) even reported successful 
sequencing without ambiguities of a short fragment of the D2 expansion 
segment of 28S rRNA amplified from Longidorus spp. kept in permanent 
slides for more than 10 years. The development of a successful protocol 
for DNA extraction and PCR from formalin-fixed and glycerine-embedded 
nematodes from permanent slides, presently kept in many taxonomic col-
lections in different countries, will provide new opportunities to analyse 
rare species with limited distribution and, potentially, enable many diag-
nostic problems in nematology to be solved.

A solution called DESS, which contains dimethyl sulphoxide, diso-
dium ethylene diamine tetraacetic acid (EDTA) and saturated NaCl, has 
been shown to preserve nematode morphology equally as well as formalin 
fixation and allowed PCR to be performed on individual nematodes (Yoder 
et al., 2006). In the future, this may be the solution of choice for nematode 
preservation.
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Antibody approach for sample enrichment

The quantity and quality of DNA is very important for successful diag-
nosis. In many cases, one specimen, either adult, juvenile or egg, or 
even part of a nematode might be enough for molecular identification. 
However, for greater reliability, the use of several specimens of the 
target nematode is always preferable. Detection of plant-parasitic 
nematodes in samples is a difficult task due to their microscopic size 
and uneven dispersal in the soil. A method to enrich nematode extracts 
from soil samples was proposed and developed by Chen et al. (2001, 
2003) using an antibody-based capture system (Fig. 9.2). In this 
method, an antibody which recognizes the surface of target nematodes 
is incubated with a nematode suspension extracted from a field sam-
ple. Then, magnetic beads coated with the secondary antibody are 
added and a magnet is used to capture target nematodes while other 
nematodes are discarded (Chen et al., 2003). The immunomagnetic 
capture system has been shown to be effective for the enrichment of 
Meloidogyne spp., X. americanum and G. rostochiensis from total 
nematode extracts from soil, with up to 80% of the target nematode 
being recovered (Chen et al., 2001, 2003). The antibody-based capture 
system is an effective method of detecting specific nematodes in mixed 
soil samples and results in samples containing target nematodes in 
large numbers, which are suitable for further diagnostics techniques 
(Chen et al., 2003).

DNA extraction

Using proteinase K is the most useful, cheap and rapid approach to 
extract DNA from nematodes (Waeyenberge et al., 2000). It consists of 
two steps: (i) mechanical destruction of nematode body and tissues in a 
tube using ultrasonic homogenizer or other tools, or repeatedly freezing 
samples in liquid nitrogen; and (ii) chemical lyses with proteinase K in 
a buffer for 1 h or several hours with subsequent brief inactivation of this 
enzyme at high temperature. Chelex resin protocols can be also success-
fully applied for DNA extraction from nematodes (Walsh et al., 1991). 
Various chemical treatments are also applied to remove cell components 
and purify the DNA. Phenol or phenol with chloroform extractions is 
often employed to remove proteins and ethanol is then used to precipi-
tate and concentrate the DNA. Stanton et al. (1998) described an effi-
cient method of DNA extraction from nematodes using chemical lyses in 
alkali solution without prior mechanical breaking of nematode bodies. 
Effective DNA extraction can be achieved by using commercial kits 
developed by different companies. These approaches rely on DNA bind-
ing to silica in the presence of a high concentration of chaotropic salt 
(Boom et al., 1990).
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Whole genomic amplification

The problem of being able to obtain only limited DNA from nematode 
samples might also be solved using whole genomic amplification (WGA) 
approaches. Using these methods, it is possible to generate microgram 

Fig. 9.2. Meloidogyne arenaria second-stage juveniles ( J2) captured using 
immunomagnetic capture. J2 are coated with Dynabeads. (A) Bright field image; 
(B) fluorescence optics (Chen et al., 2001).
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quantities of DNA starting with as little as a few nanograms of genomic 
DNA from a single nematode specimen or even part of nematode body. 
Multiple-displacement amplification (MDA) is a relatively novel tech-
nique for WGA. It uses the highly processive Phi29 DNA polymerase and 
random exonuclease-resistant primers in an isothermal amplification 
reaction (Dean et al., 2001). Successful amplifications of MDA have been 
reported using nematode DNA from species of Bursaphelenchus and 
Meloidogyne. Application of this method to nematode samples signifi-
cantly improved efficiency of amplification of ribosomal and protein cod-
ing genes (Metge and Burgermeister, 2005; Skantar and Carta, 2005). 
Skantar and Carta (2005) considered that the potential applications of 
MDA to nematode identification are far-reaching. Using MDA, it should 
be possible to archive genetic material from individual nematodes, thereby 
eliminating the need for more labour-intensive culture methods. MDA 
could facilitate the development and production of DNA ‘type species’ 
that may be shared among scientists, or enable large quantities of genetic 
material from rare specimens to be archived. Genome amplification is also 
tolerant of sample degradation and might usefully be applied to formalin-
fixed nematode specimens.

DNA sequence targets for diagnostics

There are two main approaches to select target DNA sequences for diag-
nostic purposes: (i) to use known conserved genes, common to all nema-
tode species, and to explore the specific sequence variation in order to 
distinguish species; and (ii) to randomly screen the whole genome and 
find specific DNA fragments that could be used as markers for diagnos-
tics. At present, the first approach is more widely used for nematode diag-
nostics. The main region targeted for this diagnostic development is 
nuclear ribosomal RNA genes, especially the internal transcribed spacers 
1 (ITS1) and 2 (ITS2), which are situated between 18S and 5.8S, and 5.8S 
and 28S rRNA genes, respectively. The choice of these genes is partly his-
torical, because they were the first to be characterized in nematodes, and 
partly due to advantages in methodology, because these genes are present 
in a cell in many copies and, thus, can be amplified relatively easily from 
a small sample. Ribosomal genes and their spacers have undergone differ-
ent mutation rates, and this enables different regions to be used for diag-
nostics at a higher taxonomic level, such as family and genus, down to 
species, subspecies or even population levels. Modern diagnostics of 
nematodes from the genera Heterodera, Globodera, Bursaphelenchus,
Pratylenchus, Anguina, Ditylenchus, Nacobbus and Radopholus are based 
on nucleotide polymorphisms in sequences of the ITSs. To distinguish 
most species of root-knot nematodes, the intergenetic spacer (IGS) of 
nuclear rRNA (Petersen and Vrain, 1996), which is between 28S and 18S 
rRNA genes, and the intergenic spacer of mitochondrial DNA (Powers and 
Harris, 1993; Powers et al., 2005), which is between the 5' portion of cyto-
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chrome oxidase subunit II and large ribosomal rRNA genes, are used in 
addition to the ITS-rRNA. Species of root-knot nematodes can be sepa-
rated based on the length as well as on the nucleotide polymorphism of 
the amplified fragments, when amplified by PCR primers in the flanking 
genes (Powers and Harris, 1993; Petersen and Vrain, 1996).

Sequence analyses of the 18S rRNA gene (Floyd et al., 2002) and the 
D2–D3 expansion segments of the 28S rRNA for many tylenchid nema-
todes (Subbotin et al., 2006) and longidorids (Rubtsova et al., 2005; He 
et al., 2005) have revealed that these genes are also reliable diagnostic tar-
gets at the species level. Other genes that are increasingly being used for 
diagnostic purposes include the major sperm protein (Setterquist et al.,
1996), heat shock Hsp90 (Skantar and Carta, 2004) and actin (Kovaleva 
et al., 2005) genes. It is evident that recent progress in nematode genome 
sequencing and expressed sequence tag (EST) projects (Scholl and Bird, 
2005) will give more promising and reliable gene candidates for diagnostic
developments.

Targets for development of a diagnostic method also can be identified 
by screening random regions of the genome to find DNA fragment sequences 
that are unique for a particular taxon. This can be done using PCR-based 
techniques, such as random amplified polymorphic DNA (RAPD) or ampli-
fied fragment length polymorphism (AFLP), which provide randomly gen-
erated fragments from the genome. These fragments are separated by gel 
electrophoresis and the patterns are compared for different taxa. Potential 
diagnostic and unique bands are extracted, cloned and sequenced and then 
used to design specific sequence-characterized amplified region (SCAR) 
primers (Zijlstra, 2000).

Satellite DNA is present in the genome of almost all eukaryotic organ-
isms and is composed of highly repetitive sequences organized as long 
arrays of tandemly repeated elements. Satellite DNA sequences have been 
characterized from a number of plant-parasitic nematodes and have proven 
to be species-specific, thus constituting useful diagnostic tools for identifi-
cation of species of agronomic interest (Grenier et al., 1997; Castagnone-
Sereno et al., 1999; He et al., 2003).

PCR-based methods

PCR is the most important technique in diagnostics. Currently, there are 
several PCR-based methods used for nematode diagnostics: PCR-RFLP, 
PCR with specific primers, PCR–single strand conformation polymor-
phism (SSCP) and real-time PCR.

PCR-RFLP
This method is used to diagnose monospecific samples and contains two 
steps: (i) amplification of gene marker region using universal primers 
(Table 9.1); and (ii) digestion of the resulting amplicon by restriction 
enzymes. PCR-based techniques have been used for diagnostics of many 
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nematode groups (Table 9.2); here, we focus mainly on the applications 
for diagnosis of root-knot and cyst nematodes.

For diagnostics of root-knot nematodes, several gene markers, includ-
ing intergenic region of mtDNA, nuclear ITS-rRNA, intergenic region of 
rRNA, 18S rRNA and D2–D3 expansion segment of 28S rRNA gene, have 
been developed and used. A detailed description of the discrimination of 
species of root-knot nematodes using PCR of the intergenic region located 
between the cytochrome oxidase subunit II (COII) and 16S rRNA (lRNA) of 
mtDNA has been provided by Powers and Harris (1993). It has been shown 
that the amplification length and RFLP of this fragment enable the separa-
tion of five major Meloidogyne spp. Subsequently, this region was studied 
intensively in several root-knot nematode species using PCR-RFLP and 
sequencing techniques (Hugall et al., 1994, 1997; Williamson et al., 1997; 
Orui, 1998; Stanton et al., 1998; Blok et al., 2002; Tigano et al., 2005). Powers 
et al. (2005) described a modified, detailed procedure for PCR-RFLP identi-

Table 9.1. Universal primers useful for nematode diagnostics.

Code Sequence (5'−3') Target DNA region References

C2F3 GGT CAA TGT TCA GAA ATT TGT GG  Intergenic region  Powers and
1108 TAC CTT TGA CCA ATC ACG CT  between COII   Harris (1993)
   and 16S rRNA 
   gene of mtDNA

18S TTG ATT ACG TCC CTG CCC TTT ITS1 of rRNA Szalanski et al.
rDNA1.58S GCC ACC TAG TGA GCC GCG CA     (1997)

18S TTG ATT ACG TCC CTG CCC TTT ITS1-5.8S-ITS2  Vrain et al.
26S TTT CAC TCG CCG TTA CTA AGG   of rRNA  (1992)

F194 CGT AAC AAG GTA GCT GTA G ITS1-5.8S-ITS2  Ferris et al.
F195 TCC TCC GCT AAA TGA TAT G  of rRNA  (1993)

D2A ACA AGT ACC GTG AGG GAA AGT TG D2-D3 region of  De Ley et al.
D3B TCG GAA GGA ACC AGC TAC TA  28S rRNA  (1999)

TW81 GTT TCC GTA GGT GAA CCT GC ITS1-5.8S-ITS2  Joyce et al.
AB28 ATA TGC TTA AGT TCA GCG GGT  of rRNA  (1994)

SSU18A AAAGATTAAGCCATGCATG 18S rRNA Blaxter et al.
SSU26R CATTCTTGGCAAATGCTTTCG   (1998)

Nem_18S_F CGCGAATRGCTCATTACAACAGC 18S rRNA Floyd et al.
Nem_18S_R GGGCGGTATCTGATCGCC   (2005)

18sl.2 GGCGATCAGATACCGCCCTAGTT 18S rRNA Powers et al.
18srb: TACAAAGGGCAGGGACGTAAT   (2005)
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fication of Meloidogyne spp. using two marker regions, a fragment of mito-
chondrial DNA located between the COII and 16S rRNA (Powers and Harris, 
1993) and a partly amplified 18S ribosomal rRNA gene. The mitochondrial 
gene region provided greater species discrimination and revealed intraspe-
cific variation among many isolates. The samples were amplified by 
C2F3/1108 primer set (Table 9.1), and the size of individual amplification 
products was determined in subsequent assays (Fig. 9.3).

Zijlstra et al. (1995) were the first to use the amplified ITS region of 
nuclear rRNA for discrimination of M. hapla, M. chitwoodi and M. fallax
from each other and from M. incognita and M. javanica by using several 
restriction enzymes. Using another set of primers, Schmitz et al. (1998) pro-
posed the simultaneous use of two restriction enzymes, Hinf I/RsaI or DraI/
RsaI, for identification of several species of root-knot nematodes. However, 
studies based on these techniques did not reveal diagnostic enzymes that 
facilitated the separation of M. incognita and M. javanica (Xue et al., 1993; 
Zijlstra et al., 1995; Schmitz et al., 1998). Subsequent sequencing of the ITS-
rRNA regions of M. incognita, M. javanica and M. arenaria revealed that 
these sequences were almost identical (Hugall et al., 1999). Similar 
sequences were found in several other closely related species, including M. 
hispanica, M. morocciensis (De Ley et al., 1999) and M. mayaguensis (Brito 
et al., 2004). Thus, unlike mtDNA, using the ITS-rRNA does not enable 

Table 9.2. PCR-RFLP assays used for diagnosis of nematodes.

Nematode genera Target DNA sequence References

Heterodera ITS of rRNA Bekal et al. (1997); Szalanski et al. (1997); 
   Orui (1997); Subbotin et al. (2000a); 
   Tanha Maafi et al. (2003)
Globodera ITS of rRNA Fleming and Mowat (1993); 
   Thiéry and Mugniéry (1996); 
   Subbotin et al. (1999, 2000b)
Bursaphelenchus ITS of rRNA Hoyer et al. (1998); Iwahori et al. (1998); 
   Braasch et al. (2001); 
   Burgermeister et al. (2005)
Ditylenchus ITS of rRNA Wendt et al. (1993)
Aphelenchoides ITS of rRNA Ibrahim et al. (1994)
Pratylenchus ITS of rRNA Orui (1995); Orui and Mizukubo (1999); 
   Waeyenberge et al. (2000)
Xiphinema ITS of rRNA Vrain et al. (1992)
Radopholus ITS of rRNA Elbadri et al. (2002)
Anguina ITS of rRNA Powers et al. (2001)
Meloidogyne MtDNA Powers and Harris (1993); Orui (1998); 
   Blok et al. (2002); Xu et al. (2004); 
   Powers et al. (2005)
Meloidogyne ITS of rRNA Zijlstra et al. (1995); Schmitz et al. (1998)
Nacobbus ITS of rRNA Reid et al. (2003)
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 several agricultural important species of root-knot nematodes to be 
distinguished.

After sequencing nuclear intergenic rRNA spacer in M. arenaria, Vahidi 
and Honda (1991) found that it contained 5S-rRNA gene dividing the inter-
genic spacer into two spacers, one of them having nucleotide repeats. In one 
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species, the numbers of such repeats was variable, even within the genome of 
a single individual, whereas in some other species, the length of intergenic 
rRNA spacers was constant and could be used for species discrimination. 
Consequently, Petersen and Vrain (1996) proposed that the length of this 
spacer could be used to diagnose M. chitwoodi, M. hapla and M. fallax.
Diagnostics of cyst nematodes is based on interspecific variation of the ITS-
rRNA gene. After sequencing the rRNA gene from several nematodes, Ferris 
et al. (1993, 1994) suggested that the ITS region was conserved for popula-
tions of the same species and was sufficiently variable between species to 
distinguish among species of cyst nematodes. Subsequently, Szalanski et al.
(1997) successfully applied PCR-RFLP of the ITS1 to differentiate H. cruci-
ferae, H. glycines, H. trifolii, H. schachtii, H. goettingiana and H. zeae. This 
approach was also used to discriminate species from the Avenae group (Bekal 
et al., 1997) and other cyst nematodes (Orui, 1997; Fleming et al., 1998).

A comprehensive analysis of PCR-RFLP of the ITS-rRNA of cyst nema-
todes has been conducted by Subbotin and co-authors and published in a 
series of articles (Subbotin et al., 1997, 1999, 2000a, 2003; Eroshenko et al., 
2001; Amiri et al., 2002; Tanha Maafi et al., 2003; Madani et al., 2004). In 
these studies, universal TW81 and AB28 primers were used, which gener-
ated an amplicon of 1060 bp length, although this could vary in different 
species. Application of the RFLP technique to separate 26 species of cyst 
nematodes revealed several restriction enzymes, CfoI, AluI, BsuRI, Bsh1236I 
and ScrFI, with greater discriminatory powers than other enzymes and 
which enabled more species of cyst nematodes to be characterized (Fig. 9.4). 

Fig. 9.4. Restriction fragments of amplified ITS regions of cyst-forming nematodes using TW81 and 
AB28 primers. Restriction enzymes: (A) AluI; (B) AvaI; (C) Bsh1236I; (D) BsiZI. Lines: M – 100 bp 
DNA ladder (Promega, USA); U – unrestricted PCR product; 1 and 2 – Heterodera avenae, 3 – H. 
arenaria, 4 – H. filipjevi, 5 – H. aucklandica, 6 – H. ustinovi, 7 – H. latipons, 8 – H. hordecalis,
9 – H. schachtii, 10 – H. trifolii, 11 – H. medicaginis, 12 – H. ciceri, 13 – H. salixophila, 14 – H. 
oryzicola, 15 – H. glycines, 16 – H. cajani, 17 – H. humuli, 18 – H. ripae, 19 – H. fici, 20 – H. 
litoralis, 21 – H. carotae, 22 – H. cruciferae, 23 – H. cardiolata, 24 – H. cyperi, 25 – H. goettingiana,
26 – H. urticae, 27 – Meloidodera alni (Subbotin et al., 2000a).
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For example, CfoI produced 16 polymorphic profiles enabling differentia-
tion of 12 out of 26 species. Some enzymes produced species-specific pro-
files; for example, MvaI produced a specific profile for H. schachtii.
Restriction of PCR product by seven enzymes usually enabled the most 
important species of cyst nematodes of the genus Heterodera to be distin-
guished from each other and from their sibling species (Fig. 9.4) (Subbotin 
et al., 2000a). RFLP of the ITS region has been used to differentiate species 
of the genus Globodera parasitizing solanaceous plants (Fleming and Mowat, 
1993; Szalanski et al., 1997; Thiéry and Mugniéry, 1996; Fleming and Powers, 
1998). For example, the two species of PCN could be distinguished by at 
least eight restriction enzymes (Subbotin et al., 2000b).

PCR with specific primers
This type of PCR constitutes a new step in the development of DNA diag-
nostics and enables the detection of one or several species in a nematode 
mixture by a single PCR test, thus decreasing diagnostic time and costs. 
Diagnostics using PCR with specific primers has been developed for a wide 
range of plant-parasitic nematodes (Table 9.3). In multiplex PCR, several 
primer sets are utilized for amplification of several target genes. Such an 
approach has been developed for diagnostics of H. glycines (Fig. 9.5) 
(Subbotinet al., 2001), H. schachtii (Amiri et al., 2002) and Bursaphelenchus
xylophilus (Jiang et al., 2005). Multiplex PCR for detection of these species 

Table 9.3. PCR with specific primer assays used for diagnosis of nematodes.

Nematode species and genera References

Heterodera glycines Subbotin et al. (2001)
Heterodera schachtii Amiri et al. (2002)
Globodera rostochiensis  Mulholland et al. (1996); Bulman and 
 and G. pallida  Marshall (1997); Fullaondo et al. (1999)
Bursaphelenchus xylophilus Liao et al. (2001); Matsunaga and Togashi (2004); 
  Kang et al. (2004); Jiang et al. (2005); 
  Leal et al. (2005); Castagnone et al. (2005)
Ditylenchus dipsaci Esquibet et al. (2003); Subbotin et al. (2005)
Pratylenchus spp. Uehara et al. (1998); Al-Banna et al. (2004)
Xiphinema spp. Hübschen et al. (2004a)
Longidorus spp. Hübschen et al. (2004b)
Paratrichodorus and Trichodorus Boutsika et al. (2004)
Meloidogyne incognita Zijlstra (2000); Dong et al. (2001); Randing et al. (2002)
Meloidogyne hapla Williamson et al. (1997); Zijlstra (1997, 2000); 
  Dong et al. (2001)
Meloidogyne chitwoodi Williamson et al. (1997); Petersen et al. (1997); 
  Zijlstra (2000)
Meloidogyne javanica Zijlstra et al. (2000); Dong et al. (2001)
Meloidogyne arenaria Zijlstra et al. (2000); Dong et al. (2001)
Meloidogyne naasi Zijlstra et al. (2004)
Nacobbus spp. Atkins et al. (2005)
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includes two sets of primers: (i) the first is to amplify an internal control 
(e.g. universal primers for the expansion regions of 28S rRNA gene) con-
firming the presence of DNA in the sample and the success of PCR; and (ii) 
the second, including species-specific primer, is targeted to nematode DNA 
sequence of interest (Fig. 9.6). Nested PCR in a multiplex assay with spe-
cific SCAR primers has been developed for the diagnosis of several species 
of root-knot nematodes (Zijlstra, 2000).

PCR-SSCP
The PCR-SSCP technique can detect single nucleotide changes in the DNA frag-
ments being studied due to the altered conformation mobility of the single 
strands of DNA during electrophoresis with a non-denaturing gel. Clapp et al. 
(2000) tested the PCR-SSCP method at two coastal dune locations in the 
Netherlands to determine the population structure of cyst nematodes. The ITS2 
region was sufficiently variable within the taxa investigated to allow species to 
be separated on the basis of minor sequence variation. The PCR primers used in 
this study were effective for several species of cyst and root-knot nematodes.

18S ITS1 ITS2 28S

GlyF1 rDNA2 D3A D3B

5.8S

Fig. 9.5. Schematic representation showing positions of four primers in the rRNA 
genes used in the duplex PCR for identification of Heterodera glycines and ITS2 
fragment alignment used for development of the species-specific primer (GlyF1), 
which is indicated in bold (Subbotin et al., 2001).

M

345 bp
181 bp

1 2 3 4 5 6 7 8 9 10 11 12 M

Fig. 9.6. Gel with PCR products (181 and 345 bp) generated by two sets of primers 
(GluyF1 + rDNA2 and D3A + D3B), respectively. Line: M – 100 bp DNA ladder (Promega, 
USA); 1–7: Heterodera glycines, 8: H. schachtii; 9: H. ciceri; 10: H. medicaginis; 11: 
H. cajani; 12: sample without nematode DNA (Subbotin et al., 2001).
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Real-time PCR
The PCR technique also permits the estimation of the number of nema-
todes in a sample. This has been successful only for nematodes of the 
same stage, e.g. second-stage juveniles of cyst nematodes and fourth-stage 
juveniles of D. dipsaci. It may be more difficult when trying to quantify 
nematodes of different stages. This technique indirectly measures the 
nematode number by assuming that the number of target DNA copies in 
the sample is proportional to the number of targeted nematodes. The real-
time technique allows continuous monitoring of the sample during PCR 
using hybridization probes (TaqMan, molecular beacons) or dyes such as 
SYBR Green I. SYBR Green binds only to double-stranded DNA and 
becomes fluorescent only when bound. This dye has the virtue of being 
easy to use because it has no sequence specificity and it can be used to 
detect any PCR product. However, this virtue has a drawback, as the dye 
binds also to any non-specific product, including primer dimers. To over-
come this problem, the melting curve analysis can be employed. The 
products of PCR reaction are melted by increasing the temperature of the 
sample. The non-specific product tends to melt at a much lower tempera-
ture than the longer specific product. Both the shape and position of the 
DNA melting curve area are a function of the GC/AT ratio. The length of 
amplicon can be used to differentiate amplification products separated by 
less than 2°C in Tm (the melting temperature) (Fig. 9.7).

Bates et al. (2002) were the first to use real-time PCR with SYBR Green 
I with plant-parasitic nematodes, when they used this technique to detect 
PCN. These authors found relatively large (4°C) differences in Tm between 
specific PCR products of G. rostochiensis and G. pallida amplified using 
the species-specific primers of Bulman and Marshall (1997). These dif-
ferences ensure that melting peaks of these two products can be clearly 
distinguished in a multiplex reaction. By calculating the ratio of the melt-
ing peak height at Tm of each product and comparing it to the standard run 
under the same conditions, it was even possible to estimate the proportion 
of each product in the nematode mixture and finally to determine the ratio 
of juveniles of these two species in the sample. However, this method has 
not been applicable for absolute quantification of these nematodes. After 
testing, Madani et al. (2005) improved this approach and described meth-
ods for quantification of G. pallida and H. schachtii juveniles in a sample 
using the set with universal and species-specific primers. Validation tests 
showed a high correlation between real numbers of second-stage juve-
niles in a sample and the expected numbers detected by real-time PCR. 
A method for quantification using real-time PCR with SYBR Green I was 
also developed for estimation of the numbers of juveniles of the stem nem-
atode, D. dipsaci, in soil samples (Subbotin et al., 2005). All these methods 
showed a high level of specificity and sensitivity and enabled the detection 
of a single nematode in a sample. The background of other soil-inhabiting 
nematodes present in tested samples did not significantly compromise the 
accuracy of these assays. However, in most cases, accuracy of the quantifi-
cation decreased with decreasing nematode numbers in the samples.
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The disadvantage of using a fluorescent dye is that it binds to any 
double-stranded DNA and then it cannot be used for quantification of sev-
eral targets in a multiplex real-time PCR, because it cannot distinguish 
between different sequences. In this case, sequence-specific fluorescent 
probes, such as TaqMan probes, are needed. Cao et al. (2005) developed a 
method for detecting the pinewood nematode, B. xylophilus, using TaqMan 
probes. The PCR assay detected DNA template concentrations as low as 
0.01 ng. The Ct values were correlated with the DNA template concentra-
tion (R2 = 0.996), indicating the validity of the assay and its potential for 
quantification of target DNA. The real-time PCR assay also detected DNA 
from single specimens of B. xylophilus. Recently, Holeva et al. (2006) 
described a novel diagnostic method for two virus–vector nematodes, 
Paratrichodorus pachydermus and Trichodorus similis, and associated 
tobacco rattle virus based on TaqMan probes. They demonstrated the 
potential of this assay for rapid, accurate and sensitive detection of both 
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Fig. 9.7. Melting curve (fluorescence vs temperature) of specific amplicon for 
Globodera pallida (Madani et al., 2005).
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trichodorid species and virus from field samples. The real-time PCR 
method is straightforward, sensitive and reproducible and, compared 
with conventional PCR methods, it has several advantages (Fig. 9.8). The 
technique allows a simultaneous faster detection and quantification of 
target DNA and the automated system overcomes the laborious process of 
estimating the quality of PCR product after electrophoresis.

Problems with PCR-based techniques

Over many years, the application of various PCR methods with universal 
and specific primers for diagnostic purposes has revealed several prob-
lems. First, PCR amplifies DNA from live and dead specimens. This com-
promises the use of this method for the estimation of the efficiency of 
pesticide applications on nematode populations. Use of another reverse 
transcriptase (RT)-PCR technique can solve this problem. Using this 
approach, mRNA is extracted from live nematodes and then the RT con-
verts RNA to cDNA, which is subsequently amplified and also could be 
quantified. The second limitation of this method is the probability of a 
false-positive reaction. Primer design is always based on existing knowl-
edge of DNA sequences for target species and closely related nematodes. 
However, there is a possibility that similar fragments can be obtained for 
another previously non-investigated nematode as well as for the target 
species. The third limitation, which is the opposite of second one, is a 
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Fig. 9.8. Sensitivity, detection range and specificity of the real-time PCR assay for 
Globodera pallida. The reproducibility of the assay was determined by testing a 
dilution series of three independent DNA extractions. Black symbols represent the 
results of the validation test with known numbers of second-stage juveniles (1, 5, 
30 or 500 juveniles) (Madani et al., 2005).
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probability of a false-negative reaction. Although a region with a con-
served sequence should be used for primer design, the possibility cannot 
be excluded that some mutations occurred in this region in some speci-
mens or populations of the target taxa. As a result, they might become 
non-detectable by the PCR test. The fourth limitation is a probability of 
sample contamination, which might occur during sample preparation and 
might give a false-positive reaction due to the great sensitivity of the PCR 
method. Following strict rules to prevent contamination during prepara-
tion of the PCR mixture is imperative for all diagnostics tests.

These limitations indicate that, first, the PCR technique should be 
used intelligently and the researcher or advisor must be aware of the pecu-
liarities of each method. Second, when there is any doubt, it is always 
necessary to confirm identification by several methods, including the use 
of traditional morphological features.

Hybridization DNA arrays

DNA arrays provide a powerful method for the next generation of diagnos-
tics. The distinct advantage of this approach is that it combines DNA 
amplification with subsequent hybridization to oligonucleotide probes 
specific for multiple target sequences. DNA arrays can be used to detect 
many nematode species based on differences in ribosomal RNA gene. For 
example, nucleic acids can be extracted from a sample and then rRNA 
gene fragments amplified by PCR using sets of universal primers. The 
resulting PCR products can be hybridized to an array consisting of many 
oligonucleotide probes, which are designed to detect nematodes by genus 
or species and are based on discriminatory sequences.

In general, arrays are described as macroarrays or microarrays, the dif-
ference being the size and density of the sample spots, the substrate of 
hybridization and the type of production. Although the potential of DNA 
array methods for nematological diagnostics has been recognized (Blok, 
2005; Subbotin and Moens, 2006), little progress had been made in their 
use, and only few research papers have been published on this technique. 
A reverse dot-blot assay has been developed for identification of seven 
Pratylenchus spp. using oligonucleotides designed from the sequences of 
the ITS region of rRNA (Uehara et al., 1999). Recently, François et al.
(2006) were successful in developing a DNA oligonucleotide microarray 
for identification of M. chitwoodi using two types of probes designed from 
SCAR and satellite DNA sequences.

DNA barcoding

The bar-coding technique is based on the idea that a particular nucleotide 
sequence from a common gene can serve as a unique identifier for every 
species, and a single piece of DNA can identify all life forms on earth. 
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Floyd et al. (2002) were the first to develop a ‘molecular operation taxo-
nomic unit’ approach when they applied a molecular barcode, derived 
from single specimen PCR and sequencing of the 5' segment of the 18S-
rRNA gene, to estimate nematode diversity in Scottish grassland.

The cytochrome c oxidase subunit I (COI) of mtDNA is emerging as 
the standard barcode for many animals. It is nearly 648 nucleotide pairs 
long in most groups. Mitochondrial DNA evolves much more quickly and 
contains more differences than the ribosomal gene or its spacer, making 
mtDNA more useful for distinguishing closely related species. The COI 
gene is not well characterized yet for plant-parasitic nematodes, except 
for a few genera; however, Blouin (2002) found that mtDNA sequence var-
iation among individuals of the same animal-parasitic nematode species 
averages from a fraction of a percent up to 2%, and the maximum differ-
ence observed between a pair of individuals that were clearly members of 
the same interbreeding population was 6%. MtDNA sequence difference 
between closely related species is typically in the range of 10–20%, so if 
two individuals differ by about 10% or more, one might question whether 
they really are conspecific (Blouin et al., 1998).

A promising approach to standardize nematode identification using DNA 
bar cording is to characterize not one but two, or even more, gene regions, 
which must fit three following criteria: (i) show significant species-level 
genetic variability and divergence; (ii) be an appropriately short sequence 
length so as to facilitate DNA extraction and amplification; and (iii) contain 
conserved flanking sites for developing universal primers. Several DNA 
regions, such as 18S rRNA (Floyd et al., 2002), D2–D3 expansion segments of 
28S rRNA (De Ley et al., 2005; Subbotin et al., 2006) or the ITS-RNA gene (De 
Ley et al., 2005), have been proposed for such a procedure.

The ITS-rRNA region is more precisely characterized for many groups 
of plant-parasitic nematodes than any other gene fragment. The intraspe-
cific variation for the ITS-rRNA sequence gene varies between nematode 
genera. For example, it typically does not exceed 1.3% for D. dipsaci sensu 
stricto (Subbotin et al., 2005), 1.4% for Heterodera spp. (Tanha Maafi et al.,
2003; Madani et al., 2004) or 1.8% for Globodera spp. (Subbotin et al.,
2000b). Observed differences greater than these values between a sample 
and a standard cast doubts about its co-specificity. Recent detailed sequence 
and phylogenetic studies indicated the presence of several sibling species 
that probably exist within currently defined species of plant-parasitic 
nematodes, such as G. pallida (Subbotin et al., 2000a,b), H. avenae
(Subbotin et al., 2003), D. dipsaci (Subbotin et al., 2005), B. xylophilus and 
B. mucronatus (Zheng et al., 2003). However, in some cases, the ITS-rRNA 
does show differences between sequences and does not distinguish among 
some closely related and recently diverged species, such as M. incognita,
M. javanica and M. arenaria (Hugall et al., 1999) or H. avenae and H. are-
naria (Subbotin et al., 2003).

DNA barcoding still causes a spirited reaction from many scientists. 
There are some potential limitations to barcoding, which relate to prob-
lems such as the presence of groups of organisms with little sequence 
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diversity, a lack of resolution of recently diverged species, identification 
of hybrids and possible amplification of nuclear pseudogenes. Although 
all of these problems still exist, exploratory studies have shown that about 
96% of eukaryotic species surveyed can be detected with barcoding, 
although most of these would also be resolvable with traditional means; 
however, the remaining 4% pose problems and can lead to error rates that 
are unacceptably high (up to 31% of false attributions) when relying on 
DNA barcoding alone. A further problem faced by the biologists who are 
trying to identify nematodes using barcoding is that currently there is 
insufficient information in databases for extensive nematode species iden-
tification based on DNA fragments. However, the increasing deposition of 
DNA sequences in public databases such as the GenBank and NemATOL 
will be beneficial for diagnostics (Powers, 2004).

Future Developments and Directions

It is clear from the work over the last 20 years that molecular techniques 
are powerful tools for nematode diagnosis. By using them, scientists have 
solved a number of issues; however, an even larger number still remain 
unsolved. The promising and attractive results have generated increasing 
demands for applications in new fields and for better performing tech-
niques. Diagnostic results are now expected more rapidly and samples are 
preferably examined on the spot. Direct diagnosis using soil samples with-
out prior nematode extraction would further reduce the period of time 
required for diagnosis. Mobile molecular equipment may be particularly 
useful in quarantine applications, where the detection of single individu-
als is of paramount importance. Techniques must be able to distinguish 
between dead and living individuals.

Plant-parasitic nematodes live in communities comprised of variable 
numbers of species. The expectation of extension services goes beyond 
the molecular diagnosis of a single species, even if it is the major pathogen 
of a crop. Knowledge about the composition of the nematode community 
will help in designing a crop rotation sequence. For the same reason, the 
molecular quantification of plant-parasitic nematodes is extremely impor-
tant. Molecular quantification has proven possible for a number of cyst 
nematodes and for D. dipsaci. However, for both of these groups, speci-
mens of the same stage were used (second-stage and fourth-stage juve-
niles, respectively). Quantification of different stages will be necessary if 
molecular diagnostics is to be used by extension services. When planning 
a crop rotation, the identification of pathotypes (e.g. PCN) and races (e.g. 
Meloidogyne) is very important; currently, this identification is time-
consuming and may not always be possible if nematode development is 
interrupted. This issue has been addressed molecularly, but still requires 
more research before a method can be used routinely.

The future of molecular nematode diagnostics is in the development of 
nanodiagnostics, which is still primarily in the research stage. Nanotechnology 
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extends the limits of molecular diagnostics to the nanoscale (one billionth of 
a metre). This scale of sensitivity as applied to diagnostics would include 
the detection of molecular interaction (Jain, 2003) and it is anticipated that 
many of the specific nanotechnologies will eventually be applied to the 
diagnostics of nematodes.

The small dimensions that are detectable using this technology have 
led to the use of nanochips, which employs the power of an electronic cur-
rent to separate DNA probes to specific sites on the array, based on charge 
and size. Each test site on nanochips can be controlled electronically from 
the system’s onboard computer. The use of the electronic- mediated hybrid-
ization reduces the time for detection of target DNA sequences to minutes 
instead of hours required with conventional approaches.

Another application of nanotechnology is the use of magnetic nanopar-
ticles, bound to a suitable antibody, to label specific molecules, structures 
or microorganisms. Magnetic immunoassay techniques have been devel-
oped in which the magnetic field generated by the magnetically labelled 
targets is detected directly with a sensitive magnetometer (Jain, 2003).

DNA sequencing costs have fallen more than 100-fold over the past 
decade, fuelled in large part by tools, technologies and process improve-
ments developed as part of the successful effort to sequence the human 
genome. New technologies open the door to the next generation of sequenc-
ing methods, which include, for example, pyrosequencing, sequencing-
by-sequencing approach and sequencing using nanopores. There are many 
opportunities to reduce the cost and increase the throughput of DNA 
sequencing, which are likely to lead to very different and novel approaches 
to diagnostics.
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Abstract
Plants are frequently infected by a wide range of viruses that cause important agro-
nomic, economic and social impact. Detection of viruses at early stages of infection 
is crucial to reduce economic losses. Biological indexing and serological enzyme-
linked immunosorbent assay (ELISA) methods are widely used for diagnosis. 
Nevertheless, molecular techniques have revolutionized plant virus detection and 
identification. Early molecular hybridization technologies were rapidly supplanted 
by more powerful nucleic acids amplification methods based on the polymerase 
chain reaction (PCR). Although molecular methods are highly discriminatory, allow-
ing strain typing, routine testing has been hampered by problems in reproducibility. 
Continuous efforts have been made to overcome these barriers. Improved systems to 
prepare plant or insect samples have been developed. Efforts have also been directed 
at increasing the sensitivity and specificity of detection, which can be limited by the 
high content of enzyme inhibitors in plant materials. Nested and multiplex PCR offer 
high sensitivity and the possibility to detect several targets in one assay, respectively. 
Other technologies allow the amplification of nucleic acids in an isothermal reaction 
(nucleic acid sequence-based amplification [NASBA] or reverse transcription loop-
mediated isothermal amplification [RT-LAMP] procedures). High-throughput testing 
has been achieved by real-time PCR, which allows the automation of PCR combined 
with fluorimetry. Real-time PCR simultaneously permits detection and quantitation 
of targets. The use of integrated protocols combining the specificity of serological 
techniques with the sensitivity of molecular methods will increase the accuracy 
and reliability of virus diagnostic. In the future, nucleic acid arrays and biosensors 
assisted by nanotechnology could revolutionize the detection of plant viruses.

Introduction

Plant viruses are important pathogens in agriculture worldwide. They 
cause considerable economic damage in different crops, including fruit 
trees, field crops, vegetables, cereals and ornamentals. As an example, 
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estimated costs associated with sharka disease (caused by Plum pox virus,
PPV) management in the last 30 years exceed €10,000 million worldwide 
(Cambra et al., 2006b).

Insufficient knowledge of virus uptake and spread by vectors prevents 
the development of adequate control measures. However, many systems to 
control plant virus diseases have been developed. These focus on methods 
to prevent infection and the use of virus-free seeds and starting planting 
material. The implementation of such measures requires detection and 
identification methods of high sensitivity, specificity and reliability. 
Because viruses may remain latent in susceptible and tolerant hosts, and 
can be present in very low titre, their detection in seeds, propagative mater-
ial and other reservoirs is a priority. Latent infections in host tissues can 
lead to widespread distribution of the virus and large economic losses. In 
addition, a number of vectors facilitate the spread of viruses from infected 
plants to healthy ones. The need for rapid and accurate techniques is espe-
cially required for quarantine viruses, for which the risk of disease and 
inoculum spread must be reduced almost to zero. Thus, accurate methods 
to detect plant viruses in soil, plant materials and vectors are essential to 
make large-scale diagnosis possible for quarantine purposes, eradication 
programmes and sanitary control of viruses (López et al., 2003, 2006).

Conventional diagnosis of viral agents in plant pathology is based on 
biological indexing and serological assays. However, molecular methods 
are increasingly used for detection and characterization of plant viruses 
because they provide the advantage of assessing the genes directly, facili-
tating further identification. In general, sensitive molecular techniques 
provide a second level of testing, which is particularly suitable for the 
analysis of those samples in which previous data are not conclusive, or for 
the rapid screening of critical samples usually related to national or inter-
national trade or to the first identification of a virus in a given country.

This chapter provides a brief review of the development of nucleic 
acid-based molecular detection methods and discusses the state-of-the-art 
detection methods based on the amplification of nucleic acids. Finally, 
criteria used to establish internationally accepted diagnostic protocols are 
also proposed.

Background

Molecular diagnosis began when Morris and Dodds (1979) developed a 
method for purification of double-stranded RNA (dsRNA) from plant 
material and fungi. The genome of the majority of plant viruses consists of 
RNA, and during viral replication, dsRNA is generated. Thus, dsRNAs 
were used as infection markers, based on the notion that these molecules 
are of viral origin, even when they are apparently endogenous to plants 
(Gibbs et al., 2000). The patterns of dsRNA segments resolved in acryl-
amide gel electrophoresis have been used to differentiate closteroviruses 
(Dodds and Bar-Joseph, 1983), to characterize Citrus tristeza virus (CTV) 
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strains (Moreno et al., 1990), and to discriminate between healthy and 
infected olive plants (Grieco et al., 2000). However, some of the more 
important drawbacks of the method are its lack of specificity, low sensitiv-
ity and high labour cost.

Another early diagnostic molecular method is nucleic acid hybridiza-
tion. It was used for the first time in plant pathology to detect potato spin-
dle tuber viroid (Owens and Diener, 1981). Molecular hybridization-based 
assays were rapidly adapted to virus detection (Hull, 1993). However, 
although this methodology can provide higher sensitivity than some sero-
logical tests, the initial use of radioactive probes, such as 32P-labelled
cRNA, prevented the wide application of this technique for routine test-
ing. Labelling of probes with non-radioactive molecules, such as biotin or 
digoxigenin, although easier to use, are often not very sensitive (Chu et al.,
1989). Recent modifications of hybridization approaches may facilitate 
diagnosis. The imprint hybridization of sections of plant material (Song 
et al., 1993) has been successfully applied for viroid detection (see Chapter 
12, this volume). Today, the most common molecular hybridization for-
mat for the detection of viruses is non-isotopic dot-blot hybridization 
using digoxigenin-labelled probes. The method has been applied for the 
detection of members of the genus Nepovirus and of stone fruit viruses, 
such as Apple mosaic virus (ApMV), Prunus necrotic ringspot virus
(PNRSV), Prune dwarf virus (PDV), PPV and Apple chlorotic leaf spot 
virus (ACLSV) (Más and Pallás, 1995; Herranz et al., 2005). Multiple RNA 
probes (riboprobes) have been used for the detection of distinct viruses 
(Ivars et al., 2004). As an alternative to mixing different riboprobes, poly-
probes (a unique riboprobe containing partial nucleic acid sequences of 
different viruses) can be used (Herranz et al., 2005). Conventional and fast 
flow-through hybridizations have also been used for the specific detection 
of amplicons generated after amplification techniques, increasing sensi-
tivity and specificity levels (Bertolini et al., 2001) and reducing time 
(Olmos et al., 2007).

The discovery of the polymerase chain reaction (PCR) (Saiki et al.,
1985), dramatically modified the molecular diagnostic scene. Many 
improvements were adopted early, including coupling reverse transcrip-
tion (RT) to PCR in a single RT-PCR reaction. This expanded the applica-
tions of PCR by allowing the detection of RNA viruses after an initial step 
that converts single-strand RNA to cDNA (Korschineck et al., 1991; Wetzel 
et al., 1991; Hadidi et al., 1995). Nevertheless, when conventional PCR or 
RT-PCR is applied to routine detection, the sensitivity is similar to that 
obtained by enzyme-linked immunosorbent assay (ELISA) or hybridiza-
tion techniques. This may be due, at least in part, to the poor quality of 
samples that contain potential inhibitors of RT-PCR (Wilson, 1997). Thus, 
sample preparation is critical and is continuously being improved. 
Different systems for viral target preparation before the amplification have 
been developed that bypass the need for extensive nucleic acids purifica-
tion. These include the direct use of raw plant extracts or the spotting of 
extracts on paper or membranes. In some cases, plant tissues are tested 
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directly without the preparation of an extract by printing or squashing 
samples on paper (see below).

Modifications to conventional or simple PCR were developed to 
improve sensitivity and specificity; e.g. heminested, nested RT-PCR and 
cooperational PCR (Co-PCR). Improvements were also made by coupling 
serological detection to molecular amplification. Other PCR variants 
were developed to verify the presence of more than one pathogen in plant 
material, or to detect related viruses on multiple hosts. Multiplex PCR 
and polyvalent degenerate oligonucleotide RT-PCR are useful in plant 
pathology because different viruses frequently infect a single host. Today, 
real-time PCR and isothermal amplifications are being developed to 
increase sensitivity and accuracy while maintaining reliability. Real-time 
PCR combined with user-friendly software packages has made the quan-
titative detection of plant viruses available to diagnostic laboratories. 
Other ‘thermal cycler free’ nucleic acids amplification techniques are 
also available. Such isothermal amplification has been applied to plant 
pathology, allowing real-time assays using molecular beacon probes (see 
below).

The development of automatic sequencing of amplified genome frag-
ments has been instrumental for the improvement of virus detection 
methods. Sequencing is a very reliable technique for virus identification. 
In addition, the extensive sequence data available for many viral isolates 
have permitted the development of strain-specific probes for molecular 
hybridization assays or primers for amplification-based assays.

Molecular methods facilitate the detection and characterization of 
viruses at early stages of infection and reduce the impact of viral diseases. 
However, they require validations to determine their accuracy, sensitivity, 
specificity, comparative cost and reproducibility before they can be rec-
ommended as international standards for routine diagnostic methods used 
in large-scale indexing.

Preparation of Plant Material Prior to Nucleic Acid Amplification

Analysis of plant material often requires time-consuming preparation of 
extracts and purification of nucleic acids. Flowers, leaves, bark tissues, 
seeds or fruits can be used as a source of infected material, but often have 
to be cut into small pieces and placed into individual plastic bags or con-
tainers to avoid contaminations during the grinding process. Published 
methods, commercial kits and semi-automated systems are available to 
isolate nucleic acids and to avoid the presence of inhibitory compounds 
that may compromise the amplification reaction (López et al., 2006). The 
majority are based on the use of resins or silica.

The homogenization procedure for samples frequently releases polysac-
charides and aromatic compounds that inhibit reverse transcriptase and 
Taq polymerase. Plant extract preparation is also time-consuming, requires 
special buffers and equipment, enhances risks of contamination and entails 
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the possibility of target modification. Grinding limits the number of sam-
ples that can be processed, especially when woody plant material is ana-
lysed. Several attempts to overcome these problems have been undertaken. 
Immunocapture prior to amplification was one of the first reported 
improvements (Wetzel et al., 1992). This method recalls the first steps of 
ELISA, and allows immobilizing and concentrating viral particles using 
specific antibodies coated on the walls of tubes in which crude plants 
homogenates are incubated. Several washing steps are incorporated to 
eliminate or reduce interfering inhibitors before the amplification cocktail 
is added. This technique is estimated to increase sensitivity by about 250 
times compared to simple RT-PCR (Wetzel et al., 1992). In some cases, 
virus particles can be captured by direct binding on plastic surfaces with-
out the use of antibodies. Alternatively, amplification can be conducted 
using microlitres of crude extract immobilized on small pieces of paper or 
membranes (Olmos et al., 1996; Osman and Rowhani, 2006). Although 
there is an improvement, these techniques still require plant material 
homogenization. The preparation of crude extracts in simple buffers and 
subsequent dilution in sterile water has also been explored.

The need for a grinding step can be circumvented by the use of tissue 
prints on paper (Whatman 3 MM) (Olmos et al., 1996). The preparation of 
imprinted membranes is carried out by briefly pressing a fresh section of 
tender shoots, leaves, flowers or fruits directly on paper or on other solid 
supports (nylon, nitrocellulose, polyvinylidene fluoride, etc.) to make a 
print. The usefulness of this system was verified using plant extracts spot-
ted on paper (Osman and Rowhani, 2006). Direct PCR from squashed 
aphids onto paper has also been reported (Olmos et al., 2005; Cambra 
et al., 2006a). The squashing procedure is simple: aphids are moved from 
leaves or flowers with a little brush and carefully deposited onto the paper 
membrane and then individually squashed with the round bottom of a 
plastic Eppendorf tube (Olmos et al., 1997). Imprints of plant material, 
squashed aphids or spotted extracts can be stored in a dry place at room 
temperature for several months before use without decreasing the sensi-
tivity of detection.

For viral RNA extraction, the piece of membrane harbouring each 
individual-squashed aphid, tissue print or spotted extract is cut with ster-
ile scissors and introduced in an Eppendorf tube. After addition of 0.5–1% 
Triton X-100, the extract can be either used directly or submitted to an 
immunocapture step. However, the major limitation of this method is the 
reduced amount of sample that can be loaded on a membrane piece, com-
promising the sensitivity of the assay. Consequently, the most sensitive 
amplification methods must be used (see below).

Primer and Probe Design

Primer and probe design is of prime importance for successful detection 
of viral targets by amplification methods. Partial or complete nucleotide 
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sequence of virus genomes can be retrieved using Nucleotide Sequence 
Search software located in the National Center for Biotechnology 
Information (NCBI) web page (http://www3.ncbi.nlm.nih.gov/Entrez) 
(Bethesda, Maryland, USA). Similarity search Advanced BLAST 2.0 
(blastn software) (Altschul et al., 1997) can be used to view alignments of 
sequences drawn from the GenBank, EMBL and DDBJ databases and to 
analyse sequence identity between virus species or virus isolates, allow-
ing the design of primers and probes in conserved or unique regions of the 
genome of the target virus.

The size of the amplified product should be as small as possible to 
increase sensitivity and specificity (Singh and Singh, 1997). In conven-
tional PCR, amplicons are visualized by gel electrophoresis and the size of 
the PCR product should range from 100 to 1000 bp, although minimum 
amplicon size is recommended. Nested PCR methods that are based on 
two consecutive rounds of amplification require the design of four com-
patible primers. Two external primers amplify a large amplicon that is 
then used as a target for a second round of amplification using two inter-
nal primers. Two critical steps are involved in primer design. First, the 
four primers should not anneal with each other to avoid unspecific ampli-
fications that could compete with the specific product. Second, the size of 
the shortest amplicon should be around 200 bp as recommended for con-
ventional PCR.

A method that requires additional considerations for optimization of 
primer design is the Co-PCR, which is based on the simultaneous anneal-
ing of four primers to the same target. In this technique, the largest ampli-
con is the major product of amplification because internal primers are in 
very low concentration. After some PCR cycles, the supply of internal 
primers is depleted and the intermediated amplicons generated are used 
as additional primers (Olmos et al., 2002). Internal and external primers 
must be as compatible as in the nested-PCR method, but in addition, they 
must be designed as close as possible. For instance, if the size of the larg-
est amplicon is around 300 bp, the shortest amplicon should be around 
240 bp.

Multiplex reactions are based on mixing different primers specific to 
several targets. Compatible and non-interfering primers should be designed 
in silico and in vitro analysis must be performed to test if the reaction is 
displaced towards any of the most abundant targets.

Real-time PCR using SYBR Green, TaqMan or molecular beacon 
probes is designed to amplify small fragments; consequently, specific 
primers and probes design software have been developed (PrimerExpress, 
Applied Biosystems). Isothermal amplifications, such as nucleic acid 
sequence-based amplification (NASBA), AmpliDet or reverse transcrip-
tion loop-mediated isothermal amplification (RT-LAMP), require the use 
of different software such as PrimerExplorer (Eiken Chemical Co.) and 
RNAfold Vienna Package (http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.
cgi) and the careful in vitro testing of primers and probes designed in 
silico.

http://www3.ncbi.nlm.nih.gov/Entrez
http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi
http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi
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PCR-based Amplification Methods

Conventional PCR-based methods (PCR and RT-PCR)

PCR is the ‘gold standard’ of molecular methods used for sensitive and spe-
cific viral detection. Accurate design of primers allows one to fine-tune the 
specificity level of the reaction. Thus, if primers are targeted to strongly con-
served genome regions among members of a genus, this technique will allow 
the amplification of genomic sequences for many members of a virus genus 
as reported for Luteovirus (Robertson et al., 1991), Geminivirus (Deng et al., 
1994), Closterovirus (Karasev et al., 1994), Carmovirus (Morozov et al., 1995), 
Potyvirus (Gibbs and Mackenzie, 1997), Tospovirus (Mumford et al., 1996), 
Carlavirus (Badge et al., 1996), Cucumovirus (Choi et al., 1999), Tymovirus
and Marafivirus (Sabanadzovic et al., 2000) or Polerovirus (Hauser et al., 
2000). On the other hand, if primers are targeted to highly specific regions of 
a viral isolate, the reaction will allow discrimination of viral isolates.

Although theoretically a 109-fold amplification expected for a 2–3 h 
reaction should permit the detection of single molecules, in routine diag-
nostics, the level of sensitivity is similar to that of ELISA or hybridization 
techniques (Olmos et al., 2005). This is mainly due to the efficiency of 
reaction, which is affected by several parameters, including primer spe-
cificity, quality of nucleic acid targets, presence of inhibitors in the reac-
tion, enzyme types, buffer composition and stability.

The majority of plant viruses have an RNA genome, which requires an 
initial step of RT to obtain the suitable cDNA target for amplification. 
Although these two reactions need to be performed in different tubes for 
optimal conditions, single-tube RT-PCR approaches have been success-
fully used (Korschineck et al., 1991; Wetzel et al., 1991), reducing the time 
needed to complete the reaction.

Heminested and nested PCR

Sensitivity of detection can be improved by using nested PCR-based meth-
ods. The reaction consists of two consecutive rounds of amplification: an 
RT-PCR (for RNA viruses) and a conventional PCR. The RT-PCR is per-
formed using external primers. Usually, the products of this first amplifi-
cation are transferred to another tube before the nested PCR is carried out 
using internal primers (Olmos et al., 2003). In the case of heminested PCR, 
a single nested primer is used along with one external primer. In all cases, 
the largest amplification product generated in the first reaction is used as 
template for the second reaction. In addition, the use of internal primers 
permits further characterization of the amplified product.

Many reports illustrate the potential of nested PCR-based methods. For 
instance, this method allowed not only an increased sensitivity of detection 
of PPV, but also clustered isolates into D or M types (Olmos et al., 1997). 
These methods also permitted an increased level of detection for PDV in 
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peach trees (Helguera et al., 2002) or to detect and identify members of 
Tobamovirus genus (Dovas et al., 2004). However, the use of two rounds of 
amplification in two separate tubes increases false-positive results as a con-
sequence of amplifying contaminant amplicons. This is especially prob-
lematic when the method is used on a large scale. To overcome this, several 
authors have proposed single-tube nested PCR methodologies. It can be 
achieved by placing the cocktail for nested amplification in a hanging gel 
matrix on the top of the reaction tube (Yourno, 1992). Alternatively, primer 
design can be improved and the relative concentration of outer to inner 
primers can be adjusted (Mutasa et al., 1996). Finally, the reaction tube can 
be compartmentalized using the end of a standard pipette tip (Olmos et al., 
1999). Coupling nested PCR variants with squashed or printed samples on 
paper membranes has allowed the detection of RNA targets from several 
viruses in plant material and in individual insect vectors (Olmos et al., 
1997, 1999; Marroquín et al., 2004; Cambra et al., 2006a).

PCR coupled with serological detection (PCR-ELISA and PCR-ELOSA)

PCR products can be captured on a solid phase, directly or indirectly, and 
subsequently detected by direct or indirect labelling. Proteins such as avidin 
or streptavidin that bind biotinylated PCR products, or antibodies directed 
against biotin, can be coated on the plastic to capture DNA targets (PCR-
ELISA) (Landgraf et al., 1991). PCR-enzyme-linked oligosorbent assay (PCR-
ELOSA) (Mallet et al., 1993) is based on direct fixation of the capture 
oligonucleotide probes by passive adsorption on the surface of the microtitre 
wells. Nagata et al. (1985) described the direct binding of DNA targets onto a 
microtitre plate. In the nucleic acid-based sandwich system, two nucleic 
acids probes are used as capture and detection probes. Nucleic acids can be 
coated onto a solid phase covalently or by passive adsorption. Following the 
initial description of PCR-ELISA and PCR-ELOSA, more than 300 publica-
tions have described the development of such techniques in the diagnostic 
field. These procedures are suitable for routine purposes and lend themselves 
to automation. A PCR-microplate hybridization method for plant virus detec-
tion was initially described for detection of potato virus Y (PVY) (Hataya 
et al., 1994). The methodology was further simplified and optimized for rou-
tine testing and for the detection and characterization of PPV (Olmos et al., 
1997). Other approaches have been developed for the simultaneous identifi-
cation of different viruses (Youssef et al., 2002). The advantages of these meth-
ods are the level of sensitivity achieved, which is similar to that obtained by 
nested PCR-based methods, and the high specificity observed when oligonu-
cleotides are used as capture probes, allowing molecular analysis of mutations.

Cooperational PCR

An interesting variant of PCR is Co-PCR, which is based on the simultan-
eous annealing of three or four primers to a nucleotide sequence target 
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(Olmos et al., 2002). The reaction begins with the parallel amplification of 
different fragments from the same target, with the largest amplicon encom-
passing the others. Four amplicons are produced from a combination of 
four primers during the initial steps of the reaction. Because internal pri-
mers are in minute quantities, they are depleted early in the reaction and 
intermediate amplicons are used by the polymerase as new primers. As a 
result, the largest amplicon becomes the main product of amplification. 
Small amounts of reagents are used and susceptibility to inhibitors might 
be a problem to achieve good sensitivity. This can be overcome by initial 
nucleic acids extraction with available commercial kits. The method has 
been successfully assayed both in metal block and capillary air thermal 
cyclers for the detection of plant RNA viruses such as CTV, PPV, Cucumber
mosaic virus (CMV), Cherry leaf roll virus (CLRV) and Strawberry latent 
ringspot virus (SLRSV) (Olmos et al., 2002). The easy adaptation of this 
technique to other models has permitted it to be rapidly applied to detect 
DNA from bacteria and phytoplasmas. In contrast to nested PCR, which is 
performed in two sequential rounds of amplifications and generates the 
lowest amplicon as main product, Co-PCR requires only one reaction, 
minimizing manipulation and reducing risk of contamination. This ampli-
fication method has been coupled to colorimetric detection to facilitate 
routine analysis, obtaining a sensitivity level similar to that provided by 
nested PCR methods.

Multiplex-PCR and polyvalent degenerate oligonucleotide RT-PCR

Multiplex-PCR allows the simultaneous and sensitive detection of differ-
ent DNA or RNA targets in a single reaction. Multiplex PCR is a useful tool 
because different viruses frequently infect a single host. Approaches that 
allow simultaneous detection of multiple plant viruses reduce the number 
of tests required, reagent usage, time for analysis and consequently the cost 
(James et al., 2006). However, due to the technical difficulties of designing 
a reaction involving many compatible primers, there are few examples in 
which more than three plant viruses have been amplified in a single PCR-
based assay (Bariana et al., 1994; Nassuth et al., 2000; Nie and Singh, 2000; 
Okuda and Hanada, 2001). Two successful examples of multiplex system 
are the simultaneous detection of the six major characterized viruses 
described in olive trees (CMV, CLRV, SLRV, Arabis mosaic virus (ArMV), 
Olive latent virus-1 and Olive latent virus-2) (Bertolini et al., 2001) and the 
simultaneous detection of nine grapevine viruses (ArMV, Grapevine f anleaf
virus, Grapevine virus A, Grapevine virus B, Rupestris stem pitting- associated 
virus, Grapevine fleck virus, Grapevine leafroll-associated virus-1, -2 and -3)
(Gambino and Gribaudo, 2006).

Multiplex nested RT-PCR method in a single reaction combines the 
advantages of the multiplex with the sensitivity of the nested PCR. 
However, an accurate design of compatible primers is required to avoid 
hairpins and primer–dimer formation. Multiplex nested PCR has been 
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used for the detection of phytoplasmas, fungi and viruses (Dovas and 
Katis, 2003). To date, there is only one report of multiplex nested PCR 
performed in a single closed tube (Bertolini et al., 2003). In this work, a 
multiplex nested RT-PCR was developed for simultaneous detection of 
CMV, CLRV, SLRSV and ArMV viruses and the bacterium Pseudomonas
savastanoi pv. savastanoi from olive plants using 20 compatible primers 
in a compartmentalized tube. The sensitivity was increased by at least 
100-fold compared to a multiplex RT-PCR, and was similar to the sensitiv-
ity reached with monospecific nested PCR for P. savastanoi pv. savasta-
noi. This multiplex nested RT-PCR was coupled with colorimetric 
detection, allowing the discrimination between amplicons of similar size, 
which would have required additional monospecific analysis if only gel 
visualization was employed.

Other variations of PCR focused on the detection of several members 
of a family. The development of a broad-spectrum PCR assay, such as 
polyvalent nested RT-PCR, has allowed the simultaneous detection of tri-
choviruses, capilloviruses and foveaviruses of the family Flexiviridae
(Foissac et al., 2005).

Real-time PCR

Analysis of PCR products requires agarose gel electrophoresis, hybridiza-
tion or colorimetric detection of the amplicon. Real-time PCR permits the 
monitoring of reaction during the amplification process, eliminating the 
need for an analysis step after the reaction and reducing risks of contami-
nation. The PCR reaction is monitored by measuring fluorescent dyes dur-
ing each cycle, allowing quantitation of the initial number of template 
copies (Wittwer et al., 1998). Quantitation can be based on non-specific 
DNA-binding sites, such as SYBR Green, or on specific fluorescent-
labelled probes (TaqMan, Molecular Beacons, LUX, FRET or Scorpions). 
Non-specific fluorescent dyes have the disadvantage that they can bind to 
any double-stranded DNA. The relative concentration of each primer is 
critical to avoid non-specific amplifications. In addition, supplementary 
melting curve analysis must be carried out to analyse the specificity of the 
reaction products. Probe-based systems produce highly specific real-time 
PCR products with great sensitivity. However, false-negative results can 
occur if probes do not recognize their target due to sequence heterogene-
ity. Real-time PCR is an emerging technology in the diagnosis of plant 
viruses that is gaining acceptance. It allows a large dynamic range of quan-
titation of targets. This technology was initially described in 2000 using 
TaqMan probes for Potato mop top virus and Tobacco rattle virus (Mumford 
et al., 2000). Subsequently, the method was successfully applied for the 
detection of several viruses. More recently, it has been adapted for the 
detection of Cauliflower mosaic virus (Cankar et al., 2005), Cucumber vein 
yellowing virus (Pico et al., 2005) and PPV (Olmos et al., 2005; Varga and 
James, 2005, 2006a; Capote et al., 2006). In addition, real-time PCR has 
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been successfully used to detect and quantify viral targets in insect vec-
tors, as shown for Barley yellow dwarf virus (Fabre et al., 2003) or PPV 
(Olmos et al., 2005). Multiplex assays have also been developed (Mumford 
et al., 2000; Varga and James, 2005, 2006a). Real-time PCR has demon-
strated great advantages for the detection and quantitation of low levels of 
viral targets with the possibility of high-throughput testing. In the future, 
it is likely that this promising technique will be applied to basic studies 
on virus replication as well as to more applied research concerning epide-
miology, breeding for resistance and virus–vector relationships (Mackay 
et al., 2002; Olmos et al., 2005).

Isothermal Amplification Methods

NASBA and AmpliDet

Nucleic acids sequence-based amplification method (NASBA) is an iso-
thermal amplification process (Compton, 1991) that involves three enzymes: 
avian myeloblastosis virus reverse transcriptase (AMV-RT), RNase-H and 
T7 RNA polymerase. Two target sequence-specific primers (one of which 
bears a bacteriophage T7 promoter sequence appended to its 5' end) are 
included in the reaction cocktail. The reaction is initiated when the first 
primer, bearing the T7 sequence tail, is recognized by the AMV-RT to yield 
an RNA–DNA hybrid. This hybrid is subsequently hydrolysed by RNase-
H to release a single-stranded DNA molecule. The second primer anneals 
to its target sequence and is elongated by AMV-RT to produce a double-
stranded DNA molecule. T7 RNA polymerase recognizes its promoter site 
and begins RNA transcription. Several hybridization methods with spe-
cific probes in dot-blot or ELISA formats, or the use of molecular beacon 
probes in real-time assays named AmpliDet (Leone et al., 1998; Klerks 
et al., 2001), are required to detect the amplified RNA. The sensitivity of 
this method has proved to be similar to that obtained by real-time PCR 
when applied to PPV detection (Olmos et al., 2007). This thermal cycler-
free technology is suitable for single-stranded RNA viruses and offers the 
advantage that no contaminating DNA is amplified.

Loop-mediated isothermal amplification

Loop-mediated isothermal amplification (LAMP) is increasingly being 
used in the diagnostic field, offering both sensitivity and low cost (Notomi 
et al., 2000). The method is based on the use of DNA polymerase with 
strand displacement activity, and four specifically designed primers that 
recognize six distinct sequences of the target. The LAMP reaction was 
enhanced by the addition of loop primers (Nagamine et al., 2002), reduc-
ing time of reaction and increasing sensitivity. The reaction takes place at 
60–65°C during 60 min. Although it was initially developed for DNA 
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amplification, it has been adapted to RNA (RT-LAMP) (Fukuta et al.,
2003). The method has been recently applied for the detection of plant 
viruses such as PPV, with a sensitivity level similar to that obtained with 
real-time PCR (Varga and James, 2006b).

Selection of a Diagnostic Molecular Method

Beyond sensitivity and specificity

When choosing a diagnostic test, it must be assumed that there are no per-
fect methods (that never give false-positive or false-negative results). For 
this reason, it is necessary to know the capacity of each technique. This 
capacity can be measured by the analysis of sensitivity, specificity, predic-
tive positive and negative values according the prevalence, hit rate and 
likelihood ratios.

Diagnostic tests are used to classify plants in two groups according to 
the presence or absence of a specific pathogen. There are two indicators of 
the operational capacity of a technique: sensitivity and specificity (Altman 
and Bland, 1994a). Sensitivity means the proportion of true positives that 
are correctly identified by the test: a/(a + c) (Table 10.1). Specificity is 
defined by the proportion of true negatives that are correctly identified by 
the test: d/(b + d) (Table 10.1). These two indicators constitute one approach 
to evaluate the diagnostic ability of the test. The most sensitive methods 
must be used to discard the presence of a pathogen and they supply an 
accurate diagnosis of healthy plants. However, the methods with high sen-
sitivity also yield some false-positive results and consequently, they must 
not be used as a single technique to accept the presence of a given patho-
gen. In contrast, the most specific methods can be used to confirm the pres-
ence of a pathogen because they give an accurate and reliable diagnosis of 
true infected plants. However, due to the possibility of false-negative 
results, they cannot guarantee that a specific pathogen is not present in the 
sample in minute quantities or in ‘subclinical’ stages.

Table 10.1. Relationship between the observed diagnostic results 
obtained by a given method (test results) and the expected results 
(correct diagnosis).

  Correct diagnosis 

  Infected (+) Healthy (−) 

Test results Infected (+) a b a + b
 Healthy (−) c d c + d

a + c b + d Na

aN : Total number of analysed samples.
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Sensitivity and specificity are not the only criteria available to select a 
diagnostic test. The probability that a diagnostic method makes an accu-
rate diagnosis must be determined by calculating other predictive values 
(Altman and Bland, 1994b). A positive predictive value represents the pro-
portion of positive samples correctly diagnosed: [a/(a + b)] (Table 10.1). 
A negative predictive value is the proportion of samples with negative 
results which are correctly diagnosed. However, the predictive values also 
depend on the prevalence of infection in the samples tested: (a + c/N )
(Table 10.1), and do not apply universally. Prevalence can be interpreted as 
the probability that the sample is harbouring the pathogen before the test is 
performed. If the prevalence of the infection is very low, the positive pre-
dictive value will not be close to 1 even if both sensitivity and specificity 
are high. In screening tests, it is expected that many plants giving positive 
diagnostic results by one specific method are false positives. Positive and 
negative predictive values can be calculated for any prevalence:

Positive predictive value = sensitivity × prevalence/[sensitivity × 
prevalence + (1 − specificity) × (1 − prevalence)].

Negative predictive value = specificity × (1 − prevalence)/[(1 − sensitivity)
× prevalence + specificity × (1 − prevalence)].

Hit rate is an indicator of a technique and is the total number of samples 
for which a screening test gave accurate information [true positives + true 
negatives diagnosed by the technique divided by the entire number of sam-
ples: (a + d/N )] (Table 10.1). However, hit rate is a misleading statistic and 
should not be used as an indicator of test accuracy, because in screening 
tests, there will be far more true negatives than true positives correctly diag-
nosed by the technique. Consequently, specificity carries excessive weight 
in the computation of hit rates, which are closer to the specificity index 
than the sensitivity index and can mask serious flaws in accuracy. Hit rate 
will only represent the accuracy of a technique when the analysed samples 
are constituted by 50% of true negatives and 50% of true positives.

Likelihood ratios are independent of the disease prevalence and sum-
marize the diagnostic accuracy. In the case of qualitative tests reporting 
the presence or absence of a virus, there are two likelihood ratios: the posi-
tive or the negative. The positive likelihood ratio is the proportion of true 
positives correctly identified by the technique [a/(a + c)] (sensitivity) 
divided by the proportion of false-positive results: [b/(b + d)] (1 − specificity)
(Table 10.1). The negative likelihood ratio is the proportion of false nega-
tives [c/(a + c)] (1 − sensitivity) divided by the proportion of true negatives 
[d/(b + d)] (specificity) (Table 10.1).

A high positive likelihood ratio increases the probability that the dis-
ease is present, while a small negative likelihood ratio suggests a low 
probability for the presence of the disease. In most circumstances, likeli-
hood ratios above 10 and below 0.1 provide strong evidence to rule in or 
rule out diagnoses, respectively (Jaeschke et al., 2002). Because likelihood 
ratios are based on a ratio of sensitivity and specificity, they do not vary in 
different populations or settings and can be used to quantitate the prob-
ability of disease for any individual plant, using Bayes theorem (Fagan, 
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1975; Sackett et al., 2000). Likelihood ratios emphasize that there is never 
a 100% perfect diagnosis. However, they provide valuable information 
regarding the accuracy of a diagnostic method.

Agreement between two detection methods and validation of protocols

Cohen’s kappa coefficient (Cohen, 1960) constitutes a method for evaluat-
ing agreement between two techniques that can be used when a ‘gold 
standard’ test is not available. Kappa is an expression of agreement 
between two methods. This coefficient does not reveal which method is 
better, but indicates how often the techniques give the same results. The 
value of kappa ranges between 0 and 1. Landis and Koch (1977) described 
an interpretation of values in which k < 0.00 is poor, 0 < k < 0.20 is slight, 
0.21 < k < 0.40 is fair, 0.41 < k < 0.60 is moderate, 0.61 < k < 0.80 is sub-
stantial and 0.81 < k < 1.00 is in almost perfect agreement.

Kappa coefficient can be calculated according to Table 10.2 as follows:
k = (observed agreement − expected agreement)/(1 − expected agree-

ment), where: observed agreement = (a + d)/N and expected agreement = 
[(a + b) × (a + c) + (c + d) × (b + d)]/N2.

An example of application of Kappa coefficient and validation of pro-
tocols, reagents and techniques for PPV detection and identification is 
shown in Table 10.3. Over the years, a large collection of PPV isolates has 
been analysed by serological and molecular methods in different European 
laboratories in the frame of research projects, in bilateral actions and in 
ring tests. Suitable reagents and techniques were selected, validated and 
included in the OEPP/EPPO protocol (EPPO, 2004). This protocol was 
tested through a European Union DIAGPRO Project (SMT4-CT98-2252) in 
17 laboratories from Austria, Belgium, France, Germany, Great Britain, 
Greece, Hungary, Italy and Spain in 2002. Eight blind samples were ana-
lysed by three techniques for universal detection of PPV (DASI-ELISA 
using 5B-IVIA monoclonal antibody, IC-PCR using P1/P2 primers, and Co-
PCR using P10/P20/P1/P2 primers and a PPV universal probe). In addi-
tion, three techniques for identification of PPV-D and PPV-M were used 

Table 10.2. Relationship between the results obtained by two different diagnostic 
methods after the analysis of a given number of samples.

 Method A diagnostic results 

 Infected (+) Healthy (−) 

Method B diagnostic  Infected (+) a b a + b
 results
 Healthy (−) c d c + d

a + c b + d N a

aN : Total number of analysed samples.



Table 10.3. Comparison of serological and molecular techniques and reagents recommended by the European and Mediterranean Plant Protection
Organization for Plum pox virus detection and identification (EPPO, 2004) (evaluated in a ring test funded by a DIAGPRO project, SMT4-CT98-
2252, European Union in 2002).

Parameters

Techniques               Cohen’s kappa
and reagents Characteristics Na TPb TNc FPd FNe Snf Spg PPVh NPVi Hit rate LR+j LR−k coefficient

DASI-ELISA (5B) Universal detection 128 96 26 0 6 0.92 1.00 1.00 0.81 0.95 ∞ 0.06 0.86 ± 0.08
DASI-ELISA (4D) D-specific identification 128 44 64 0 20 0.69 1.00 1.00 0.76 0.84 ∞ 0.31 0.68 ± 0.08
DASI-ELISA (AL) M-specific identification 128 52 62 2 12 0.81 0.97 0.96 0.84 0.89 26.04 0.19 0.78 ± 0.08
IC-PCR (P1/P2) Universal detection 119 70 28 2 19 0.79 0.93 0.97 0.60 0.82 11.79 0.23 0.61 ± 0.08
IC-PCR (P1/PD) D-specific identification 120 46 58 2 14 0.77 0.97 0.96 0.81 0.87 23.02 0.24 0.73 ± 0.08
IC-PCR (P1/PM) M-specific identification 119 47 55 5 12 0.80 0.92 0.90 0.82 0.86 9.56 0.22 0.71 ± 0.09
Co-PCR  Universal detection 120 85 28 2 5 0.94 0.93 0.98 0.85 0.94 14.17 0.06 0.84 ± 0.09
 (Universal 
 probe)
Co-PCR (D probe) D-specific identification 120 56 54 6 4 0.93 0.90 0.90 0.93 0.92 9.33 0.07 0.83 ± 0.09
Co-PCR (M probe) M-specific identification 120 50 57 3 10 0.83 0.95 0.94 0.85 0.89 16.67 0.17 0.78 ± 0.09

aN: Total samples.
bTP: True positives.
cTN: True negatives.
dFP: False positives.
eFN: False negatives.
fSn: Sensitivity.
gSp: Specificity.
hPPV: Positive predictive value.
iNPV: Negative predictive value.
jLR+: Positive likelihood ratio.
kLR−: Negative likelihood ratio.
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(DASI-ELISA using 4D and AL specific monoclonal antibodies, IC-PCR 
using P1/PD, P1/PM primers, and Co-PCR using universal primers and D 
and M specific probes). The results were analysed following the recom-
mendations of the Medical University of South Carolina for diagnostic 
tests (http://www.musc.edu/dc/icrebm/diagnostictests.html) as indicated 
earlier. All tested techniques ranged from good to almost perfect agree-
ment as shown in Table 10.3. Reagents used for universal detection were 
more accurate and reliable than strain-specific reagents. The highest hit 
rate in routine detection was obtained by DASI-ELISA using 5B-IVIA-
specific monoclonal antibody (95%, k = 0.86 ± 0.08) followed by Co-PCR 
using the PPV universal probe (94%, k = 0.84 ± 0.09). The highest hit rate 
in identification or characterization of PPV-D and PPV-M was achieved by 
Co-PCR using specific D and M probes. Although none of the tested tech-
niques reached a 100% accuracy, all techniques are considered to have 
excellent performance for PPV detection compared with standards used in 
medical diagnostic.

Other detection techniques not included in this series of tests (i.e. 
real-time PCR) have now been shown to be reliable enough for universal 
detection of PPV. In addition, real-time PCR using a universal TaqMan 
probe has proved to be the most sensitive, rapid and accurate technique 
for PPV detection when compared with ELISA and conventional PCR 
(Olmos et al., 2005). Real-time PCR is a valuable technique for PPV-D and 
PPV-M identification (Varga and James, 2005; Capote et al., 2006). NASBA 
is a suitable technique for PPV detection in winter and spring seasons 
(Olmos et al., 2007). Such evaluations must be performed before the adop-
tion of any new diagnostic method.

Comparison of molecular diagnostics methods for plant viruses

A hypothetical comparison of the molecular methods most frequently 
used in viral diagnosis is reviewed in Table 10.4, showing sensitivity, spe-
cificity, strain typing, rapidity and feasibility for routine analysis. Real-
time PCR has been considered as the most appropriate method for 
molecular diagnosis. However, for each particular virus, an evaluation of 
the techniques using likelihood ratios must be performed. Thus, varia-
tions from Table 10.4 could be observed when applied to other viruses 
and/or hosts.

Development of New Technologies

Conventional ELISA involving specific monoclonal or polyclonal anti-
bodies is still the most widely used method for routine plant virus detec-
tion. However, highly sensitive molecular detection methods are rapidly 
being applied to plant virus diagnosis. Efforts are focused on improving 
and simplifying the extraction of targets, reducing associated costs, and 

http://www.musc.edu/dc/icrebm/diagnostictests.html
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adapting methods for large-scale testing. Some methods are still being 
developed or in the research phase; i.e. flow-through hybridization (Olmos 
et al., 2007). The potential power of these methods for plant virus detec-
tion and identification is enormous. A promising technology for the devel-
opment of multipathogen detection system is based on macroarrays and 
microarrays. A large number of diagnostic nucleic acids probes can be 
spotted onto a platform (e.g. membrane or glass slide) and hybridized with 
labelled targets (i.e. nucleic acids extracted from samples and chemically 
modified with a fluorescent or other reporter). An amplification step prior 
to the hybridization phase is often needed to achieve satisfactory sensitiv-
ity (Agindotan and Perry, 2007). Unfortunately, this increases the cost of 
the procedure and prevents its use in routine assays. However, there are 
some indications that at least under certain conditions, such a preliminary 
amplification could be bypassed without sacrificing too much sensitivity 
(Boonham et al., 2003). In the near future, when these drawbacks are over-
come, a simple hybridization assay may ultimately allow the simultaneous 
detection of several viruses in an infected plant sample. The development 
of higher sensitive scanner technology would make these approaches 
attractive for multiplex analysis.

Table 10.4. Theoretical comparisons of the sensitivity, specificity, strain-typing abilities,  
rapidity and feasibility of various molecular techniques for routine virus detection.

Technique Sensitivitya Specificityb Strain typingc Rapidity Feasibilityd

Molecular hybridization +e +++ + + +
Conventional PCRf ++ +++ +++ +++ ++
Immunocapture-PCR +++ +++ +++ +++ +++
Heminested and nested  ++++ ++ +++ ++ ++
PCR (two tubes)
Nested PCR (single tube) ++++ +++ + ++ +++
PCR-ELISAg and  ++++ ++ +++ + +
PCR-ELOSAh

Multiplex PCR ++ +++ +++ +++ ++
Multiplex nested PCR ++++ +++ + ++ ++
Cooperative-PCR ++++ +++ +++ ++ +++
Real-time PCR +++++ +++++ +++++ +++++ +++++
NASBAi ++++ +++ +++ ++++ +++
LAMPj ++++ +++ +++ ++++ +++
Macroarray/microarray + ++++ +++++ + ++

aSensitivity: proportion of true positives correctly identified by the test.
bSpecificity: proportion of true negatives correctly identified by the test.
cStrain typing: ability to discriminate between viral strains.
dFeasibility: practicability in routine analysis, execution and interpretation.
eFor each criterion, methods are rated from acceptable (+) to optimum (+ + + + +).
fPCR: Polymerase chain reaction or reverse transcriptase-PCR (RT-PCR).
gPCR-ELISA: PCR-enzyme-linked immunosorbent assay.
hPCR-ELOSA: PCR-enzyme-linked oligosorbent assay.
iNASBA: Nucleic acids sequence-based amplification.
jLAMP: Loop-mediated isothermal amplification.
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Another promising but still novel method is the quartz crystal micro-
balance (QCM)-based DNA biosensor. This technique is a mass-measuring 
device consisting of a quartz crystal wafer sandwiched between two metal 
electrodes, which are connected to an external oscillator circuit that records
the resonant frequency. This technology has been applied for plant virus 
detection (Cymbidium mosaic virus, Orchid ringspot virus and Tobacco 
mosaic virus) based on DNA–RNA hybridization (Eun et al., 2002; Dickert 
et al., 2004). QCM DNA biosensors could be combined with a flow injec-
tion system, thus providing a real-time high-throughput and continuous 
assays with high sensitivity and specificity.

Conclusions and Future Directions

The greatest challenge for a virology diagnostic laboratory is to carry out 
reliable analysis to detect and characterize specific virus isolates, to cluster 
epidemiologically related strains and to discriminate them from unrelated 
strains. The criteria for evaluation of a molecular method must be a bal-
ance between performance (efficacy) and convenience (efficiency). Efficacy 
includes the capacity of typing strains, the reproducibility between labora-
tories, the discriminatory power and the agreement between typing tech-
niques. Efficiency includes the ease of execution and interpretation of 
results, the cost and the availability of reagents and equipment. Therefore, 
the use of molecular methods for virus detection and characterization still 
depends on the needs, skill level and resources of a diagnostic laboratory. 
Robust protocols that consider the extreme sensitivity of the amplification 
assays, predictive positive and negative values of such methods along with 
a standardization of the methodology are necessary for high-throughput 
testing.

International attempts to develop and standardize diagnostic proto-
cols for regulated pests including viruses are coordinated by the European 
and Mediterranean Plant Protection Organization (OEPP/EPPO) and by 
the International Plant Protection Convention (IPPC) governed by the 
Interim Commission on Phytosanitary Measures and hosted by Food and 
Agriculture Organization (FAO). Diagnostic protocols are published by 
these organizations and include a combination of approaches that inte-
grate biological, serological and molecular methods previously validated 
in ring tests. In addition, in the near future, nucleic acid biosensor tech-
nologies could revolutionize the diagnostic field with the assistance of 
nanotechnology.
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Abstract
Phytoplasmas are a large, diverse group of organisms and causal agents of plant dis-
eases of great economic relevance. Since they cannot be grown in axenic culture, 
several aspects of phytoplasma biology are still poorly understood. An absolute pre-
requisite for the control of phytoplasma diseases is the availability of accurate informa-
tion on the nature of the causal agents. For many years, knowledge of phytoplasmas 
was restricted to the micromorphological, phytopathological and epidemiological 
aspects. Over the last 10–15 years, the application of molecular techniques has rap-
idly improved our knowledge. These non-cultivable organisms have become suitable 
targets for phylogenetic and genomic studies. A newly acquired ability to positively 
identify phytoplasmas has had a substantial impact on disease management and the 
understanding of epidemics. More recently, the decoding of the genome sequence of 
two ‘Candidatus Phytoplasma asteris’ strains has helped to understand the nutritional 
requirements of phytoplasmas and the molecular mechanisms underlying their rela-
tionships with plant and insect hosts, providing novel perspectives on cultivation and 
disease control. The identity, diversity and genomics of these organisms are reviewed 
in detail with the view to exploiting this knowledge for disease management.

Introduction

Phytoplasmas are wall-less bacteria associated with hundreds of plant diseases. 
They are peculiar among prokaryotes in being intracellular parasites of organ-
isms belonging to two different kingdoms, Plantae and Animalia (insects). 
So far, the phytoplasmas have resisted in vitro cultivation, and, therefore, 
their physiology and interaction with the host remained poorly understood. 
Molecular biology is now changing the picture. The introduction in the early 
1990s of methods for gene amplification (Deng and Hiruki, 1991) and selec-
tive phytoplasma DNA preparation (Sears et al., 1989), with the consequent 
decoding of phytoplasmal genomic features, has opened up new perspectives 
in the understanding of these prokaryotes and the diseases they cause.
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This chapter focuses on two key topics of phytoplasma biology, i.e. molec-
ular diversity and genomics, to demonstrate how biotechnology has contrib-
uted and/or is expected to contribute to our knowledge of epidemiology and 
to the development of control strategies against phytoplasma diseases.

Background

Yellows diseases have been known since the early 1900s. The first report on 
aster yellows appeared in 1902 (Kunkel, 1926), its causal agent being thought 
to be a virus. In 1967, some Japanese scientists, upon electron microscopic 
examination of young leaves with yellows symptoms, failed to find any virus-
like particles, but observed pleomorphic bodies in the sieve tubes. The newly 
discovered plant pathogens were named mycoplasma-like organisms (MLOs) 
because of their morphological similarity to the cells of Mycoplasma spp (Doi 
et al., 1967). The MLOs were renamed phytoplasmas, when it became clear that 
they were mollicutes phylogenetically, clearly distinct from Mycoplasma spp.

Phytoplasmas are surrounded by a single unit membrane, but lack a 
rigid cell wall and are sensitive to the antibiotic, tetracycline (Doi et al.,
1967). Under the transmission electron microscope, they appear as pleo-
morphic bodies (roundish to filamentous) with diameter ranging from 200 
to 800 nm (Kirkpatrick, 1991). They inhabit the phloem sieve elements 
of infected plants and the gut, haemolymph, salivary and other organs of 
sap-sucking insect vectors (Kirkpatrick, 1991).

The genome size is 530–1350 kbp (Marcone et al., 1999) and the G + C 
content 23–29 mol% (Kollar and Seemüller, 1989). Phytoplasmas typically 
possess a tRNAILE in the spacer region between the 16S and the 23S rRNA 
genes (Smart et al., 1996). Phylogenies based on the 16S rDNA gene have 
shown that the phytoplasmas constitute a monophyletic group within the 
Mollicutes (Gundersen et al., 1994; Seemüller et al., 1994), Acholeplasma
palmae being their closest culturable relative.

Phytoplasmas are transmitted from plant to plant by phloem- sucking
insects belonging to the order Hemiptera, or more specifically to the 
superfamilies Membracoidea (within which all vectors known to date are 
Cicadellidae), Fulgoromorpha (mostly Cixiidae) and Psylloidea (a few gen-
era of the Psyllidae). The insects acquire phytoplasmas passively from the 
phloem of infected plants during feeding. Phytoplasmas are widespread 
in the gut, haemocele and salivary glands of arthropods and may be intro-
duced into healthy plant tissues, thus causing disease (Kirkpatrick, 1991). 
Despite several efforts over 40 years, none of the phytoplasmas infecting 
insects and plants has been cultivated in vitro in axenic culture.

Symptom expression

Phytoplasma infections interfere severely with the physiological and bio-
chemical processes of the host plant (Christensen et al., 2005). Consequently, 
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they cause a wide variety of symptoms that include phyllody (i.e. develop-
ment of floral parts into leaf structures), virescence (development of green 
flowers and loss of normal flower pigments), hypertrophy of the flower buds, 
absence of seed production, premature drop of fruit, proliferation of adventi-
tious or axillary shoots resulting in a witches’ broom appearance, abnormal 
elongations of internodes, generalized decline and stunting (small flowers 
and leaves and shortened internodes). Other symptoms include unseasonal 
yellowing or reddening of leaves affecting part or the entire foliage, flower 
and foliage necrosis, leaf curling or cupping, bunchy appearance of growth at 
the ends of the stems, and yellow-brown discoloration of roots (Fig. 11.1).

Fig. 11.1. Symptoms of some major phytoplasma diseases: (A) yellows in  grapevine 
flavescence dorée; (B) enlarged stipulae in apple proliferation; (C) stunting and 
witches’ broom in lucerne (ArAWB); (D) decline in China tree.
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The symptomatology induced in diseased plants and the lengths of 
the incubation period vary with the phytoplasma, host genotype, stage of 
infection and physiological state of the host. Progression of the disease 
up to the possible death of the host can be rapid, as for papaya dieback 
(PpDB) (4 weeks) (Guthrie et al., 2001) or slow as in China tree (Melia aze-
darach L.) decline (2–3 years; Vázquez et al., 1983). Similar symptoms can 
be induced by different types of phytoplasmas, whereas different symp-
toms may be caused by closely related agents (Davis and Sinclair, 1998).

Inside the plant, the infection can cause abnormal deposition of cal-
lose in the sieve areas, followed by collapse of the sieve tubes and the 
companion cells, and excess formation of phloem, resulting in swollen 
veins and necrosis of the phloem tissues. In plum and apple trees, a signif-
icant increase in phenolic compounds, possibly related to defence mecha-
nisms (inhibition of the pathogen inside the phloem vessels), has been 
observed (Musetti et al., 2000). In general, symptoms induced by phy-
toplasmal infection have a clear detrimental effect on the host, although 
some plant species are tolerant or resistant to the infection. These plants 
may be symptomless or just exhibit mild symptoms. Economic losses 
caused by phytoplasmal infections range from partial reduction in yield 
and quality to nearly total crop loss (Lee et al., 2000).

Geographic distribution

Phytoplasmas occur worldwide (McCoy et al., 1989). In the last decade, the 
development of sensitive, specific assays for their identification and compre-
hensive classification schemes has greatly advanced the diagnostics of dis-
eases caused by phytoplasmas. Numerous diseases of previously unknown 
etiologies were found to be caused by phytoplasmas (Lee et al., 2000).

Several phytoplasma disorders seem to be confined to specific 
geographical regions. For instance, apple proliferation (AP) is restricted 
to Europe, X-disease of plum and peach to the Americas, peanut witches’ 
broom and rice yellow dwarf to South-east Asia (Lee et al., 2000). However, 
for some parts of Eastern Europe, including the former Soviet Union, 
Africa, Central Asia and South America, little is known about the geo-
graphical and ecological occurrence of phytoplasmas and the host species
infected.

The geographic distribution of some phytoplasmas seems to be cor-
related to that of their host plants and the vectors that are native in a 
particular region. For instance, maize bushy stunt is restricted to Central, 
South and part of North America where the vectors, Dalbulus maidis
and Dalbulus elimatus, live and feed exclusively on maize and teosintes 
(Nault, 1980).

On the other hand, phytoplasmas associated with native hosts can be 
dispersed and redistributed throughout geographical regions when for-
eign germplasm is introduced into a new area. This is possibly the case 
with the alfalfa witches’ broom (ArAWB) in Argentina. The ArAWB was 



254 G. Firrao et al.

determined to be a subgroup of the 16SrVII group,1 till now detected only 
in Argentina (Conci et al., 2005). The high sequence similarity found 
between the ArAWB and Erigeron witches’ broom (from Brazil) sup-
ports the hypothesis of an evolutionary divergence occurred in South 
American phytoplasmas, originating from geographical or ecological iso-
lation (Montano et al., 2000), whereas ArAWB is possibly a natural patho-
gen infecting native plants of the region. Lucerne was introduced into 
Argentina during the 16th century and probably in the presence of a new 
host and that of a vector capable of transmitting the pathogen from native 
plants, started with the pathogen dispersion in the area of the new crop.

Economic significance

There are several phytoplasma diseases which have a relevant economic 
and social impact in different parts of the world. Those which have caused 
major concern in recent years, both for agricultural crops and landscape 
plants, are described below.

Palm diseases
Lethal yellowing (LY) is a devastating disease that affects more than 38 
species of palms throughout the Caribbean region. The effects of the dis-
ease are more conspicuous for Cocos nucifera L. palms than for other taxa, 
since this abundant species is typical of the regional landscape (Harrison 
et al., 1994). Reports of dying coconut palms, exhibiting LY-type symp-
toms, date back to the 19th century in the Caribbean region (Eden-Green, 
1997). Over the last 30 years, LY epidemics have killed millions of palm 
trees, resulting in serious economic losses for thousands of families 
whose income depends directly or indirectly on coconuts (Oropeza et al.,
2005). In Jamaica, LY is the single most important plant disease affecting 
the coconut industry. Since 1961, the LY disease has killed almost 90% 
of the original population of coconut palms. In addition to the economic 
consequences, there has been a social and cultural impact resulting from 
the disappearance of a species that symbolized the local vegetation.

Till now, the most effective control is replanting affected areas with resist-
ant germplasm. In general, the highest levels of resistance have been found 
in domesticated genotypes such as Malayan yellow dwarf (MYD); wild-type 
materials have shown the lowest levels of resistance. But, unfortunately, more 
recent unusual high losses of resistant hybrid coconuts have been reported, 
up to two-thirds of the resistant genotypes (Harrison et al., 2002).

LY phytoplasma is a representative member of the 16SrIV group (Harrison 
et al., 1994), and the planthopper, Myndus crudus, is apparently involved in 
transmission (Howard and Thomas, 1980). The possibility of seed transmis-
sion has also been considered because DNA of the LY phytoplasma has been 

1 Here and later in the text, the phylogenetic group to which the phytoplasma belong is reported 
according to Lee et al. (2000).
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detected in embryo tissues from fruits of diseased ‘Atlantic tall’ coconut 
palms by polymerase chain reaction (PCR) analysis (Cordova et al., 2003).

Similar diseases known as lethal yellowing-type diseases (LYD) have 
also been described in several African regions (Eden-Green, 1997). Like 
LY, LYD have destroyed millions of palms, causing enormous losses par-
ticularly in Ghana and Tanzania. The African phytoplasmas are different 
from the American LY and there are differences between phytoplasmas 
from the East and the West African coast (Tymon et al., 1997).

Papaya diseases
Phytoplasmas are associated with several papaya (Carica papaya L.) diseases 
in different regions of the world. In Australia, papaya dieback, caused by ‘Ca. P. 
australiense’ (16SrXII) (Liefting et al., 1998), is responsible for annual plant 
losses of 10–100% in Central and Southern Queensland plantations (Glennie 
and Chapman, 1976). Symptom progression and death of the plant is quite 
fast, often occurring within 4 weeks from the appearance of the first symp-
toms. The incidence of papaya yellow crinkle (PpYC, 16SrII) is usually low 
and sporadic, although outbreaks can also occur. Papaya mosaic (PpM, 16SrII) 
is generally of minor importance and hardly distinguishable from PpYC 
(De La Rue et al., 1999). The phytoplasmas associated with PpYC and PpM 
have been named ‘Ca. P. australasia’ (White et al., 1998), but the use of this name 
is discouraged, as its differentiation from ‘Ca. P. aurantifolia’ does not conform 
to the rules for the definition of ‘Ca. Phytoplasma’ spp. (Firrao et al., 2005).

In Cuba, papaya is affected by a different disease, called papaya bunchy 
top, transmitted by Empoasca papayae and associated with another 16SrXII 
phytoplasma, recently described as ‘Ca. P. caricae’ (Arocha et al., 2005).

China tree yellows disease
The China tree is a fast-growing species from South-east Asia that was 
introduced into South America as an ornamental shade tree and for com-
mercial purposes. In spite of its insecticidal and antifungal properties, 
the plant is severely affected by yellows diseases. Symptoms include leaf 
yellowing and size reduction, shoot proliferation and progressive decline. 
Phytoplasma infections have been reported in several South American 
countries, such as Argentina, Paraguay, Brazil and Bolivia (Gomez et al.,
1996; Harrison et al., 2003). China tree decline caused by phytoplasmas is 
a serious problem in Argentina, both in the north-east, where this species 
is mainly grown for furniture, and in the rest of the country, where it is 
used as an ornamental shade tree. By molecular characterization, it was 
possible to assign the isolates from Argentina, Bolivia and Paraguay to the 
16SrIII and 16SrXIII groups, often occurring in mixed infections (Harrison 
et al., 2003; Galdeano et al., 2004; Arneodo et al., 2005).

Almond witches’ broom
Stone fruits (mostly almond) are major fruit crops in Lebanon, and the 
almond witches’ broom (AlmWB) has devastated almond production. 
Stunting, rosetting and dieback are the main symptoms (Abou-Jawdah 
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et al., 2002). The associated phytoplasma (16SrIX) was designated ‘Ca. P. 
phoeniceum’ (Verdin et al., 2003) and appears to also attack peach and 
nectarine seedlings in areas where almond witches’ broom prevails. 
Thousands of young and old almond trees have died over the last 15 years 
due to the rapid spread of the disease by an unknown vector.

European fruit trees phytoplasmas
In Europe, three closely related phytoplasmas (‘Ca. P. mali’, ‘Ca. P. pyri’ 
and ‘Ca. P. prunorum’) cause diseases of economic concern, named AP, 
pear decline (PD) and European stone fruit yellows (ESFY) (Seemüller 
and Schneider, 2004). All three pathogens are transmitted by psyllids, a 
peculiarity among phytoplasmas. AP is a major economic threat in some 
areas where apple trees are intensely cultivated; in the Trentino region, a 
mean incidence of 7.1% was reported, with infected plants reaching up to 
50% of the total in some cultivars such as ‘Golden Delicious’ and ‘Renette 
du Canada’ (Branz, 2003). Symptoms of AP include elongated stipules, 
leaf rosettes, fruit size reduction, witches’ broom appearance and prolif-
eration of dormant auxiliary buds in summer.

Grapevine yellows
A cause of great concern in Europe is grapevine yellows. The disease may 
be caused by different phytoplasmas, but the most widespread ones belong 
to the 16SrV (flavescence dorée (FD)-associated phytoplasma) and the 
16SrXII (bois noir (BN) and Vergilbungskrankheit-associated phytoplas-
mas) groups. The symptoms of grapevine yellows (leaf discoloration, rolling 
down of laminae, flower withering and berry shrivelling, reduction in qual-
ity and quantity of the crop) are similar despite the diversity of the causa-
tive agents. Epidemiology and severity of the disease are also significantly 
different. Since its discovery in 1957 (Caudwell, 1957), FD is considered a 
major problem in the wine industry, particularly in France and Italy.

Unveiling Molecular Identity and Diversity of Phytoplasmas

Early methods

According to the accepted standards (ICSB, 1995), the classification of 
culturable mollicutes is based on both phenotypic and genotypic charac-
teristics. As the phytoplasmas have not been grown in vitro, their pheno-
typic characters are inadequate for formal classification.

Before the introduction of molecular methods, the identity of phy-
toplasmas was determined by evaluating their biological properties (e.g. 
plant-induced symptomatology, range of plant hosts and specificity of 
transmission by vectors) and the geographic area where the associated dis-
eases occurred (e.g. Italian alfalfa witches’ broom, Yucatan coconut lethal 
decline and ESFY) (Seemüller et al., 1998). A classification of phytoplas-
mas maintained on periwinkle (Catharanthus roseus) by experimental 
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transmission was attempted by Marwitz (1990); his classifications, based 
on the symptoms that developed, show some similarities to the current 
genetic classification, although in several cases, genetically different phy-
toplasmas were grouped together, whereas others were considered to be 
different, and are indeed genetically closely related (Seemüller et al., 1998). 
Although the symptomatology remains an important clue for preliminary 
characterization of phytoplasmal diseases, in recent years, the analysis of 
the 16S rDNA genes obtained by PCR amplification showed that sympto-
matically similar diseases may be caused by very distinct organisms. For 
example, clover is a known host of at least seven different phytoplasmas, 
and four of them induce the same symptoms. As a further complication, 
even in a single plot, individual clover plants hosting several different 
phytoplasmal agents could be detected (Firrao et al., 1996a).

The introduction of immunological methods provided the first tools 
for the prompt detection and molecular differentiation of phytoplasmas. 
Serological detection depends on the availability of specific antisera 
obtained from phytoplasma proteins purified from infected plants. So far, 
both polyclonal and monoclonal antibodies against several phytoplasmas 
have been produced, including those associated with major diseases such 
as aster yellows, western X-disease, AP, sweet potato witches’ broom, 
grapevine FD, stolbur, faba bean phyllody, rice yellow dwarf, China tree 
decline and more (refer to Firrao et al. (2007), for a comprehensive list 
of references). Generic antisera for all phytoplasmas have never been devel-
oped, but various antibodies showed different degrees of specificity.

Immunological assays are relatively simple, cost-efficient and can be 
used for large-scale tests. However, employing polyclonal antisera for phy-
toplasma detection is only moderately successful because of the high reac-
tivity against plant proteins due to the difficulty in obtaining highly purified 
phytoplasmal antigens. This raises the background values in healthy con-
trols, and low titre infections may be difficult to detect (Jiang and Chen, 
1987; Saeed et al., 1993). Monoclonal antibodies are ideal for tissue immu-
nomicroscopy and tissue blotting experiments to localize phytoplasmas in 
plants and insects, but for routine field diagnostic application, their mono-
specific antigen recognition characteristics should be considered in relation 
to the relatively high strain to strain variability in phytoplasmas.

DNA-based Techniques

Specific detection of numerous phytoplasmas in plant and/or insect hosts 
has been achieved by hybridization assays using cloned DNA. Several 
phytoplasma genomic groups have been identified in the past and their 
relatedness evaluated using reciprocal dot hybridizations with a number 
of probes (Kirkpatrick et al., 1987; Lee and Davis, 1992). Later, PCR with 
oligonucleotides derived from DNA of phytoplasma rRNA or anonymous 
DNA fragments has increased detection sensitivity compared to previ-
ously employed DNA probes.
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PCR using phytoplasma group-specific or universal primers derived 
from conserved 16S rRNA gene sequences has provided the most sensi-
tive and versatile tool for the preliminary diagnosis of a broad array of 
phytoplasmas from plants or vectors, even with very low pathogen titres 
(Ahrens and Seemüller, 1992). However, 16S rRNA sequences of related 
phytoplasmas are very similar, thus making it difficult or impossible to 
design PCR primers capable of specifically identifying a particular phy-
toplasma. Nevertheless, primer pairs could be developed that efficiently 
provide selective amplification of rDNA only from strains belonging to 
certain, phylogenetically well-defined, strain clusters (Lee et al., 1994). 
The shorter, but less-conserved, intergenic spacer region between 16S and 
23S rDNA has also proven useful for the development of specific phyto-
plasma PCR primers for some groups, such as elm yellows, aster yellows, 
ash yellows and AP clusters (Smart et al., 1996). An additional advantage 
of the 16S/23S spacer for diagnostic purposes is that its length varies from 
group to group of phytoplasmas. Hence, phytoplasmas may be differenti-
ated by the length polymorphism of their undigested amplification prod-
uct obtained with general primers (Palmano and Firrao, 2000).

Restriction fragment length polymorphism (RFLP) analysis of PCR-
amplified 16S rDNA using a number of restriction endonucleases is 
routinely used for identification and preliminary classification of phy-
toplasmas. Unknown phytoplasmas can be identified by comparing their 
patterns with those of known phytoplasmas. Classification by RFLP anal-
ysis is a simple and rapid method and can be used for large numbers 
of unknown phytoplasmas (Lee et al., 1998). The groups delineated by 
PCR-RFLP of 16S rDNA, comprising about 15 groups and 50 subgroups, 
are consistent with phylogenetic studies based on analysis of full-length 
16S rRNA gene sequences from representative phytoplasmas (Lee et al.,
2000). The groups are also in agreement with those delineated by meth-
ods based on ribosomal protein genes, elongation factor Tu gene (tuf )
or 16S/23S intergenic spacer region sequences (Kirkpatrick et al., 1994; 
Schneider et al., 1997; Lee et al., 1998). Only in a few instance, analyses 
using PCR-RFLP were not consistent with groups based on 16S rRNA gene 
sequences (Lee et al., 1998). The combined analyses of both 16S rDNA 
and a ribosomal protein gene fragment (or of a selected chromosomal frag-
ment) sequences are presently regarded as the gold standard to ascertain 
phytoplasma identity (Lee et al., 1998).

Nested PCR assay, designed to increase sensitivity, is used for the 
amplification of phytoplasmas from samples with unusually low titres or 
when inhibitors that interfere with PCR efficiency are present.

Taxonomy and the genus ‘Candidatus Phytoplasma’

By taking advantage of the ability of PCR to amplify target DNAs even in 
the presence of excess extraneous nucleic acids, more than 200 phytoplas-
mas have been characterized during the last 15 years by nearly full-length 



Phytoplasmas 259

sequencing of their 16S rRNA gene. Reliable protocols for the amplifica-
tion of 16S rDNA permitted the systematic study of phytoplasma diversity 
and helped to clarify the phylogenetic structure of these organisms. The 
phylogenetic information, however, is not sufficient for a formal taxonomic 
description according to the minimal standards required for new bacteria 
(ICSB, 1995), and probably such a simplification would not even be desir-
able. A merely phylogenetic classification would not be able to take into 
consideration the aspects of coevolution with the host that are dramatically 
important in organisms such as the intracellular pathogenic phytoplasmas.

In 1994, Murray and Schleifer proposed the category Candidatus
‘to provide a proper record of sequence-based potential new taxa’. The 
Candidatus concept is a significant starting point in the nomenclature 
of bacteria, since it introduces the possibility of referring to a particular 
organism without having to culture it on an artificial substrate. The idea 
has had a major impact on the nomenclature of the phytoplasmas, although 
its implementation has not been so immediate, since care has been taken 
to preserve both the phylogenetic structure of the group and the poten-
tially significant biological information implied by the strict and sometime 
highly specific association of the phytoplasmas with their hosts.

A solution to the problem was the proposal to separate levels of 
similarity, i.e. introducing percentage thresholds, while considering 
existing ecological separations. Accordingly, the Candidatus spp. name 
should refer to a single, unique 16S rRNA gene sequence, and a strain 
sharing more than 97.5% of its 16S rRNA gene sequence with an already 
described species should not be described as a new species, unless it is 
demonstrated that the organism belongs to an ecologically distinct popu-
lation. The Phytoplasma/Spiroplasma Working Team – Phytoplasma tax-
onomy group of the International Research Programme for Comparative 
Mycoplasmology (IRPCM, 2004) has implemented the rules in a paper, 
which lists about 30 described or suggested ‘Candidatus Phytoplasma’ 
spp. The concept of distinguishing Candidatus spp. even when the 16S 
rDNA sequences are very similar, on ecobiological grounds, not only is in 
agreement with the current trends of the taxonomy that suggest an elastic 
definition of species (Rossello-Mora and Amann, 2001), but also has been 
supported by the genomic data. This will be discussed later in more detail 
and shows the relevance of the fraction of genes that are devoted to the 
relationship with the host cellular environment.

Since phytoplasmas lack a formal taxonomic description, obvious type 
strains are not defined. However, in most cases, ‘Candidatus Phytoplasma’ 
spp. descriptions include the definition of a ‘reference’ strain useful for 
comparative purposes.

Figure 11.2 shows the presently recognized 24 ‘Ca. Phytoplasma’ 
spp., arranged according to their phylogenetic position. The figure also 
includes the phylogenetic additional phytoplasmas that have been pro-
posed as novel species, but that still await formal proposal (IRPCM, 2004). 
For more details on individual species, the reader is referred to a recent 
review (Firrao et al., 2005).
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Exploiting molecular diversity

Control of phytoplasma diseases consists essentially of adopting measures 
capable of avoiding, or at least reducing, plant-to-plant transmission by 
phloem-feeding insects. In actual practice, this is carried out by a series of 
phytosanitary procedures, such as spraying insecticides, planting healthy 
propagation material, eradicating diseased plants that may cause outbreaks 
and so on. These measures are part of good cultivation practices; however, 
their efficiency depends strongly on correct diagnostic tools which have 
only recently become available thanks to progress in the molecular biology 
of phytoplasmas, as exemplified by the following case studies.

'Ca. Phytoplasm asteris'

'Ca. Phytoplasma caricae'

'Ca. Phytoplasma solani'

'Ca. Phytoplasma graminis'

'Ca. Phytoplasma japonicum'

'Ca. Phytoplasma australiense'

'Ca. Phytoplasma fragariae'

'Ca. Phytoplasma spartii'

'Ca. Phytoplasma prunorum'

'Ca. Phytoplasma pyri'

'Ca. Phytoplasma mali'

'Ca. Phytoplasma rhamni'

'Ca. Phytoplasma all ocasuarinae'

'Ca. Phytoplasma brasiliense'

'Ca. Phytoplasma aurantifolia'

'Ca. Phytoplasma phoenicium'

'Ca. Phytoplasma ulmi'

'Ca. Phytoplasma ziziphi'

'Ca. Phytoplasma trifolii'

'Ca. Phytoplasma fraxini'

'Ca. Phytoplasma cynodontis'

'Ca. Phytoplasma pini'

'Ca. Phytoplasma castaneae'

Tanzanian lethal decline of coconut phytoplasma

'Ca. Phytoplasma oryzae'

X-disease phytoplasma

Loofah witches'-broom phytoplasma

Flavescence dorée phytoplasma

Nigerian lethal decline of coconut phytoplasma

Central American coconut lethal yellows phytoplasma

Acholeplasma palmae

'

Fig. 11.2. ‘Candidatus Phytoplasma’ spp. phylogenetic tree based on 16S rDNA sequences. 
Acholeoplasma palmae is included as an outgroup to root the tree.
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Grapevine yellows
In Europe, the major causes of grapevine yellows are FD and BN phyto-
plasmas. The agents cause very similar, if not indistinguishable, symp-
toms on grapevine, although belonging to two phylogenetically clearly 
distinct groups, i.e. 16SrV and 16SrXII, respectively (Davis et al., 1993). 
The ability to distinguish between the two phytoplasmas using 16S Rdna-
based molecular tools has elucidated their very different epidemiological 
properties. The FD agent is transmitted from grapevine to grapevine by 
the leafhopper Scaphoideus titanus and may cause severe outbreaks and 
significant yield losses on many cultivars. Conversely, the BN agent has 
several herbaceous hosts, which are transmitted by Hyalesthes obsoletus
(Cixiidae), and infects almost exclusively the cultivar ‘Chardonnay’, caus-
ing far less economic losses than FD. Control of BN by means of eradica-
tion is unrealistic, since the disease is not transmitted from grapevine to 
grapevine, but rather from weeds to grapevine. Pesticide treatments are 
not effective either, as the potential insect vectors are present on grasses 
most of the time.

In contrast, eradication and insecticide sprays effectively control FD 
in the Italian region of Friuli Venezia Giulia (FVG). Its introduction was 
delayed for several years and has since been kept at very low levels by a 
large-scale diagnostic programmes based on tests, such as PCR analysis 
of the 16S rDNA, capable of discriminating between BN and FD. While 
BN, introduced into FVG in the 1980s, is endemic to the region, the areas 
where FD was recently introduced could be promptly identified and sub-
jected to programmes of eradication and regular spraying with insecti-
cides. As a result, the reported yield losses due to grapevine yellows in 
the triennium 2001–2003 were notably lower in FVG than in other regions 
of northern Italy. According to recent estimates (Frausin and Osler, 2004), 
the economic losses were about €46/ha in FVG, compared to €490/ha in 
Piedmont during the same period.

Stone fruit phytoplasmas
Stone fruits have been recognized as hosts of phytoplasmas for many years. 
Among the diseases reported in the literature are X-disease of cherry and 
peach, peach yellow leaf roll (PYLR), peach rosette, moliere disease of 
cherry, apricot chlorotic leaf roll, almond witches’ broom, plum lepton-
ecrosis and others. Ascertainment of their phylogenetic identity has shown 
that the disease agents are grouped on a geographical basis. Phytoplasmas 
belonging to 16SIII and 16SrX groups cause diseases in the USA and 
Canada, ‘Ca. P. phoenicium’ in the Middle East, whereas all diseases of 
stone fruit trees in Europe are always associated with ‘Ca. P. prunorum’ 
(Lorenz et al., 1994). It should be remembered that not all stone fruits are 
equally susceptible to the phytoplasmas. For example, ‘Ca. P. prunorum’ 
causes symptoms on the Japanese plum (Prunus salicina), but not on the 
European plum (Prunus domestica) (Carraro et al., 1998a). Nevertheless, 
testing by PCR showed that the European plum is often infected and, like 
other wild species, may contribute significantly to the disease epidemics 
in P. salicina (Carraro et al., 2002).
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Insect vectors
Identification of the vectors of phytoplasmas is an important task in the 
control of phytoplasma diseases, as insecticidal sprays may significantly 
reduce the rate of plant-to-plant transmission. Thus, the search for the 
insect vector of fruit tree phytoplasmas has attracted the attention of 
researchers for a long time. In California, during the 1960s, the vector 
of PD was identified as a psyllid (Jensen et al., 1964). It was later shown 
(Purcell and Suslow, 1984) that psyllids could also transmit PYLR. Later, 
research on the phylogeny of phytoplasmas confirmed that the causative 
agents of PD and PYLR are closely related. Similarly, the phytoplasmas 
causing AP and ESFY are related to the above. Consequently, the search 
for the vectors, initially focused on leafhoppers, was redirected to psyllids 
and finally led to the identification of Cacopsylla costalis (Frisinghelli 
et al., 2000) and C. melanoneura (Tedeschi et al., 2002) as vectors of AP 
and C. pruni as a vector of ESFY (Carraro et al., 1998b).

The Phytoplasma Genome

Genome sequencing projects

While the unveiling of phytoplasma diversity by molecular tools has been 
valuable in disease control, genomic data are expected to have an even 
greater impact. Decoding the genomic information is the most obvious way 
of clarifying the biology of unculturable organisms. The genome of the phy-
toplasmas resembles that of the animal mycoplasmas, being 0.5–1.3 Mbp 
in size (Marcone et al., 1999). The small size facilitates sequence deter-
mination as well as understanding and reconstruction of the energy and 
metabolite fluxes within and in or out of the cell. Until recently, only very 
limited sequence information on the phytoplasma genome was available. 
As mentioned earlier, low concentrations of the agents in plants meant that 
host nucleic acids were a major source of contamination in DNA prepara-
tion. It was by exploiting different molar guanine-and-cytosine percent-
age of the host versus pathogen DNAs that the two nucleic acids could be 
separated. In the mid-1980s, the repeated CsCl buoyant density gradient 
centrifugation of total nucleic acids from phytoplasma-infected insects 
or plants led to the first cloning of phytoplasma DNA (Kirkpatrick et al.,
1987). In general, the procedure is not completely capable of removing 
host nucleic acid contamination, and its efficiency varies greatly in dif-
ferent plant and pathogen combinations. Only very recently the complete 
genome sequence of ‘Ca. P. australiense’ has been obtained using DNA 
purified by CsCl buoyant density gradient centrifugation, exploiting the 
high G + C mol% of the natural host strawberry (Liefting et al., 2006).

An alternative technique, leading to extremely pure DNA, has been 
developed first using pulsed field gel electrophoresis (PFGE) for the visu-
alization (Neimark and Kirkpatrick, 1993) and then the purification and 
analysis (Firrao et al., 1996b; Liefting and Kirkpatrick, 2003) of intact or 
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digested chromosomes have been prepared in agarose plugs. Using this 
technique, the size of about 70 different phytoplasmas was calculated 
(Marcone et al., 1999) and the physical maps of the chromosomes of the 
western X-disease (Firrao et al., 1996b), AP (Lauer and Seemüller, 2000), 
sweet potato little leaf (Padovan et al., 2000) and ESFY (Marcone and 
Seemüller, 2001) phytoplasmas were determined.

Owing to great variability, the genome size can no longer be used as 
a taxonomic key for differentiating taxa in the mollicute class; however, 
it must be emphasized that acholeplasmas and spiroplasmas, which are 
considered phylogenetically ‘early’ mollicutes, have larger chromosomes 
than the more ‘recent’ mycoplasmas and phytoplasmas. This is in agree-
ment with the notion that Mollicutes have evolved by reductive evolution, 
accompanied by significant losses of genomic sequences (Razin et al.,
1998; Oshima et al., 2004). The bermudagrass white leaf phytoplasma has 
the smallest sized genome (530 kbp) found so far in phytoplasmas and the 
smallest genome known in any living cell (Razin et al., 1998).

Some phytoplasmas reach relatively high concentrations in their 
host, and purified DNA could be prepared in sufficient amounts for the 
construction of genomic libraries. Thus, access to the complete genome 
sequence of two phytoplasmas has been granted in 2006, while several 
other projects are in progress. New information on the phytoplasma 
genome that can be used to construct strategies for disease control is now 
available.

The genome of ‘Ca. P. asteris’ strain OY is about 861 kbp and contains 
754 open reading frames (ORFs), corresponding to 73% coding capacity. 
The genome of ‘Ca. P. asteris’ strain AY-WB is smaller, comprising 671 
ORFs in about 707 kbp, but the difference between the genomes is only the 
result of a lower number of multicopy genes and non-coding DNA in the 
latter strain. Thus, the amount of sequence-coding unique ORFs is very 
similar in both strains, 433,226 bp in strain OY and 432,553 in strain AY-
WB (Oshima et al., 2004; Bai et al., 2006). As noted for other mollicutes, 
the reductive evolution of the phytoplasma genome did not result in a 
gene density higher than in other prokaryotes. Like other mollicutes, the 
phytoplasmas lack genes for the biosynthesis of amino and fatty acids, tri-
carboxylic acid (TCA) cycle and oxidative phosphorylation (Oshima et al.,
2004). While the reduction of biosynthetic genes appears to be the rule in 
all mollicutes, genes for pathways of intermediate metabolism have been 
reduced to a different extent in the various genera. Figure 11.3 shows the 
number of genes in some mollicutes, whose genome has recently been 
sequenced, their different functional classes and the peculiarity of phyto-
plasmas. Core functions related to information processing and storage are 
not significantly different in number among the various chromosomes. The 
mollicutes have a similar number of genes for translation, transcription 
and replication, notwithstanding genome size differences. Phytoplasmas 
are no exception. Conversely, phytoplasmas have reduced gene pools that 
are thought to be essential for life but not strictly connected with infor-
mation processing and compartment delimitation. Compartmentalization 
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is a focal point in phytoplasma evolution. Around 30 genes have been 
identified as related to membrane traffic, about twice the number found in 
Mycoplasma genitalium. Moreover, phytoplasmas have a vast portion of 
orphan genes that give no similarity hit in the database and whose function 
is unassigned. A large part of these orphan genes are probably involved in 
membrane traffic. In the genome of the OY phytoplasma (Oshima et al., 
2004), 255 of the 754 recognized ORFs were not assigned. Among them, 91 
have at least one predicted (Letunic et al., 2006) transmembrane domain. 
In addition, 90 of the 255 unassigned ORFs begin with a membrane export 
signal. We believe that two major driving forces led the phytoplasmas 
along uncommon tracks, where membrane traffic plays a relevant role: the 
genome reduction, typical of the class, on one hand, and the strict relation-
ship with hosts belonging to two different kingdoms. Being intracellular 
parasites, the phytoplasmas have access to a highly elaborate, yet specific, 
set of nutrients in both the plant and insect environments. As shown by 
genomic studies, and also by taxonomy, the evolution of the phytoplas-
mas as organisms, including a very large number of their genes, is deter-
mined by their association with the host. This has resulted in profound 
genetic (gene loss), and morphological (lack of cell walls) and physiologi-
cal (metabolism integration) changes in the organisms involved.

The most impressive feature of the phytoplasma genome is the 
absence of genes for adenosine triphosphate (ATP) synthesis, while all 
other mollicutes whose genome has so far been sequenced have clearly 
identifiable pathways for energy production. All the mollicutes examined 
so far have truncated respiratory systems, lack a complete TCA cycle, qui-
nones and cytochromes and may be subdivided into fermentative and 
non- fermentative. The non-fermentative mycoplasmas may produce ATP 
through an F-type ATP synthase, which uses the transmembrane potential 
by the arginine dihydrolase pathway or by oxidizing organic acids such as 
lactate and pyruvate to acetate and CO2 (Razin et al., 1998).

Nucleotide metabolism

18

20

15

14

24

23

29

33

Number of genes

Replication, transcription,
translation and repair

104

105

93

103

107

103

116

107

Number of genes

Genome size

580

751

816

860

963

996

1211

1358

M. genitalium

U. parvum

M. pneumoniae

O.Y. phytoplasma

M. pulmonis

M. gallisepticum

M. mycoides SC

M. penetrans

kbp

Energy metabolism

11

14

12

4

18

16

21

15

Number of genes

Fig. 11.3. Comparison of the number of genes for different functions in some of the 
mollicutes whose genomes have been sequenced. (From the Molligen database at 
http://cbi.labri.fr/outils/molligen/).
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According to genome sequence data in the phytoplasmas, a complete 
gene set for the functional phosphoenolpyruvate/sugar phosphotrans-
ferase systems for the import of sugars, essential for glycolysis, could not 
be found; in addition, the pentose phosphate pathway, the arginine dehy-
drolase pathway and all ATP synthase systems are missing (Oshima et al.,
2004; Bai et al., 2006). Due to the high conservation of genome sequences, 
it is unlikely that functional analogues could be misplaced in the group 
of orphan genes. Therefore, probably the phytoplasmas import ATP or 
ATP-containing molecules from the environment for their energy supply.

Other phytoplasma genes

Although complete genome information is, at present, restricted to two 
chromosomes and a handful of plasmid sequences, other genomic infor-
mation regarding a large number of phytoplasmas has been gathered in 
recent years. It is mostly sequence information obtained by sequencing 
PCR products of reactions carried out using primer sequences deduced 
from highly conserved gene regions in the prokaryotes or from sequences 
of purified phytoplasma proteins. This approach has enabled the ampli-
fication of homologous gene sequences in a variety of different strains. 
In addition, several other genes have been detected by random cloning. 
Therefore, a significant amount of data is now available on genetic char-
acteristics of strains whose entire chromosomal sequence has not yet 
been decoded.

By far, the best characterized gene is the 16S rDNA. Phytoplasmas 
share sequence similarity from 88% to 99% among themselves, and from 
87% to 88.5% with the closely related Acholeplasma spp. (Seemüller 
et  al., 1998; Lee et al., 2000). Certain 16S rDNA oligonucleotide sequences 
are unique for phytoplasmas, and distinguish them from Acholeplasma
and other members of the class Mollicutes (IRPCM, 2004). PCR primers 
designed on the basis of these unique sequences from the 16S rRNA gene 
analysis are the basis for all current phytoplasma detection, classification 
and phylogenic analyses. Phytoplasmas have two copies of the 16S rDNA 
operon and heterogeneity between them has been demonstrated in some 
cases (Schneider and Seemüller, 1994; Liefting et al., 1996). The organiza-
tion of these rRNA genes is preserved in the same structure and order as in 
other eubacteria: 16S/23S/5S (Smart et al., 1996; Ho et al., 2001; Oshima 
et al., 2004). In the 16S/23S spacer region of all phytoplasmal 16S rDNA 
operons, there is a tRNA gene for isoleucine. This does not occur in animal 
mycoplasmas, and acholeplasmas have at least two tRNA genes in that 
intergenic region (Lim and Sears, 1989; Schneider and Seemüller, 1994).

Some ribosomal protein genes from different phytoplasmas have been 
sequenced and analysed (rps3, rps19 and rpl22). These are less conserved 
than the 16S rRNA gene, with similarities ranging from 60% to 79% within 
phytoplasmas and from 50% to 57% with the acholeplasmas (Lim and 
Sears, 1991; Gundersen et al., 1994). Protein ribosomal gene analysis has 
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been used in phytoplasma classification in order to enhance separation 
within groups of strains with similar 16S rDNA (Marcone et al., 2000; Lee 
et al., 2004a,b). The elongation factor Tu gene (tuf ) has also been sequenced 
in order to evaluate its usefulness for phytoplasma characterization and 
classification. The similarity values observed among phytoplasmas vary 
from 87.7% to 97% for different and same groups, respectively (Schneider 
et al., 1997), indicating that the tuf gene sequences are as conserved as 
those of the 16S rRNA gene in phytoplasmas.

Genes for major antigenic membrane proteins have been cloned and 
analysed in sweet potato witches’ broom (Yu et al., 1998), clover phyllody 
(Barbara et al., 2002), AP (Berg et al., 1999), western X-disease (Blomquist 
et al., 2001) and aster yellows (Barbara et al., 2002) phytoplasmas. Similar 
characteristic domains were found, since they are all cell membrane pro-
teins, but the proteins show significant differences, being serologically 
variable in different phytoplasmas. These proteins play an important role 
in pathogens bound to host cells and could be involved in aspects of spe-
cific transmission in host–pathogen interactions (Kakizawa et al., 2006).

The Sec translocation system allows protein secretion through the 
plasma membrane and it has been amply studied and characterized in 
Escherichia coli. Genes for SecA and SecY proteins from OY phytoplasma, 
which correspond to essential components of Sec translocation system, 
have been cloned and analysed. High levels of similarity have been found 
between OY-SecA, OY-SecY and Bacillus subtilis SecA and SecY. This sug-
gests the presence of a functional Sec system in phytoplasmas. The transport 
system, due to the fact that phytoplasmas lack cell walls, might secrete their 
proteins directly into hosts cells (Kakizawa et al., 2001). Knowing the secre-
tion pathway and related processes could be the first step in understanding 
and explaining the mechanisms of pathogenicity in phytoplasmas.

Extrachromosomal DNA

The presence of extrachromosomal DNA molecules (EC-DNA) in the cyto-
plasm of phytoplasmas had been postulated since early electron microscopy 
(EM) observations showed virus-like particles in the phytoplasmas. However, 
the preliminary reports were not confirmed. Therefore, phytoplasma-asso-
ciated DNA molecules of low molecular weight are generally considered 
plasmidic in nature (Schneider et al., 1992), but their identity and functions 
have not yet been completely clarified.

A significant amount of sequence data has now been obtained from 
EC-DNAs of different phytoplasmas, which is congruent with their sub-
division into two classes (Firrao et al., 2007). Type I EC-DNAs are true 
plasmids, as they possess a typically plasmidic replication initiator pro-
tein (Rap), similar to that used for rolling circle replication (RCR) by the 
pLS1 plasmid family, commonly found in Gram-positive bacteria and 
particularly in members of the Clostridium and the Bacillus phylogenetic 
clade. However, the replication initiator protein gene of the phytoplasma 
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plasmids code for an extra C-terminal 100 a.a., whose sequence resembles 
a virus-like helicase domain, most similar to that of circoviruses, but it 
is not typical of replication proteins from RCR-type plasmids. The fully 
sequenced pOYW plasmid from the wild-type strain of the OY phyto-
plasma belongs to this class (Oshima et al., 2001).

Type II EC-DNAs have the unique property of coding a geminivirus-
like replication associated protein (Rep) (Rekab et al., 1999). The type 
II EC-DNAs show not only prokaryotic features, such as Shine-Dalgarno, 
promoter sequences and typical bacterial genes, but also eukaryotic polya-
denylation signals and TATA boxes, as reported earlier for the geminivirus 
abutilon mosaic virus (Frischmuth et al., 1990).

The origin of type II EC-DNAs is congruent with recombination events 
between plant viruses and Gram-positive bacterial plasmids within the 
phytoplasma cell. In these episomes, some genes may have a bacterial or a 
viral origin. The geminiviruses are single-stranded DNA (ssDNA) viruses 
which colonize the plant phloem and are vectored by various insects, 
including leafhoppers, which also transmit phytoplasmas belonging to 
several phylogenetic groups. The common habitat could have facilitated 
gene exchange between the viruses and the phytoplasmas, either in the 
plant or in the insect.

In some OY phytoplasma strains, molecules which are almost the 
product of recombination of a type I and a type II EC-DNA have been 
detected. Moreover, ssDNA-binding protein genes, highly similar to those 
of plasmid pOYW, have been found in several copies in the genomes of 
both the OY and the AY-WB phytoplasmas (Oshima et al., 2004; Bai et al.,
2006).

The high sequence similarity observed among EC-DNAs of phyto-
plasmas of very different geographical origin and with different plant 
and insect hosts suggests an ancient common origin, and their possible 
involvement in pathogenesis, transmission or specificity determination 
has been considered. Despite a number of reports that preliminarily asso-
ciated differences in EC-DNA to insect transmissibility (Denes and Sinha, 
1992) or mild symptom induction (Kuboyama et al., 1998), the hypothesis 
that EC-DNA rearrangements could be involved in the modulation of viru-
lence contrasts with the high variability in size and number of EC-DNA 
molecules that is usually observed among closely related strains or even 
within a single field population (Rekab et al., 1999; Liefting et al., 2004). 
Although at present the hypothesis that the EC-DNAs have a role in plant 
specificity and pathogenicity lacks experimental support, a function for 
the EC-DNA cannot be ruled out, as these molecules, despite their ancient 
origin, were not lost during evolution.

Exploiting genomics

Understanding the effects of phytoplasma growth on plant molecular physi-
ology is still at an early stage, but may open the way to disease management. 
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It is well known that the effects of phytoplasmas vary greatly from species to 
species and even from cultivar to cultivar (or natural accession of Arabidopsis 
thaliana). It is therefore likely that manipulating the plant physiological regu-
lation with ad hoc molecules may dramatically change the interfering effects 
of phytoplasmas on the host physiology.

The idea that phytoplasmas may cause symptoms on plants by deplet-
ing phloem of specific sugar molecules has gained ground in recent years, 
as information on the pathogenetic mechanisms of the other group of 
phytopathogenic mollicutes, the cultivable spiroplasmas, has emerged. 
Using transposon mutagenesis, Spiroplasma citri mutants with impaired 
virulence and insect transmission were identified. Due to an insertion in 
fructose utilization, operon mutant GMT553 was unable to use fructose, 
and did not induce symptoms when inoculated into plants (Gaurivaud 
et al., 2000). Fructose depletion was therefore identified as the cause of 
yellows symptoms in periwinkle infected by S. citri. Lepka et al. (1999) 
reported the occurrence of changes in the concentration of carbohydrates 
in the phloem of phytoplasma-infected plants, as compared to the healthy 
control.

Phytoplasma diseases, however, are characterized by more complex 
symptoms than those caused by S. citri, suggesting that nutrient deple-
tion may not be restricted to fructose, but could include other compounds, 
depending on the pathogen involved. The genome sequence data, revealing 
the paucity of energy-yielding pathways in the phytoplasmas and their pos-
sible dependence on glycolysis, strongly support this view. Occlusion of 
the phloem vessels would result in a general reduction of sugar availability 
and not in the selective depletion of specific molecules. Therefore, it could 
be postulated that phytoplasmas utilize some sugars in preference to others 
and that this fact alters pathways that are based on sugar balance in plants.

There is evidence to suggest that the phytoplasmas may obtain the 
energy needed for their metabolism by glycolysis of host sugars. However, 
it is worth noting that the genome sequence of both OY and AY-WB does 
not show any putative IIA enzyme, a component of the phosphotransferase 
system, so far considered indispensable for glycolysis. The sugar import 
must therefore occur differently from S. citri, where phosphotransferase 
systems have been detected for fructose, glucose and trehalose (the major 
sugar in the insect haemolymph). Phytoplasmas have transport systems 
for maltose, trehalose, sucrose and palatinose and might import these, but 
they do not have any known gene to make these carbohydrates available 
for glycolysis (Oshima et al., 2004; Christensen et al., 2005). They may 
therefore depend on the uptake of phosphorylated hexoses as their car-
bon source (Christensen et al., 2005). The phytoplasmas may selectively 
deplete the phloem of specific sugar or sugar-like molecules that have a 
signalling function. It should be mentioned here that phloem sugars play 
a prominent role as long-distance regulators of gene expression in plants, 
and their depletion may produce physiological disorders, as do phyto-
plasma infections. Glucose and ethylene signal transduction crosstalk 
have been demonstrated in an Arabidopsis glucose-insensitive mutant 
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(Zhou et al., 1998). Unraveling the phytoplasmal genome is expected to 
highlight the physiological functions that may be the cause of symptoms 
in plants.

Conclusions

One may well ask now how phytoplasma taxonomy, genomics and inter-
actions with host will affect plant protection strategies. Discussing species 
concepts is not just an academic exercise (Ward, 2006). In biology, it is fun-
damental to define a basic unit potentially of predictive value and useful for 
understanding the organization of microbial communities, the biology of pop-
ulations involved in disease outbreaks and the emergence of new diseases. 
Not being confined by laboratory-based approaches, phytoplasmologists find 
themselves in a situation not dissimilar from that of eco-microbiologists. 
They tend to speak of ‘ecotypes’, to describe molecular populations with 
a unique distribution inside a community, and of ‘geotypes’, when dealing 
with geographically distinct genetic populations (Ward, 2006). At least ‘eco-
type’ and ‘geotype’ are less controversial than the term ‘species’. After all, 
the IRPCM working team accepts the idea of attributing a taxonomic status 
to ‘ecologically distinct’ phytoplasma species (IRPCM, 2004).

Nowadays, it is clear that phytoplasmas are not unique with regard 
to unculturability. Molecular techniques have shown that just a small 
portion of existing microorganisms has been studied in the laboratory 
and this is particularly evident in the field of ecological microbiology. 
Phytoplasmologists must take advantage of progress in this field where, 
as will be pointed out later, similar problems are encountered. Having to 
cope almost completely without phenotypic characterization, uncultur-
ability, to make a virtue of necessity, should not be viewed as a disadvan-
tage. At least taxonomic problems can be tackled with an open mind.

Conventional microbiologists had to match rough data on genetic 
relationship (as deduced from DNA and DNA reassociation studies) with 
evidence from phenetic studies and sequence-based phylogenetic recon-
structions. Ward (2006) gives a sound warning against the temptation to 
adopt molecular cut-offs to demarcate species, following the experience with 
culturable bacteria. ‘Gold standard’ cut-offs, such as 30% variation in DNA–
DNA hybridization and 2–3% variation in 16S rRNA sequences, should be 
adopted with care. The simple reason is that in culturable bacteria ‘molecu-
lar sequence data have been used to calibrate the amount of sequence diver-
gence of species that were named on phenotypic grounds, hence remaining 
faithful to the notion that phenotypically defined species are true species’ 
(Ward, 2006). It really looks like a dog chasing its own tail. Conversely, the 
phytoplasmologists will likely approach taxonomic, genetic, phylogenetic 
and functional relationships from the genome comparison perspective. At 
least ten different genome sequences are expected to be completed by 2008. 
With proper software solutions, genetic relationships equivalent to estimates 
from DNA and DNA reassociation studies could be obtained. Phylogenies 
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based on multilocus sequence comparison would accurately describe the 
evolution process, and the understanding of genome functions would com-
paratively clarify how and which cellular tasks are carried out. Preliminary 
results of genome comparison among distantly related phytoplasmas (B.C. 
Kirkpatrick, Cambridge, 2006, personal communication) suggest that there 
is a common ‘core’ of gene functions shared by all phytoplasmas, and a set 
of additional specific genes, probably related to the particular lifestyle and 
host preferences of a given phytoplasma. In this case, therefore, the genome 
structure and function will dictate the guidelines defining cut-off values for 
species and genus definition, and not just based on subjective judgements.

The study of relationships with the hosts will benefit from the genomic 
data being acquired and the experience gained in recent years in the study 
of host–microbe interactions. The genomic approach will help to identify 
the potential pathogen functions which result in alteration of the host 
physiological behaviour. In endocellular parasites such as the phytoplas-
mas, the genomic analysis may show up putative import mechanisms that 
provoke the depletion of regulatory molecules from the host cellular envi-
ronment, or point out possible effector proteins released by the phyto-
plasma cell. In any case, known alterations in plant physiology could be 
corrected by exogenous treatment, thus providing an efficient method of 
reducing the economic impact of phytoplasma diseases.

To conclude these brief comments, undoubtedly plant pathologists 
have a knotty problem in trying to clarify phytoplasma biology. On the 
other hand, having to explore uncharted territories, they can plot their 
course free from preconceived views, especially with regard to traditional 
lab-based approaches and take advantage of work carried out in fields fac-
ing similar difficulties. If this route is followed, success is likely to occur 
sooner or later.
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Abstract
Viroids were discovered as novel plant pathogens in the early 1970s, and consist 
solely of single-stranded RNA covalently closed as a circular molecule. Viroids 
are the smallest known plant pathogen, ranging from 247 to 463 nucleotides (nt) 
in length. About 30 viroids infecting agricultural, horticultural and ornamental 
plants are known. Most of the reported viroids cause disease symptoms and eco-
nomic losses, but many more are present in plants without exhibiting symptoms. 
The unique molecular composition and structure of viroids has demanded the 
development of many innovative detection protocols. The need for routine viroid 
detection methodology first resulted in the development of polyacrylamide gel 
electrophoresis (PAGE). Novel innovations in the form of ‘return’-PAGE (R-PAGE), 
‘sequential’-PAGE (S-PAGE), temperature gradient gel electrophoresis (TGGE) 
and PAGE-‘mobile laboratory’ increased the efficiency and effectiveness of viroid 
detection. Viroids were also the subject matter in the first application of both 
molecular hybridization (MH) (solid support) and reverse transcription–polymerase 
chain reaction (RT-PCR) for plant pathogen detection. Although reports of new 
viroid species have diminished, new outbreaks of existing Pospiviroid spp. have 
increased in many countries, largely as a result of symptomless viroid carriers. 
Detection procedures have played an important role in the eradication of potato 
spindle tuber viroid (PSTVd) from Canada and it is theorized that new outbreaks 
of viroids on crop plants can be better explained by understanding the role of 
ornamental plants in the evolution of viroids. Consequently, procedures to facili-
tate large-scale survey of symptomless ornamental or crop plants for Pospiviroid
spp. have recently been developed.

Introduction

Diseases such as potato spindle tuber, chrysanthemum stunt and coconut 
cadang cadang, existed long before their viroid nature was elucidated (Werner, 
1926; Hollings and Stone, 1973; Randles and Rodriguez, 2003). Initially, the 
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diseases were considered to be caused by viruses; however, transmissions of 
these ‘viruses’ to indicator plants were relatively difficult, and consequently, 
the method of biological bioassay remained limited to natural host plants. As 
a result, not much progress was made to characterize the causal agents of 
these diseases until the early 1960s (Raymer and O’Brien, 1962). Initially, 
these diseases were recognized and plants were rouged out solely by diagnos-
tic symptoms in affected plants, in efforts to avert severe economic losses. For 
example, the yield losses caused by potato spindle tuber viroid (PSTVd) 
ranged from 17% to 64% depending on the viroid strain and the potato culti-
var (Singh et al., 1971), and reached 100% with multiple years of cultivation 
of infected seeds (Pfannenstiel and Slack, 1980). Similarly, in a perennial tree 
such as coconut, over 30 million trees had been killed in the Philippines by 
coconut cadang cadang viroid (CCCVd) by 1982 (Zelany et al., 1982). In some 
chrysanthemum cultivars, plants become so stunted due to infection by chry-
santhemum stunt viroid (CSVd) that the product was not marketable. 
Similarly, the cone yields of hops could be reduced by 50% or more (Sasaki 
and Shikata, 1978) due to hop stunt viroid (HSVd).

In contrast, not all viroid infections result in diagnostic symptoms in 
infected crops, ornamental plants and trees (Singh and Teixeria da Silva, 
2006), thus requiring a large number of plant materials to be tested for the 
absence of viroids in symptomless plants. Failure to ignore symptomless 
viroid infection in unrelated plant species could have serious conse-
quences. Columnea latent viroid (CLVd) was isolated from three symp-
tomless ornamental host plants without any economic significance (Singh 
and Teixeria da Silva, 2006). CLVd was not part of any plant certification 
programmes, despite greenhouse studies that showed the potential to 
cause severe symptoms in tomato and potato plants. However, its sudden 
appearance in tomato crops in 1988 in the Netherlands changed the per-
ception of this viroid. Existence of CLVd isolates capable of causing up to 
90% infection in tomato crops similarly caused yield reductions of 72–82% 
upon transfer to potato (Verhoeven et al., 2004), emphasizing the problem 
of symptomless carriers of viroids accidentally transmitting disease to agri-
culturally important crop plants.

Strategies for viroid disease management include: (i) exclusion or elimi-
nation of viroids from planting material; (ii) exclusion of viroids by crop certi-
fication and quarantine; (iii) natural and transgenic resistance to viroids; and 
(iv) eradication of viroids from a geographical region or country. The above 
measures are dependent upon viroid diagnostic procedures to ensure their 
success. Thus, a producer planting a viroid-susceptible crop can mitigate risk 
of infection only through planting of viroid-free propagating material and by 
ensuring their freedom from disease throughout the growth period.

Characterization and Classification of Viroids

Viroids, as a novel class of pathogen, were discovered about 35 years ago 
in an effort to purify the ‘virus’ causing the potato spindle tuber disease 
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(Diener and Raymer, 1967; Singh and Bagnall, 1968). The initial determi-
nation of the infectious PSTVd was based on its characteristic low-molecular 
weight and was identified using a combination of sucrose density-gradient 
centrifugation and polyacrylamide gel electrophoresis (PAGE) (Diener, 
1971; Singh and Clark, 1971). PSTVd was identified from both methods by 
inoculating indicator plants with the infectious fraction. In addition to 
being small molecules (i.e. less than one-tenth the size of the smallest plant 
virus genome), viroids were characterized by their single-stranded, cov-
alently closed circular RNA structure (Sänger et al., 1976) ranging from 
247 to 463 nucleotides (nt) (Steger and Riesner, 2003). At present, nearly 
30 viroids (Flores et al., 2005) have been detected in agricultural, horticul-
tural and ornamental plants throughout the world, with the majority affect-
ing perennial, vegetatively propagated crops. Viroids do not differ 
significantly from viruses in their pathological effects on plants or in their 
modes of transmission in fields and orchards (Singh, 1983), but differ radi-
cally in their molecular size, configuration, structure and replication 
(Steger and Riesner, 2003). Unlike viruses, viroids are devoid of a protein 
coat and they do not contain the machinery for protein synthesis. However, 
viroids are considered the most efficient and sophisticated ‘molecular 
plant parasites’, apparently shedding the need to synthesize structural or 
functional proteins by manipulating host enzymes for their replication and 
are capable of destroying trees, including coconut palms (Randles and 
Rodriguez, 2003). In general, viroids are highly contagious, particularly 
members of the genus Pospiviroid. Viroids have a wide host range and are 
transmitted readily by mechanical means, including foliage contact, hand-
ling during cultivation and contamination of cutting knives or other tools. 
Foliage contact from plants affected with CSVd was shown to infect 19–28% 
of adjoining healthy plants (Hollings and Stone, 1973), while 80% of potato 
plants were infected by PSTVd when leaves were rubbed against each 
other (Pfannenstiel and Slack, 1980). All viroids are transmissible by graft-
ing, while only a few are transmissible through the seeds and pollen of 
infected plants (Wallace and Drake, 1962; Singh, 1970; Singh et al., 1991a). 
Despite the RNA nature of viroids, some viroids can survive in freeze-dried 
leaves for several years (Singh and Finnie, 1977) or in true potato seed for 
over 20 years (Singh et al., 1991b). Most cultivated plants have no natural 
resistance to viroid diseases and transgenic approaches have had limited 
success (Singh and Teixeria da Silva, 2006). A detection methodology, 
based on serology, used on viruses cannot be applied to viroids based on 
their molecular constitution. Therefore, viroid detection methods are often 
based on viroid RNA properties and the management of viroid diseases 
requires modified approaches.

An orderly classification of different viroids in families and genera 
based on their genomic RNA structure and replication feature has been 
established (Flores et al., 2005). As a result, viroid species have been divided 
into two families: Pospiviroidae and Avsunvirodae. The divisions were 
based on specific sequences within their molecular structure (e.g. presence 
or absence of a central conserved region [CCR] and a hammerhead ribozyme 
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structure), the replication strategy and the location of the viroid in the host 
cell (Flores et al., 2005). Viroids in the family Pospiviroidae contain a CCR 
sequence, do not possess a hammerhead ribozyme structure and are located 
in the nucleus. Pospiviroidae members within genera can potentially form 
rod-like secondary structures with a high degree of base pairing, thereby 
forming double-stranded segments interspersed with unpaired bases as 
bulged loops in a closed circular molecule. The rod-like structure has been 
assigned to five domains correlated with biological functions, and include: 
the left and right terminus (TL and TR); the CCR; the pathogenicity (P); and 
the variable (V) domains (Keese and Symons, 1985). Genera are distin-
guished primarily on the sequences that form the CCR and the presence or 
absence of a conserved motif, such as the terminal conserved region (TCR) 
(Koltunow and Rezaian, 1988). In contrast, viroids within the family 
Avsunvirodae include those which possess a hammerhead ribozyme struc-
ture, but do not contain a CCR and are located in the chloroplast. Viroids in 
both families replicate through a rolling-circle mechanism involving plus 
and minus strands of viroid RNA (Branch and Robertson, 1984). Members 
of Avsunviroidae use two rolling circles (symmetric pathway), while those 
of Pospiviroidae use one rolling circle (asymmetric pathway) (Flores et al., 
2005) for their replication.

The unique features of circular RNA without a protein coat and the 
absence of diagnostic symptoms in most infected plants (Singh and Teixeria 
da Silva, 2006) have required the development of detection procedures 
based on both the physical and the biological nature of the RNA molecule. 
Physical identification based on the circular RNA structure and its molec-
ular characteristics in its denatured state can be accomplished through 
return-PAGE (R-PAGE). Viroid detection based on intrinsic biological prop-
erties of the RNA includes infectivity assays, PAGE, molecular hybridiza-
tion (MH) and reverse transcription–polymerase chain reaction (RT-PCR). 
Both physical and biological methodologies serve in the identification 
and certification of viroid-free planting material at different stages of 
management.

Biological Assays

Initially, when viroid bioassays were confined to natural hosts, ingenious 
methods were devised to enhance symptom expression in them. Over 
90% infection with increased symptom expression was achieved for 
PSTVd through an innovative method of ‘tuber-grafting’ (Goss, 1926). An 
8–10 mm diameter hole is bored through a healthy seed tuber and replaced 
with the core tissue from an infected tuber obtained using a slightly larger 
cork borer. The resulting contact of a relatively large exposed tuber sur-
face improved the viroid transmission rate and appearance of PSTVd 
symptoms in the emerging plants, as well as in new tubers during the first 
year of growth. The time required for symptom expression of viroid dis-
eases in a natural host could take 9–12 weeks (e.g. PSTVd) and a period of 
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months or years in woody trees for viroids infecting avocado, apple and 
coconut.

Indicator plants for viroids were not known until the 1960s (Raymer 
and O’Brien, 1962), although spindle tuber disease was in existence since 
1917 (Werner, 1926). Upon understanding the free-RNA nature of viroids, 
infectivity bioassays utilized phenol-extracted nucleic acid preparations 
or plant sap prepared in high pH buffers to inhibit ribonuclease action 
during sap preparations for inoculation, and consequently viroids were 
transmitted to many plants (Singh, 1973). Biological indexing involves 
the use of indicator plants, which, upon inoculation, exhibit systemic 
diagnostic symptoms or local lesions in the inoculated leaves. Symptom 
development is affected by viroid strain, host species, cultivar, multiple 
infections, environmental factors and inoculation methods (Singh and 
Ready, 2003). The symptom expression has been accelerated in some 
viroid–host combinations by pruning the top of the plant and forcing new 
growth, as in tomato plants infected with PSTVd (Whitney and Peterson, 
1963). Development of systemic necrosis in tomato leaves and lesions in 
Scopolia sinensis (a local lesion host for PSTVd) has been enhanced by 
the presence of higher than normal levels of Mn2+ in the potting media 
(Singh et al., 1974). The use of a cross-protection approach, where the 
presence of a mild strain of a viroid is detected despite the absence of 
severe symptoms after challenge inoculation with a severe strain of the 
pre-inoculated indicator plant, has been used for PSTVd (Fernow, 1967; 
Singh et al., 1970), ChCMVd (Horst, 1975) and PLMVd (Desvignes, 1980) 
to index large numbers of planting material.

With the availability of recombinant DNA technology, bioassays of 
molecularly cloned viroids utilizing plasmids containing a full-length 
molecule of viroid cDNA or RNA (transcript prepared with SP6 polymer-
ase-driven in vitro transcription) increased the efficiency of viroid detec-
tion. In general, biological indexing is not practical for large-scale testing 
which requires significant investments in greenhouse space, time and 
labour, and, therefore, has largely been replaced by biochemical and 
molecular detection methods.

Biochemical and Molecular Methods

Polyacrylamide gel electrophoresis

The highly complex secondary structure of viroids permitted many modi-
fications of PAGE methods specifically designed for the detection of viroid 
molecules. The first use of PAGE for viroid diagnosis occurred shortly 
after the initial use of analytical PAGE to isolate viroid RNA from plant 
tissues (Morris and Smith, 1977). It involved extraction of total nucleic 
acids from plant tissues using phenol to enrich the viroid fraction and 
then electrophoresis of the extracted nucleic acid in a non-denaturing 5% 
polyacrylamide gel to separate the various RNA species by their molecular 
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size. The presence of a distinct band of RNA in known infected samples 
and its absence in known healthy samples indicate the presence of a 
viroid.

The rapidity of PAGE analysis relative to bioassays using natural or 
indicator plants hastened the adaptation of PAGE for the detection of 
viroids in several plant species worldwide. To discriminate the viroid 
band from other low-molecular host RNA bands in PAGE, a nomogram 
was developed to definitively identify the viroid band. The nomogram 
was based on the relative distance of viroid migration in PAGE relative 
to the mobility of 5S host RNA, which is always present in plant extract 
(Mosch et al., 1978). However, in screening by PAGE, the lines of tuber-
bearing Solanum spp. infected with PSTVd were unclear due to weaker 
bands of PSTVd (Harris and Miller-Jones, 1981; Gelder and Treur, 
1982). The test was modified by introducing a biological viroid ampli-
fication step prior to running PAGE. Increased viroid concentration 
was achieved by first inoculating tomato seedling with extracts from 
Solanum spp., followed by PAGE of tomato extracts 4–5 weeks after 
inoculation.

Return- and sequential-polyacrylamide gel electrophoresis

In understanding the thermophysical properties of viroids, it became 
apparent that viroids undergo a conformational transition during dena-
turation by heat, urea or formamide. During the transition, a highly base-
paired rod-like molecule is transformed into a circular single-stranded 
structure. Circular forms of viroids migrate much slower in the dena-
tured state through PAGE than linear RNA of the same size. This knowl-
edge enabled the development of a two-dimensional (i.e. non-denaturing 
and denaturing) PAGE protocol for the separation of circular RNA mole-
cules (Schumacher et al., 1983) and a diagnostic version of PAGE (termed 
Return PAGE or R-PAGE) based on the differential mobility of circular 
RNA molecules (Schumacher et al., 1986; Singh and Boucher, 1987). In 
the R-PAGE procedure, the first electrophoresis is carried out under 
native conditions, but before viroid bands migrate out of the gel, tem-
peratures are increased and the ionic strength of the buffer is lowered to 
denature the viroid RNA. The direction of RNA migration in the poly-
acrylamide gel is reversed by changing the polarity of the electric field, 
thereby permitting two electrophoretic runs within the same gel (Singh, 
1991). In another non-denaturing and denaturing gel system (termed 
sequential or S-PAGE), two separate gels are required (Rivera-Bustamante 
et al., 1986) to achieve similar separation of viroid bands.

Application of the original R-PAGE (Schumacher et al., 1986) for 
large-scale surveys of PSTVd in Canada encountered problems in detec-
tion of mild strains of PSTVd, which predominate under field conditions 
(Singh et al., 1970). It was remedied by heating the buffer to 90°C for 
denaturation of the viroid molecule and subsequently carrying out return 
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direction electrophoresis at 70–71°C (Singh and Boucher, 1987). Using 
the modified R-PAGE, several large-scale surveys of PSTVd have been 
carried out (Singh et al., 1988; Avila et al., 1990; De Boer et al., 2002) and 
the R-PAGE protocol has been the accredited standard method used in 
potato certification laboratories in Canada for several years and is also 
recommended as the primary detection method by the European Union 
(Jefferies and James, 2005).

Temperature gradient gel electrophoresis

Another form of PAGE, termed temperature gradient gel electrophoresis 
(TGGE), was specifically developed to follow the conversion of the rod-like 
viroid RNA structure to an open circular conformation (Rosenbaum and 
Riesner, 1987). TGGE is carried out in a horizontal polyacrylamide gel rest-
ing on an electrically insulated metal plate that is heated on one edge and 
cooled at the other edge. Besides basic molecular studies, TGGE has been 
used to determine minor variations in the molecular structure of hop latent 
viroid (HLVd) induced by thermal stress in hops (Matoušek et al., 2001) and 
in Nicotiana benthamiana plants by PSTVd (Matoušek et al., 2004).

Besides the detection of viroids, PAGE, R-PAGE and S-PAGE have 
been extensively utilized for the characterization of suspected viroids. 
The techniques have been used to determine whether the causal agent is 
RNA or DNA, single-stranded or double-stranded, circular or linear. The 
techniques have also been used for the determination of molecular masses, 
secondary and tertiary structures and for the monitoring of two strains of 
PSTVd in cross-protection studies involving viroids (Singh, 1991; Hanold 
et al., 2003). However, the versatility of PAGE reached its pinnacle in 
1988, when a ‘mobile laboratory’ based on 20% non-denaturing PAGE for 
field surveys was successfully used to detect CCCVd in coconut planta-
tions in remote areas of the Philippines (Hanold et al., 2003).

Molecular Hybridization

Molecular hybridization entails a specific binding of two strands of nucleic 
acids, which can be two strands of RNA and two strands of DNA, or one 
strand of RNA and one strand of DNA. The hybridization includes several 
steps (e.g. preparation of probes, target samples, denaturation, immobili-
zation onto the solid support, pre-hybridization, hybridization and detec-
tion of hybridized products) and they are covered in detail in a review 
paper (Mühlbach et al., 2003).

Although solution hybridization was in use in viroid research earlier, 
the first detection of PSTVd using a solid support was developed in 1981 
(Owens and Diener, 1981). In viroid research, the use of a nitrocellulose 
membrane and denaturation by formaldehyde or heating to 100°C for 5 min 
and then quick cooling are important considerations because they often 
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increase the sensitivity of detection. Commonly, fragments smaller than 
200–300 bp bind poorly to nitrocellulose, but viroid RNA is an exception, 
immobilizing readily on nitrocellulose (Owens and Diener, 1981; Flores, 
1986; Candresse et al., 1990; Singh et al., 2006a).

In earlier studies, molecular probes were prepared using radioisotopes 
32P and 125I (Owens and Diener, 1981; Barker et al., 1985; Mühlbach et al.,
2003). However, this technology was limited to research centres with iso-
topic facilities that can handle storage and waste disposal of radioactive 
material. Furthermore, the short lifetime of some isotope probes required 
frequent handling of highly radioactive material for probe preparation. As 
a result, use and preparation of non-radioactive molecular probes, mainly 
for PSTVd, were evaluated (McInnes et al., 1989; Candresse et al., 1990; 
Welnicki and Hiruki, 1992). Detection with non-radioactive probes using 
biotin or photobiotin label has been reported to be as sensitive as radioac-
tive probes (McInnes et al., 1989) or it can be 15 or 5 times less sensitive 
than radioactive cDNA or cRNA probes, respectively (Candresse et al.,
1990). Steroid hapten, digoxigenin (DIG) has been used as an alternative 
to biotin. In this system, after hybridization to viroid molecules, the DIG-
labelled deoxyuridine-triphosphate present in cDNA or cRNA probes is 
detected by enzyme-linked immunosorbent assay. The detection of target 
molecules is based on the binding of an anti-DIG alkaline phosphatase 
conjugate to the DIG moiety and hydrolysis of the particular enzyme sub-
strate, which results in the production of a coloured or chemiluminescent 
product (Welnicki and Hiruki, 1992; Podleckis et al., 1993; Singh et al.,
1994). A comparative study of biotin and DIG labels using colourimetric 
and chemiluminescent analysis has shown that biotinylated cDNA probes 
detected 20 pg by colourimetric and 2–20 pg by chemiluminescent assay, 
while the DIG-labelled probes detected only 200 pg (Kanematsu et al.,
1991). However, biotinylated probes prepared with PCR, incorporating 
dUTP or dATP, can detect 0.2–2 pg of PSTVd. This latter technique appears 
to be an improvement for acquiring a highly sensitive and very specific 
probe in large quantities within a short period (Kanematsu et al., 1991).

In the initial studies, a monomeric viroid was used as a template for 
the synthesis of cDNA and cRNA probes (Palukaitis et al., 1985; McInnes 
et al., 1989). Multimeric cDNA templates (containing concatamers of mon-
omers, dimers, trimers, tetramers and hexamers of viroid RNA) were used 
mainly in studies with PSTVd to prepare probes. These probes were shown 
to be more sensitive than the monomeric cDNA probes (Welnicki and 
Hiruki, 1992; Singh et al., 1994). Since cRNA probes are single-stranded, 
they preclude self-annealing and increase stability of RNA and RNA 
duplexes compared to DNA and DNA duplexes. Furthermore, cRNA probes 
have greater sensitivity, produce less background reactions and have higher 
specific activity. Non-radioactive riboprobes, particularly DIG-labelled 
probes, have become increasingly common for routine detection of several 
viroids. Non-radioactive hybridization has been applied under field condi-
tions to study the incidence of HSVd and PLMVd in several countries of 
the Mediterranean Region (Mühlbach et al., 2003).
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Imprint hybridization

To simplify plant sample manipulations, an ‘imprint hybridization’ tech-
nique was introduced for viroids (Podleckis et al., 1993), patterned after 
an approach used for viruses termed ‘direct tissue blotting immunological 
assay’. The procedure involves cut stems pieces (inversely or longitudi-
nally) of about 1 cm size pressed onto the surface of a polyvinylidene fluo-
ride (PVDF) or positively charged nylon membrane. Satisfactory detection 
of DIG-labelled RNA or DNA probes is observed only in chemilumines-
cent assays and not in chromogenic. ‘Tissue blot’ of PSTVd-infected potato 
tubers and apple scar skin viroid (ASSVd)-infected stem, fruits and peti-
oles of apple have been successfully tried (Podleckis et al., 1993) and ‘tis-
sue-imprint’ hybridization has been applied under field conditions for 
large-scale indexing of HSVd in apricot trees, for ASSVd in pears and 
indexing of CSVd. However, application of imprint hybridization meth-
odology to field samples showed that detection of citrus viroids from spe-
cies other than citron (most susceptible) was erratic owing in large part to 
the low viroid concentration in field samples. When field samples are 
biologically amplified in citron for 3 months at 28–32°C or for 7 months at 
18–25°C, viroids can be detected with high sensitivity (Palacio et al.,
2000). However, use of biological amplification negates the advantage of 
time saving in the laboratory test and may not be applicable for reliable 
detection of citrus viroids in large-scale fields and orchards.

Synthetic probes for hybridization

Synthetic probes of 17–87 nt have been evaluated for PSTVd (Sano et al.,
1988; Welnicki et al., 1989) in hopes that the diagnostic probes would be 
available in large amounts, directed to selected regions of viroid mole-
cules and facilitated with 32P end-labelling. The synthetic probes have 
been found to be less sensitive than full-length probes for both cDNA and 
cRNA. The sensitivity can be improved by using either longer (Welnicki 
et al., 1989) or several oligonucleotides from different parts of the viroid 
molecule (Nakahara et al., 1998). However, there is some indication that 
oligonucleotides from different parts of a viroid molecule may differ 
greatly in their sensitivity (Nakahara et al., 1998). Since sensitivity of 
hybridization is affected significantly by the size of probe length, it is 
unlikely that synthetic probes of less than the full-length of the viroid 
would be adequate for viroid detection.

Reverse transcription–polymerase chain reaction

Within 4 years, following the introduction of PCR to amplify DNA frag-
ments, the technique was successfully applied for the amplification of 
viroids using RT-PCR (Puchta and Sänger, 1989) and for the detection of 
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viroids (Hadidi and Yang, 1990), demonstrating its applicability for plant 
pathogen detection. The method comprises of four main steps: prepar ation
of nucleic acid templates preferably devoid of enzyme inhibitors; reverse 
transcription of viroid RNA by reverse transcriptase; PCR amplification of 
cDNA with a pair of viroid-specific primers; and detection of amplified 
fragments by electrophoresis on agarose gel or other methods. Preparation 
of cDNA and the PCR amplification steps are carried out in one step 
(termed as one-tube RT-PCR) (Ragozzino et al., 2004) or both steps can be 
performed separately. For the amplification of full-length viroid genomes, 
primer pairs are designed so that they anneal to the CCR part of the viroid 
molecule with the 3' ends facing away from each other. Full-length ampli-
fication of a number of viroids has been obtained in this manner (Hadidi 
and Candresse, 2003). In addition to conventional RT-PCR, real-time PCR 
(using TaqMan® chemistry) has also been developed for viroids (Boonham 
et al., 2004, 2005).

The cDNA and PCR steps do not differ from those used for viruses or 
other RNAs and DNAs. However, there are a few modifications for the 
detection of amplified fragments. Generally, PCR products are detected by 
electrophoretic analysis on agarose or polyacrylamide gels, followed by 
staining and destaining with ethidium bromide for both agarose and acry-
lamide gels and silver nitrate for polyacrylamide gel. To facilitate the 
detection of amplified fragments, several modifications have been intro-
duced for viroid detection. For example, in the microtitre plate method 
(Shamloul et al., 2002), a biotinylated DNA probe is hybridized to DIG-
labelled RT-PCR amplicons from viroid-infected tissues. The hybridized 
probe is captured in a streptavidin-coated microtitre plate by avidin–
biotin interaction. Finally, the hybridized amplicon is detected with an 
enzyme-conjugated anti-DIG antibody. Hybridization requires 3 h and the 
reading of the absorbance requires many additional steps to complete the 
protocol. Many viroids, including PSTVd, ASSVd, apple dimple fruit 
viroid (ADFVd), pear blister canker viroid (PBCVd), HSVd and peach 
latent mosaic viroid (PLMVd) have been detected by this method (Shamloul 
et al., 2002). However, no large-scale comparison for any viroid of this 
protocol with conventional agarose gel electrophoresis using field-
generated samples has been conducted.

Grape tissues contain high levels of phenolic compounds, polysaccha-
rides and other complex substances that inhibit PCR. Specific protocols 
have been developed (Staub et al., 1995; Wah and Symons, 1997) that 
emphasize the removal of polysaccharides, a known inhibitor of DNA 
polymerases. At least five viroids are present in grape tissues and most of 
them are carried symptomlessly. These protocols have shown that very high 
quality RNA preparations (A260/A280 1.9–2.0) can be obtained from grape 
leaves. In addition to RNA quality, the primer pair was shown to have a 
decisive effect on the sensitivity of detection (Wah and Symons, 1997). The 
detection of low-copy number viroid samples was improved by jumping to 
the extension step in PCR immediately after annealing the primer rather 
than performing the denaturation step. These modifications have shown 
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that RT-PCR is 25,000-fold more sensitive than the dot-blot hybridization 
used on the same tissues. Furthermore, the increased sensitivity enabled 
the detection of low-copy number viroids in supposedly viroid-free shoot 
apical meristem-cultured plantlets. Modified RT-PCR protocols have been 
used to demonstrate that all ten commercial grape cultivars were simultane-
ously infected with five grape viroids (Wah and Symons, 1997).

Multiplex RT-PCR of viroids

Citrus and grapevine are known to harbour several viroids (Wah and 
Symons, 1997; Ito et al., 2002). A multiplex RT-PCR has been designed to 
simultaneously detect fragments specific to seven citrus viroids or vari-
ants, using 6% PAGE, on the basis of different molecular sizes (Ito et al.,
2002). The entire process only takes 2 days and has facilitated the survey 
of citrus orchards for seven viroids, e.g. CEVd, citrus bent leaf viroid 
(CBLVd) and its variant CVd-I-LSS, HSVd, citrus viroid III (CVd-III), CVd-
IV and citrus viroid OS (CVd-OS). The survey showed a common occur-
rence of multiple viroid infection by three viroids (Ito et al., 2002). Similarly, 
a multiplex RT-PCR has been developed to identify six viroids belonging to 
four genera and in two families, using RT-PCR probe capture hybridization 
for the identification of specific viroids (Shamloul et al., 2002).

Multiplex RT-PCR of viruses and viroids

Mixed infection of viruses and viroids is known to exist (Singh and 
Somerville, 1987; Ito et al., 2002). In RT-PCR, where the detection is based 
on the specificity of primers to RNA, mixed infection of viruses and 
viroids can be detected from tissue extract. Using random primers (com-
mercially available hexanucleotides) as universal reverse primer for potato 
viruses and PSTVd, the viroid was detected by RT-PCR along with five 
potato viruses (Nie and Singh, 2001). Similarly, using specific primer 
pairs for seven citrus viroids and apple stem grooving virus (ASGV), both 
viroids and viruses have been detected by RT-PCR (Ito et al., 2002).

Real-Time RT-PCR detection of viroids

A deterrent to large-scale application of the conventional RT-PCR method 
is the time-consuming nature of certain steps, such as the identification of 
the viroids after performing the PCR step. A real-time PCR methodology 
has been developed for PSTVd (Boonham et al., 2004). This technology 
uses primers and probes in the PCR process. A short, fluorescent probe 
hybridizes to the region of a viroid molecule between forward and reverse 
primers. The 5' end of the probe is labelled with a fluorescent dye as a 
‘reporter’ and the 3' end of the probe is non-fluorescent ‘quencher’. When 
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the probe is intact, the signal of the reporter is minimal and the signal of 
quencher is strong. During primer extension, the 5' end of the probe is 
sequentially cleaved and as a result the fluorescent signals increase, while 
quencher signals decrease. The increase in fluorescence is monitored in 
real-time during amplification, using a combined thermal cycler and a 
fluorescence reader, with data recorded and plotted as a curve during the 
PCR cycle. At the threshold cycle (Ct), a significant increase in fluore-
scence occurs; therefore, a Ct value below a certain number (commonly 
30–40) indicates a positive result.

In efforts to improve sensitivity, denaturation of samples prior to cDNA 
synthesis is imperative considering the highly complex secondary struc-
tures of viroids (Boonham et al., 2004). Optimization of parameters such as 
purity of viroid samples, cDNA synthesis temperatures, types and concen-
tration of reverse transcriptase and single verses two-tube RT-PCR, has 
shown that real-time PCR can be used efficiently for the detection of PSTVd 
from infected tomato leaves, potato tubers, in vitro plants and true potato 
seeds (Boonham et al., 2004). The primer and probe set have been shown 
to detect all of 100 PSTVd sequence variants available from public data-
bases. These have either been tested with live cultures (Boonham et al.,
2004) or using synthetic oligonucleotides representing the mismatched 
sequences of PSTVd isolates (Boonham et al., 2005). Real-time RT-PCR 
with TaqMan® technology has proven to be a viable option to handle high-
throughput testing and has been evaluated for routine testing of PSTVd.

Management of Viroid Diseases

The problems

Unlike cellular pathogens such as bacteria and fungi, viroid diseases are 
not controlled by chemical applications on infected plants. Post-infection 
prevention in viroids is more problematic. At present, the majority of eco-
nomically significant viroid diseases have been detected in perennial or 
vegetatively propagated plants, further complicating management. Only a 
few viroids are transmitted through pollen and/or seeds (Wallace and 
Drake, 1962; Singh, 1970; Singh et al., 1991a) and are largely a threat in 
the development of new cultivars. To further complicate prevention man-
agement, not all viroid infections result in diagnostic symptoms in infected 
crops, particularly in ornamental plants and trees (Table 12.1), necessitat-
ing a large number of plant materials to be tested to prove the absence of 
viroids in symptomless plants.

Viroids often cause economic losses to the individual producer, but an 
additional parameter of economic loss from viroid diseases has arisen from 
the globalization of the modern agricultural production and export system. 
Governed by national and international marketing and phytosanitary regula-
tions, dicovery of a new viroid pathogen in a country can trigger an avalanche 
of restrictive export measures and a shutting down of trade in efforts to 
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prevent establishment of a new pathogen in their country. Postponing the 
shipment of the commodity becomes the principal loss to the producer, rather 
than as a result of actual crop or fruit yield loss. For example, PSTVd is a 
listed quarantine organism for many regions, including the European Union 
(Boonham et al., 2004, 2005; Jefferies and James, 2005). This aspect of income 
loss could be more prolonged in vegetatively propagated crops like potatoes, 
where replacement of seed tubers for large areas takes several years.

The need for diagnostic approaches

The planting of viroid-free material minimizes the risk of viroid spread, 
because most viroids do not spread by aerial vectors in fields and orchards. 

Table 12.1. Naturally occurring viroid infection in ornamental host plants.

Plant species Viroid Symptoms

Chrysanthemum indicum CSVd Stunting
Dendranthema grandiflora CSVd Stunting
Ageratum sp. CSVd nd
Petunia ´ hybrida cv. Surfinia CSVd Symptomless
Argyranthemum frutescens CSVd Stunting
Vinca major CSVd Symptomless
C. indicum CChMVd Mottle, 
   chlorosis
Double Impatiens walleriana CEVd Symptomless
Glandularia puchella CEVd Symptomless
Trailing Verbena ´ hybida CEVd Symptomless
Columnea erythrophae CLVd Symptomless
Nematanthus wettsteinii CLVd-N Symptomless
Brunfelsia undulata CLVd-B Symptomless
Iresine herbstii cv ‘Aureoreticulata’ IrVd Symptomless
Trailing verbena ´ hybrida IrVd Symptomless
Alternanthera sessilis TCDVd Symptomless
Coleus blumei cv. ‘Ruhm von Luxemburg’ CbVd 1-RL Symptomless
Coleus blumei cv. ‘Ruhm von Luxemburg’ CbVd 2-RL Symptomless
Coleus bluemei cv. ‘Bienvenue’ CbVd-Bv Symptomless
Coleus bluemei cv. ‘Bienvenue’ CbVd 1-BvA Symptomless
Coleus bluemei cv. ‘Fairway Ruby’ CbVd 3-FR Symptomless
Coleus bluemei cv. ‘Rainbow Gold’ CbVd 1-RG Symptomless
Coleus blumei Benth. CbVd Symptomless
Mentha spicata CbVd1 Symptomless
Mentha arvensis var. piperascens CbVd1 Symptomless
Melissa officinalis CbVd1 Symptomless
Ocimum basilicum CbVd1 Symptomless
Perrilla magilla CbVd Symptomless
Solanum pseudocapsicum cv. ‘New Patterson’ TASVd-S Symptomless

nd = not described.
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However, production of viroid-free planting material requires the availa-
bility of diagnostic methods that are sensitive, rapid, reliable and applica-
ble to large-scale testing. This is a mammoth task even for viruses, which 
can be detected by widely applicable serological tests, as well as infectiv-
ity and molecular approaches. Having viroid RNA as the sole molecular 
material to develop diagnostic protocols presents limited options for 
developing diagnostic protocols to ensure viroid freedom in the planting 
material. In spite of this challenge, considerable progress has been made 
in managing and eradicating viroid diseases from various countries. A case 
history of PSTVd from Canada illustrates the role of diagnostic and testing 
procedures in the eradication of this viroid. In the province of New 
Brunswick, Canada, the incidence of spindle tuber disease in table-stock 
fields was at the rate of 4% and in some fields as high as 15% during 
1969–1970 (Singh et al., 1971). A series of phytosanitary, regulatory and 
testing procedures brought the incidence of PSTVd to zero by 1979–1980 
(Fig. 12.1) (Singh and Crowley, 1985). The main measures to reduce the 
viroid inoculum were: (i) the development and application of rapid and 
sensitive detection methods for seed tuber testing; (ii) testing of potato 
breeding parental material and cultivars prior to their release to growers; 
(iii) changes in seed certification regulations to limited generations of 
growing seed tubers; (iv) adoption of a ‘zero’ tolerance for PSTVd in seed 
certification by visual inspection; and (v) establishment of an ‘Elite’ seed 
potato production farm to supply initial seed potato stock to commercial 
Elite seed growers free from PSTVd. Provincial disease eradication ‘Acts’ 
were enacted to reduce inoculum and maintain proper hygiene around 
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Fig. 12.1. Graphical representation of the decline of potato spindle tuber viroid 
from 1969 to 1980 in New Brunswick, Canada. The readings are visual inspection 
records of Potato Seed Certification Inspection Service. ‘Russet Burbank’ represents a 
highly susceptible and diagnostic cultivar, while ‘Kennebec’ is tolerant to PSTVd. ‘All 
 cultivars’ represent data of ten cultivars grown in New Brunswick during the period.
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farms and to regulate the use of cultivators between farms. Most of these 
changes were common in Canada and as a result, PSTVd has been elimi-
nated from entire seed production areas (Singh, 1988; Singh et al., 1988; 
De Boer et al., 2002).

Development of New Technologies

To ensure viroid absence in planting material on farms and to be able to 
test a large number of symptomless plants, particularly various species of 
ornamental plants as hosts of Pospiviroids (Singh and Teixeria da Silva, 
2006), two aspects of the RT-PCR protocol were modified to enhance its 
suitability for large-scale testing.

Improvements in the nucleic acid extraction procedure

Symptomless hosts serve as reservoirs for viroids and when accidentally 
transmitted to other plants, the viroids could become destructive pathogens 
to their new host plants. In most cases, upon encountering a first finding of 
a diagnostic viroid disease, initial efforts are targeted at its eradication from 
the initial source. For example, new outbreaks of Pospiviroid spp. in tomato 
and potato crops in recent years have been eradicated in various countries 
(cited in Singh and Teixeria da Silva, 2006). Considering that viroid inci-
dence could be widely distributed, a large-scale survey would be needed. 
A procedure for nucleic acid preparation for RT-PCR, which is easy, rapid 
and reliable, and preferably one without the use of toxic organic solvents 
such as phenol would be preferable. In earlier studies dealing with PSTVd 
isolation, where infectivity was the sole criterion for the detection of the 
viroid, a large amount (150–600 g) of leaves and numerous steps in the 
extraction procedure were used, often requiring several days to complete 
(Singh and Clark, 1971; Morris and Smith, 1977). Typically, a protocol for 
nucleic acid extraction from viroid-infected plants could involve many 
steps, including: (i) homogenization of plant tissues in buffers of high molar-
ity and pH with RNase inhibitors to deter viroid RNA degradation and the 
use of water-saturated phenol to extract nucleic acids; (ii) centrifugation of 
homogenates to separate the aqueous phase; (iii) steps to remove polysac-
charides from nucleic acid extracts; (iv) digestion of DNA from RNA prepa-
rations; (v) enrichment of small RNAs content by chromatography through 
non-ionic cellulose CF-11 or differential precipitation with lithium chlo-
ride; (vi) precipitation of total nucleic acids with ethanol; and (vii) recovery 
of the nucleic acids by centrifugation and resuspension of the precipitates 
in an appropriate buffer or water. However, following the introduction of 
molecular hybridization and PCR, efforts have been made to simplify the 
viroid isolation procedure and several modifications to the generic protocol 
in fruit tree tissues have been evaluated. For molecular hybridization, four 
tissue-homogenizing methods were compared. Two methods involved total 
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nucleic acid extraction with or without organic solvents, followed by for-
maldehyde or alkaline denaturation. The other two procedures were based 
on the direct denaturation of crude leaf sap for molecular hybridization. 
It was observed that alkaline denaturation increased the sensitivity of detec-
tion of all four preparations of RNA (Turturo et al., 1998). At the same time, 
advances have been made to reduce the necessary plant material to only a 
few milligrams (Nakahara et al., 1999) and methods have become simpler 
and safer (i.e. protocols not using organic solvents). The use of a commer-
cial material (Levy et al., 1994) can shorten RNA preparation time to 1–2 h 
from 1 to 3 days and the product is suitable for extracting nucleic acids from 
both herbaceous and woody plant tissues.

The wide range of plant species found in the ornamental plant indus-
try presents more challenges for generic viroid detection procedures than 
in crop plants. For example, the variegated foliage of some Vinca spp. 
contain phenolics, while trailing Verbena spp. and Impatiens spp. contain 
anthocyanins, phenolics and quinine. These compounds interfere with 
amplification in RT-PCR, and thereby require removal or reduction prior 
to RT-PCR. Immobilization of extracts on nitrocellulose membrane and 
their elution with water has been shown to remove inhibitors of PCR from 
plant species, which otherwise failed to yield amplified product (Singh 
et al., 2004).

An inexpensive, rapid and simple method of viroid preparation has 
been developed based on the alkaline denaturation solution (Turturo 
et al., 1998). The method involves the binding and elution of the extract 
onto a nitrocellulose membrane (Singh et al., 2004) as a template suitable 
for RT-PCR (Singh et al., 2006a). In India, the modified methodology has 
been used to detect viroids from ornamental plants with considerable suc-
cess (Singh et al., 2006b). The procedure can be used at four stages of 
sample preparation for the detection of viroids by RT-PCR. The four for-
mats are diagrammatically presented in Fig. 12.2. Format 1 consists of 
homogenizing plant tissues in NaOH–EDTA solution with a tissue to solu-
tion (50 mM NaOH + 2.5 mM EDTA) ratio of 1:4 (w/v) or higher, incubating 
at room temperature for 15 min to settle the coarse plant debris and using 
the supernatant for RT-PCR. Format 2 utilizes the supernatant from format 
1 for spotting (10 µl) onto nitrocellulose membrane. The dried spots are 
cut out and eluted with sterile distilled water and the liquid is used for 
RT-PCR. Formats 3 and 4 utilize a step of centrifugation instead of sap 
incubation at room temperature. The centrifuged supernatant sap is 
directly used for RT-PCR in format 3, while in format 4, the sap is spotted 
onto nitrocellulose and eluted in sterile distilled water. For the optimum 
reliability of detection, the spotting is done with the aid of a vacuum 
device. An extensive evaluation of the four formats has shown that 
although viroids can be detected in extracts not immobilized on nitrocel-
lulose membrane, the efficiency of detection increases significantly from 
the membrane-eluted material (Fig. 12.2).

A recent study (Hosokawa et al., 2006) has described another technique 
of template preparation termed ‘microtissue direct RT-PCR method’, where a 
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razor or syringe needle is used to pierce the tissue to a depth of 0.1–0.2 mm 
and the sample is directly transferred to RT mixtures and then amplified by 
PCR. This method was successfully used to detect CSVd and chrysanthe-
mum chlorotic mottle viroid (CChMVd) from small in vitro cultured plant-
lets. The last two procedures fulfil the requirement of nucleic acid preparations 
on a large scale for conventional tissues as well as tissue-cultured plantlets.

Pospiviroid universal primer pairs

Most of the reported viroid surveys are specific for a particular group of 
plants or viroid (e.g. PSTVd strain survey (Singh et al., 1970); ornamental plants 
from individual nurseries [Bostan et al., 2004]; specific plant species [Singh 
et al., 1991a; Spieker, 1996]; or fruit trees [Ito et al., 2002]). The symptom-
less nature of ornamental plants necessitates sampling of all plants with-
out any definite lead for viroid infection. Since most species of the genus 
Pospiviroid (Table 12.1) have been encountered in ornamental and crop 
plants, a primer pair amplifying the species of the genus Pospiviroid has 
been described and evaluated (Fig. 12.3) (Bostan et al., 2004). The 
Pospiviroid forward primer comprises of 89–108 nt PSTVd in the upper 
strand of the CCR and the reverse primer includes 259–280 nt from the 

Extract in NaOH–EDTA

Formats

Incubate 15 min

1 2 3 4

Centrifuge 15 min

95–100%70%87.5%60%Efficiency

Fig. 12.2. Diagrammatic representation of viroid extraction procedure using sodium 
hydroxide and ethylenediamine tetraacetic acid. Formats 1–4 represent with or without 
centrifugation and with or without spotting the extract to nitrocellulose membrane 
prior to RT-PCR. Efficiency indicates the percentage of detection by each format.
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lower strand. The forward primer is fully matched for at least one isolate of 
eight Pospiviroid spp. with the exception of CLVd, and the reverse primer 
is in full agreement with seven viroids, with two mismatches in IrVd and 
several mismatches in CLVd (Fig. 12.3). Thus, all Pospiviroids, except 
CLVd, can be detected if present in the plant preparations. Using the generic 
pospiviroid primer pair, fragment sizes of 196 bp for mexican papita viroid 
(MPVd) to 228 bp for the largest viroid, IrVd, are expected. CSVd, CEVd 
and IrVd have been detected from ornamental plants using a generic 
Pospiviroid primer (Bostan et al., 2004; Nie et al., 2005; Singh et al., 2006b). 
Similarly, two sets of Pospiviroid genus-specific primer pairs have been 
designed which readily amplify CLVd (Verhoeven et al., 2004).

Conclusions and Future Directions

Improvements in molecular biology technologies have been readily 
adopted for the detection of viroids. The high sensitivity of RT-PCR accom-
panied by the high quality of RNA preparation has helped in the detection 
of viroids in low concentrations such as in fruit trees or where viroid dis-
tribution may be uneven during different seasons. However, improve-
ments aimed at simplifying viroid RNA preparations and its application 
to a large number of samples need continuous research. Technologies uti-
lizing microarray chips combined with PCR technology for the detection 
of all groups of viroids could be envisioned in the near future.

An important aspect of viroid management relies on exclusion of viroids 
from entering the crop or fruit production chain. It has been shown that long-
term natural infections of Coleus spp. have resulted in the evolution of a new 
viroid, by forming a true viroid chimera, consisting of the right half of one 
existing viroid and the left half of the other (Spieker, 1996). In addition, an 
artificial ‘inverse’ chimera has been designed and shown to be infectious in 

Fig. 12.3. A Pospiviroid group-specific primer pair. Forward primer contains bases 
(ATTA) at the 5' end which are not present in the viroids. The dots represent homology 
and letters indicate the mismatches from each viroid in both primers segments.
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Coleus plants, demonstrating the ease and potential of the viroid chimera to 
evolve in planta and lead to the emergence of new infectious RNA replicons 
(Spieker, 1996). Furthermore, considering that Coleus viroids are well adapted 
for rapid dissemination through seed, mechanical and graft transmission to 
other plants (Singh et al., 1991a), the potential infection to crop plants would 
generate serious viroid management problems. Fortunately, to date, there is 
no information about Coleus viroids infecting any crops or trees and causing 
economic damage. However, it is probable that viroids with characteristics 
similar to Coleus viroids may be present in ornamental plants. For example, 
recent surveys of a few ornamental plants in Canada (Bostan et al., 2004; Nie 
et al., 2005) and India (Singh et al., 2006b) have shown the existence of viroids 
in various cultivars of Alternanthera sessilis, Impatiens and Verbena which 
are carried symptomlessly in these plants. Upon transfer to tomato and potato 
plants, they cause visible symptoms, severe malformation of potato tubers 
and total yield loss (Fig. 12.4). The viroids are highly seed transmissible in 
Impatiens and Verbena. Both plants are widely grown as aesthetic ground 
covers, are components of ornamental hanging baskets and part of the general 
landscape scene. The viroid in question is CEVd, a known viroid of citrus, 
but the isolates are from these ornamental plants and not from citrus (R.P. 
Singh, 2006).

Fig. 12.4. (A) Absence of diagnostic symptoms in leaves and flowers of Impatiens spp. 
infected with citrus exocortis viroid. (B) Effect of viroid from Impatiens in potato tubers 
of cultivar ‘Jemseg’. Note the smaller size and malformed tubers.
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Ornamental plants comprise a rapidly expanding industry, equipped 
with modern rapid transportation of live cuttings, bulbs and seeds, capa-
ble of being imported and exported all over the world without extensive 
tests being performed for viroids at quarantine centres. Viroids thrive in 
warmer climates (Singh, 1983), where generally, multinational seed com-
panies and nurseries propagate their plants (Singh et al., 1991a). These 
plants could be potential sources of crop-infecting viroids and should be 
surveyed to determine their viroid content. The basic methodology for 
such a survey has been outlined in this chapter and continuous improve-
ments in detection technology are being made daily.
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Abstract
Commercial production of crop plants is often threatened by recurring bacterial, 
fungal and viral infections. Pesticides and insecticides have commonly been used 
to contain phytopathogens but their extensive use has contributed to chemical 
contamination of the environment. Genetic engineering is an effective strategy 
for developing disease-resistant germplasm that increases yield, reduces loss, and 
eliminates or reduces the use of pesticides. Antimicrobial peptides are important 
components of innate disease immunity and have been isolated from a wide vari-
ety of organisms. These widespread natural products vary greatly in their proper-
ties and spectrum of biological activities. Different peptides and their synthetic 
derivatives have found applications as antibacterial, antifungal and therapeutic 
agents. Attempts have been made to bolster plant defences against microorgan-
isms by genetically engineering plants to express cationic peptides. Because the 
primary target of the cationic peptides is the cell membrane and not a specific 
receptor or substrate, these peptides confer their activities against a broad spec-
trum of pathogens and there is only a low probability of resistance arising by 
changes to metabolic pathways. This chapter highlights salient features of antimi-
crobial peptides and their applications in plant biotechnology for management of 
a broad spectrum of diseases.

Introduction

Plant diseases are responsible for enormous losses worldwide ($30–50 bil-
lion annually) in cultivated and stored crops, and thus, are a major impedi-
ment to effective food production and distribution. In the past, containment 
of plant pathogens has relied on use of chemical pesticides. Heavy reliance 
on chemical pesticides has far-reaching implications not only for the envi-
ronment but also for human health through residual toxicity. In addition, 
pesticides are becoming less effective because of increasing insecticide 
resistance in insect populations. Long-term climatic changes leading to 
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changes in vector populations, and concern about the environmental 
effects of pesticides, as well as consumer concern about pesticide residues 
in food, have led to increased interest in finding alternative means of con-
trolling phytopathogens.

Traditionally, plant breeding strategies have been successfully used to 
develop a large number of disease-resistant varieties. However, the increas-
ing intensity of crop management has been accompanied by a growing 
number of diseases and a large number of pathogenic strains that have 
outpaced the development of new resistant plant varieties using conven-
tional plant breeding strategies. Unwanted effects such as reduction in 
yield and fertility are often observed in the transfer of the dominant resist-
ance genes. Transfer of resistance genes into high-yielding crops is a time-
consuming process.

The incorporation of specific disease-resistant traits in plants through 
genetic engineering offers a means to prevent disease-associated losses 
without damaging the environment. Non-conventional strategies for the 
production of disease-resistant crop plants have exploited gene transfer 
technology for molecular resistance breeding (Marcos et al., 1995; Punja, 
2001). Such strategies have included: expression of genes of plant defence 
response pathway components (Cao et al., 1998); expression of genes encod-
ing plant, fungal or bacterial hydrolytic enzymes (Mourgues et al., 1998); 
and expression of genes encoding elicitors of defence response (Keller et al., 
1999) and small peptides (Cary et al., 2000). Expression of antimicrobial 
peptides in plants, derived not only from plant sources but also from insects 
and mammals, is a promising strategy that can be exploited to promote dis-
ease resistance in plants (Osusky et al., 2000, 2004, 2005).

Antimicrobial Peptides

Cationic antimicrobial peptides have been found in a variety of sources, 
from prokaryotes to higher eukaryotes (Hancock et al., 1995; Vizioli and 
Salzet, 2002) (Table 13.1). In the last 25 years, more than 800 cationic, 
gene-encoded antimicrobial peptides have been described. The majority 
of peptides (96%) have a net positive charge but some have a net negative 
charge. In recent years, it has become clear that these endogenous peptide 
antibiotics constitute part of the first line of host defence (Boman, 1995). 
Cationic peptides, already present in the first line of defence of living 
organisms, can be induced and synthesized much more rapidly than 
immunoglobulin upon infection, before the adaptive immune system is 
activated, and can function without the high specificity and memory of 
immunoglobulin or immune cells (Boman, 1995). In mammals, antimicro-
bial peptides are present at high concentrations in phagocytes (e.g. macro-
phages, neutrophils, NK cells) and mucosal epithelial cells (e.g. Paneth 
cells). In lower life forms, such as invertebrates, which have no adaptive 
immunity, cationic peptides are the major defensive system against infec-
tion (Boman, 1995). Insects produce cationic peptides in their fat bodies 
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and hemolymph, where they are induced upon bacterial challenge (Boman, 
1995). Cationic peptides also function to keep the natural microflora at a 
steady state in a variety of different niches such as the skin, mouth and 
intestine. They are active not only against bacteria but also against fungi, 
viruses and even parasites (Vizioli and Salzet, 2002) (Table 13.1). The nat-
ural cationic peptides of animals and plants are synthesized as precursor 
peptides, and then processed into their mature forms by cleavage of a sig-
nal peptide and a pro-sequence (Hancock, 1997).

The earliest peptide antibiotics used extensively in human medicine 
were the gramicidins and polymyxins. The lantibiotic, nisin, is currently 
used as a food preservative. MSI-78, a 22-residue magainin analogue, has 

Table 13.1. Cationic peptides with broad-spectrum activity against pathogens and viruses.

Peptide Source Net Charge Activity Reference

Alloferon Blow fly +4 Virus/Tumour cells Chernysh et al. (2002)
α-Basrubrin Spinach +2 Virus/Fungi Wang and Ng (2004)
Brevinin Frog +4 Virus Yasin et al. (2000)
Caerin Frog +3 Virus/Bacteria (+/−) Goraya et al. (2000)
Cathelicidin Bovine +2 to +8 Bacteria(+/−)/ Fungi/ Zanetti et al. (1995)
    Trypanosomes
Cecropin Silk moth +5 Bacteria (+/−)/Fungi Boman and Hultmark
     (1987)
Dermaseptin Frog +4 Virus/Bacteria(+/−)/ Fungi Belaid et al. (2002)
Defensin Human/ +3 to +8 Virus/ Bacteria (+/−)/ Fungi Daher et al. (1986);
  Rabbit     Yeaman and Yount 
     (2003)
 Rat/Carrot
Esculentin Frog +6 Virus/Bacteria(+/−)/ Fungi Chinchar et al. (2001)
Indolicidin Bovine +3 Virus/ Bacteria (+/−) Selsted et al. (1992)
Lentin Mushroom +1 Virus/ Bacteria (+/−)/ Fungi Ngai and Ng (2003)
Magainin Frog +4 Virus/Bacteria (+/−)/ Fungi Aboudy et al. (1994); 
     Egal et al. (1999)
Melittin Honey bee +5 Virus/Bacteria (+/−)/ Fungi Marcos et al. (1995); 
     Wachinger et al.
     (1998)
Polyphemusin Horse shoe +7 Virus/Bacteria (+/−)/ Fungi Murakami et al.
  crab    (1991); Nakashima 
     et al. (1992)
Protegrin Pig +5 Virus/Bacteria (+/−)/ Fungi Kokryakov et al.
     (1993)
Panaxagin Panax  +4 Virus/Fungi Ng and Wang (2001)
  ginseng 
Rantuerin Frog +4 Virus/Bacteria (+/−)/ Fungi Chinchar et al. (2001)
Temporin Frog +2 Bacteria/Fungi Harjunpaa et al.
     (1999)

+ Gram-positive bacteria
− Gram-negative bacteria
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completed human Phase III clinical trials, showing equivalent efficacy to 
oral ofloxacin on polymicrobic infections of individuals with diabetic foot 
ulcers (Hancock, 1997). IB-367 is a synthetic protegrin-like cationic pep-
tide that has shown efficacy in early clinical trials against oral mucositis 
and the sterilization of central venous catheters. It is currently proceeding 
through Phase III clinical trials. In addition, the cationic protein rBPI 21 
has recently completed Phase III clinical trials for meningococcemia 
(Hancock and Diamond, 2000). Another promising prospect for cationic 
peptides is in plant and fish biotechnology where cationic peptides can be 
engineered into host organisms to provide enhanced disease resistance 
(Hancock and Lehrer, 1998). The ability of cationic peptides to bind to 
lipopolysaccharides and their ability to act synergistically with conven-
tional antibiotics as enhancers are few of the features that make them 
attractive and potentially novel antibiotics. Furthermore, cationic pep-
tides are gene-coded and synthesized as precursors that undergo post-
translational modifications to become active. Their production by genetic 
engineering is becoming possible and resistance against these antimicro-
bial peptides does not develop easily.

The discovery and characterization of novel antibacterial, antiviral, 
antiparasitic and antifungal peptides from natural sources as well as their 
synthetic and more potent variants is a promising strategy to develop new 
pharmaceuticals against these microorganisms. However, novel and cost-
effective production strategies are needed to facilitate their commercial 
use in combating diseases.

Structural features and categories

Cationic peptides show significant diversity in size, sequence and struc-
ture. They range from 12 to 46 amino acids in length with diverse compo-
sition (Hancock, 1997). Despite their diversity, cationic antimicrobial 
peptides have a net charge of at least +2 at neutral pH, usually because of 
the presence of arginine or lysine residues in their amino acid sequence 
(Hancock, 1997). Their secondary structures often contain a hydrophobic 
domain and a hydrophilic domain. The basicity and amphipathicity of 
cationic peptides are essential for their antimicrobial activities. The 
hydrophilic (positively charged) surface facilitates the interaction of the 
peptides with the negatively charged bacterial surface, e.g. lipopolysac-
charide on the outer membrane of Gram-negative bacteria, teichoic acid 
on the Gram-positive bacteria or negatively charged head groups of the 
phospholipids in the lipid bilayer (Piers and Hancock, 1994).

Nuclear magnetic resonance (NMR) has emerged as a useful technique 
for studying structural details of most of the known antimicrobial peptides. 
Analysis of the three-dimensional structure of these peptides has resulted 
in a better understanding of their function. Because a majority of these pep-
tides are small in length, their three-dimensional structures can be obtained 
by NMR methods. Based on the NMR structures of known peptides along 
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with sequence analysis, antimicrobial peptides are broadly classified into 
five groups: helical, cysteine-rich, sheet, antimicrobial peptides rich in regu-
lar amino acids and antimicrobial peptides with rare amino acids.

Helical antimicrobial peptides
Peptides in this category are highly amphipathic helices with hydropho-
bic and charged cationic surfaces. A well-identified and characterized 
helical cationic peptide is cecropin-A from the moth, Hyalophora cecropia.
Magainins, another group of well-characterized helical peptides, isolated 
from the skin of the African clawed frog, Xenopus laevis, are composed of 
23 amino acid residues. NMR studies showed that both cecropins and 
magainins form amphipathic helical structures.

Cysteine-rich antimicrobial peptides
This group consists of peptides that are rich in cysteine residues and are 
present in a wide variety of organisms. The human neutrophil peptides 
HNP-1, HNP-2 and HNP-3 were the first cysteine-rich peptides isolated from 
human neutrophil granules. Most of these molecules harbour a consensus 
motif of six cysteine residues forming three intramolecular disulfide bonds. 
Drosomycin, isolated from Drosophila, contains four disulfide bonds and 
three antiparallel strands with a helix between the first two strands (Landon 
et al., 1997) and represents another example of a cysteine-rich peptide.

Sheet antimicrobial peptides
A few of the known antimicrobial peptides of this class are approximately 
20 amino acid residues long and contain one or two disulfide linkages that 
form a single hairpin structure. Horseshoe crab peptides, tachyplesin and 
polyphemusin, share a hairpin motif stabilized by two disulfide bonds. NMR 
studies with thanatin, a 21-residue defence peptide isolated from the hemi-
pteran insect, Podisus maculiventris, showed results similar to that of tachy-
plesin. NMR studies have shown that lactoferricin B, a 25 amino acid 
proteolytic derivative of lactoferrin, adopts a sheet structure stabilized by a 
single disulfide bond when in solution (Hwang et al., 1998).

Antimicrobial peptides rich in regular amino acids
Some antimicrobial peptides are composed of a high proportion of regular 
amino acids. The structural conformation of such peptides differs from the 
regular helical or sheet peptides. Histatin, a peptide isolated from human 
saliva, is rich in histidine residues and is active against Candida albicans
(Xu et al., 1991). Cathelicidins are proline-rich peptides, while indolicidin 
(Selsted et al., 1992) and tritripticin are tryptophan-rich. Bactenecins-Bac-
5 and Bac-7, like cathelicidins, are proline-rich. In contrast, peptide PR-39 
is rich in arginine residues.

Antimicrobial peptides with rare modified amino acids
Several peptides are unusual in being composed of rare modified amino 
acids. Examples of such peptides are those produced by lactic acid bacteria. 
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Nisin, a lantibiotic, is produced by Lactococcus lactis and is composed of 
rare amino acids like lanthionine, 3-methyllanthionine, dehydroalanine 
and dehydrobutyrine (de Vos et al., 1993). Another peptide, leucocin A, a 
37-residue antimicrobial peptide isolated from Leuconostoc gelidum, has 
been shown to form an amphiphilic conformation (Gibbs et al., 1998).

Mechanism of peptide action

The mode of action of cationic peptides is not completely known. However, 
specificity with regard to the pathogen as well as with the peptide has 
been demonstrated. The action of these peptides on bacteria, fungi and 
viruses is discussed below.

Antibacterial action
Cationic peptides function by disrupting the cytoplasmic membrane of 
bacteria (Hancock and Lehrer, 1998). This action is proposed to involve 
three steps: (i) binding to the cell surface; (ii) permeabilization of the outer 
membrane (in Gram-negative bacteria) and then the cytoplasmic mem-
brane; and (iii) loss of cell viability as a result of cell lysis and DNA dam-
age. Cell lysis is supposed to be initiated by the electrostatic interaction of 
cationic peptides with the negatively charged cell surface. For Gram- negative
bacteria, the positively charged domain of the cationic peptides binds to 
the divalent cation binding sites of lipopolysaccharide (Piers and Hancock, 
1994). The displacement of the native cations Ca2+ and Mg2+ disrupts the 
structures of the outer membrane, due to the bulky size of the cationic 
peptides. This disruption subsequently results in the self-promoted uptake 
of cationic peptides (Hancock et al., 1995). For Gram-positive bacteria, the 
cell wall contains covalently bound, negatively charged teichuronic acid 
and carboxyl groups in the peptidoglycan and these are probably the ini-
tial binding sites for the cationic peptides. The interaction between the 
peptides and the cytoplasmic membrane is thought to be determined by 
factors such as the anionic lipid composition of the bacterial membrane 
and the presence of an electrochemical potential across the membrane. 
After positively charged cationic peptides bind to the negatively charged 
lipid head groups under the influence of a transmembrane potential (ori-
ented internal negative), the peptides insert into the membrane and 
undergo conformational changes. They then aggregate to form multimers, 
which allow them to form channels or pores with their hydrophobic faces 
positioned towards the membrane and their hydrophilic faces oriented 
towards the interior of these channels or pores (Shaw et al., 2006). This 
results in leakage of protons, causing dissipation of the membrane poten-
tial and leakage of other small compounds causing cell death. After mem-
brane permeability is altered, the simultaneous loss of the proton motive 
force, cessation of biosynthesis of macromolecules like DNA, RNA and 
protein, and leakage of intracellular contents are responsible for eventual 
cell death (Fidai et al., 1997; Hancock, 1997).
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The same factors that are responsible for cell death also seem to regu-
late the selectivity of cationic peptides for bacterial membranes over 
eukaryotic cell membranes. The composition of the eukaryotic membrane 
is quite different from that of bacterial membranes that predominantly 
contain negatively charged lipids, such as phosphatidylglycerol and car-
diolipin, whereas the eukaryotic cell membrane is largely composed of 
zwitterionic lipids, such as phosphatidylcholine and sphingomyelin. 
Eukaryotic cell membranes are rich in cholesterol, which may inhibit 
membrane insertion. Bacterial cells have large, transmembrane potentials 
of around −140 mV, whereas eukaryotic plasma membranes have mem-
brane potentials of only −20 mV (Yeaman and Yount, 2003). All of these 
factors contribute to the membrane selectivity of cationic peptides between 
prokaryotic and eukaryotic cells.

Antifungal action
The modes of action of antifungal peptides have been studied extensively 
(De Lucca and Walsh, 1999). Peptides, which interact specifically with 
the lipid components of cell membranes, form pores or ion channels that 
result in leakage of essential cellular minerals or metabolites or dissipate 
ion gradients in cell membranes. Other peptides have been shown to 
inhibit chitin synthase or β-D-glucan synthase. The synthetic peptide D4E1 
complexes with ergosterol, a sterol present in the germinating conidia 
of several fungal species, suggest a lytic mode of action (De Lucca and 
Walsh, 1999). Research is in progress to elucidate the antifungal action of 
cationic peptides at the molecular level.

Antiviral action
Not much is known about the mechanisms involved in the antiviral 
activity of antimicrobial peptides. Direct inactivation of the herpes 
virus by magainins (Egal et al., 1999), α-defensins (Daher et al., 1986), 
modelin I (Aboudy et al., 1994) and melittin (Baghian et al., 1997); HIV 
virus by tachyplesin (Murakami et al., 1991) and indolicidin (Robinson 
et al., 1998); stomatitis virus by tachyplesin (Murakami et al., 1991); 
and channel catfish virus (CCV) by esculentin (Chinchar et al., 2001) 
have been reported. The net cationic charge and ability to form amphip-
athic structures may enable these peptides to interact with the mem-
branes of the enveloped viruses, which are composed of anionic 
phospholipids, and disrupt membrane structure. Here, the disruption 
of membrane integrity occurs because of the interaction between anti-
microbial peptides and the virion (Daher et al., 1986). Recently, it was 
shown that dermaseptin S4 (DS4), which displays a broad spectrum of 
activity against bacterial, yeast, filamentous fungi and herpes simplex 
virus I, also inhibits HIV-1 by disrupting virion integrity (Lorin et al., 
2005). Antimicrobial peptides like esculentin not only lyse the viral 
envelope, but also affect the stability of the nucleocapsid (Chinchar 
et al., 2001). This can also be an effective mechanism for inactivating 
non-enveloped plant viruses.
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Interference with virus and host cell surface interactions is another 
mode of action adopted by antiviral peptides. Antiviral activity of der-
maseptins against herpes simplex virus (Belaid et al., 2002) is an exam-
ple of this mechanism. DS4 showed an inhibitory effect only when 
applied to the virus before or during virus adsorption to the target cells, 
suggesting that the activity of this dermaseptin was exerted at a very early 
stage of virus proliferation, most likely at the virus–cell interface (Belaid 
et al., 2002). In enveloped viruses, inhibition of viral-cellular membrane 
fusion has been observed. Examples include human immunodeficiency 
virus (HIV) by tachyplesin (Morimoto et al., 1991) and polyphemusin 
(Nakashima et al., 1992), and herpes simplex virus by apolipoprotein 
(Srinivas et al., 1990). T22, a tachyplesin synthetic derivative, interferes 
with the process after HIV binding but before transcription of the HIV 
genome (Nakashima et al., 1992). In these cases, the antimicrobial pep-
tides exerted a more profound effect on the cell fusion process than on 
virus penetration as seen by the inhibition of complete cell fusion by 
peptide treatment in vitro (Srinivas et al., 1990). Antiviral activity shown 
by a number of α-helical synthetic cationic peptides is due to inhibition 
of virus entry in the cells (Jenssen et al., 2004). Defensins protect cells 
from herpes simplex virus infection by inhibiting viral adhesion and 
entry (Yasin et al., 2004).

Inhibition of viral gene expression is an effective mode of action of anti-
microbial peptides against both non-enveloped and enveloped viruses. 
Melittin adopts this mechanism against both the tobacco mosaic virus (TMV) 
(Marcos et al., 1995) and enveloped HIV virus (Wachinger et al., 1998). 
Inhibition of HIV by melittin is mediated by the amphipathic α-helical part 
of the peptide and is a result of intracellular impairment of HIV protein pro-
duction rather than a membrane effect (Wachinger et al., 1998). With TMV, 
melittin analogues require elicitation of the peptide along with the virus and 
binding causes a conformational change in the structure of the RNA (Marcos 
et al., 1995). Thus, these antimicrobial peptides have effects at the level of 
gene expression.

There is an enhancement of immunomodulatory properties in response 
to some peptides (Hancock and Diamond, 2000; Chernysh et al., 2002; 
Salzet, 2002). Antimicrobial peptides have been reported to be involved 
in many aspects of innate host defences. They are associated with acute 
inflammation by acting as chemotoxins for monocytes, recruitment of T-
cells through chemotaxis, enhancement of chemokine production and the 
proliferative response of T-helper cells (Hancock and Diamond, 2000). 
Synthetic alloferon has been shown to stimulate the natural cytotoxicity 
of human peripheral blood lymphocytes, induce interferon synthesis in 
mouse and human models and enhance antiviral and antitumour resist-
ance in mice (Chernysh et al., 2002). Corticostatin acts by competing with 
the basic amino acid residues of adrenocorticotropic hormone for its bind-
ing site (Zhu and Solomon, 1992). Despite the number of successful exam-
ples, the molecular basis of protein-mediated virus resistance in most 
cases is not understood.
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Cationic peptides and plants

Synthetic antimicrobial peptides
Most of the antimicrobial peptides are cationic and form an amphipathic 
secondary structure upon interaction with the surface of the cell mem-
brane, resulting in the formation of ion channels and subsequently cell 
lysis and death of the pathogen. These two properties have led to the design 
and synthesis of novel peptides with antimicrobial activity. It was shown 
that antimicrobial activity could be separated from hemolytic activity 
through certain nucleotide sequence deletions or substitutions (Blondelle 
and Houghten, 1991). It has been found that some of the synthetic smaller 
peptides, in the absence of an amphipathic helical structure, have high 
levels of antimicrobial activity. Putative cationic amphipathic structures of 
naturally found proteins have been identified and engineered to display 
broad-spectrum pathogen activities. The modification of cationic antimi-
crobial peptides to determine structure–function relationships and/or to 
produce less toxic molecules with increased activity has been performed 
primarily on α-helical and β-structured peptides. The important factors in 
the activity of synthetic antimicrobial cationic peptides are the position 
and nature of positively charged residues, the formation of specific sec-
ondary structures, and the creation of a hydrophobic face on the molecule. 
These factors are being exploited to design novel and effective drugs. We 
have developed and successfully used several synthetic cationic peptides 
in our laboratory for the generation of disease-resistant plants. These 
include the synthetic variants or chimeras of cecropin, melittin, temporin, 
dermaseptin, indolicidin, cathelicidins and polyphemusin (Table 13.2).

Cationic antimicrobial peptides from plants
A number of small peptides that display the ability to inhibit the growth of 
fungi, viruses and bacteria have been isolated from plants (Thomma et al.,
2002). Thionins were the first antimicrobial peptides to be isolated from 
plants (Broekaert et al., 1992). They act on both Gram-positive and Gram-
negative bacteria, fungi, yeast and various mammalian cell types. Other 
antimicrobial peptides were found to be structurally related to insect and 
mammalian defensins and were named ‘plant defensins’. Whereas most 
antimicrobial peptides from animals and bacteria have high antibacterial 
activity, plant defensins have high antifungal activity (Broekaert et al.,
1992). The plant peptides are 50–100 amino acids in length and have 
broad-spectrum antimicrobial property (Boman, 1995). As these plant-
expressed antimicrobial peptides are a promising source of natural and 
safe alternatives to antibiotics, there is intense interest in these plant-
derived peptides. For a recent and detailed review of plant derived antimi-
crobial peptides, see the review by Thomma et al. (2002).

Cationic peptides and disease resistance in plants
In the past few years, it has become apparent that plants expressing heter-
ologous cationic peptides exhibit broad-spectrum disease resistance, 
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Table 13.2. Peptide variants developed, tested and expressed in plants in the author’s laboratory for broad-spectrum disease resistance.

Peptide 
variant Parent peptide In vitro activity In planta activity Plant species Promoter used Reference

MsrA1 Cecropin–Melittin Bacteria/ Fungi Bacteria/ Fungi Tobacco, potato Constitutive Osusky et al. (2000)
CEMA Cecropin–Melittin Bacteria/ Fungi Bacteria/ Fungi Tobacco, potato Wound induciblea Yevtushenko et al. (2005)
MsrA2 Dermaseptin B Bacteria/ Fungi Bacteria/ Fungi Tobacco, potato Constitutive Osusky et al. (2005)
MsrA3 Temporin A Bacteria/ Fungi Bacteria/ Fungi Tobacco, potato Constitutive Osusky et al. (2004)
PV5 Polyphemusin Bacteria/  Bacteria/  Tobacco Constitutive Misra, S. (2005);
   Fungi/ TMV  Fungi/ TMV    Bhargava (2005)
PV8 Polyphemusin Bacteria/  Bacteria/  Tobacco Constitutive Misra, S. (2005);
   Fungi/ TMV  Fungi/ TMV    Bhargava (2005)
10R Indolicidin Bacteria/  Bacteria/  Tobacco Constitutive Misra, S. (2005);
   Fungi/ TMV  Fungi/ TMV     Bhargava (2005)
11R Indolicidin Bacteria/  Bacteria/  Tobacco Constitutive Misra, S. (2005);
   Fungi/ TMV  Fungi/ TMV    Bhargava (2005)
BMAP-18 Cathelicidin Bacteria/ fungi/  Potato Constitutive,  Misra, S. (2005)
   Trypanosomes    wound 
      inducibleb

awin 3.12T promoter from poplar.
bBiP promoter from Douglas fir.
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including the ability to kill bacteria, fungi, protozoa, and, to some extent, 
viruses (Florack et al., 1995; Allefs et al., 1996; Osusky et al., 2000, 2004, 
2005; Ponti et al., 2003). The antibacterial, antifungal and antiviral activ-
ity shown by transgenic plants expressing cationic peptides is discussed 
below.

Antimicrobial peptides for bacterial resistance in plants

Many different genetic strategies have been proposed to engineer plant 
resistance to bacterial diseases, including inhibiting bacterial pathogenic-
ity or virulence factors, enhancing natural plant defences, artificially 
inducing programmed cell death at the site of infection and producing 
antibacterial proteins of non-plant origin (Mourgues et al., 1998). Genes 
encoding antibacterial proteins have been cloned and expressed in plants 
in an attempt to confer resistance to bacterial diseases. Antimicrobial 
amphipathic peptides like cecropins and their synthetic analogues, Shiva-
1 and SB-37, have been expressed in transgenic potato and tobacco plants. 
Transgenic tobacco plants expressing the Shiva-1 gene showed delayed 
symptoms and reduced mortality following inoculation with Ralstonia
solanacearum and Pseudomonas syringae (Jaynes et al., 1993). However, 
as a result of the degradation of cecropins by plant proteases (Florack 
et al., 1995), no resistance to R. solanacearum or P. syringae was found in 
transgenic plants. A stable cecropin analogue (MB39) has been expressed 
in transgenic tobacco and plants showed no necrosis after leaf infiltration 
with P. syringae (Jaynes et al., 1993). Expression of tachyplesin along with 
a signal sequence in plants has been shown to confer resistance against 
Erwinia soft rot (Allefs et al., 1996). The attacins, isolated from the giant 
silk moth, introduced into apple plants, have also shown a reduced sus-
ceptibility to Erwinia amylovora. Three different lysozyme genes (egg-
white, T4-bacteriophage and human lysozyme) have been expressed in 
plants. Extracellular extracts from transgenic tobacco plants producing 
hen-egg-lysozyme inhibited the growth of several species of bacteria, but 
the susceptibility of the transgenic lines to bacterial diseases has not yet 
been reported. Greenhouse and in vitro experiments indicated a partial 
resistance to Erwinia carotovora in transgenic potato plants producing the 
T4-bacteriophage lysozyme (During, 1996) and a slight decrease in the 
symptoms caused by P. syringae in tobacco plants producing a human lys-
ozyme. The expression of a human lactoferrin gene in tobacco delayed the 
onset of symptoms caused by R. solanacearum (Zhang et al., 1998). 
Esculentin from frog skin conferred resistance against Pseudomonas aeru-
ginosa when expressed in tobacco (Ponti et al., 2003). The efficiency of 
these strategies has been improved by the modifications of the peptide 
genes and construction of synthetic molecules with enhanced expression 
and stability in plant tissues (Gao et al., 2000; Osusky et al., 2000, 2004, 
2005). Synthetic peptide D4E1 (Cary et al., 2000) and a plant defensin, 
alfAFP from Medicago sativa (Gao et al., 2000), have been successfully 



312 S. Misra and A. Bhargava

expressed in tobacco and potato for bacterial and fungal resistance. 
Similarly, in our laboratory, it was shown that a synthetic cecropin–melittin 
chimeric peptide and modified temporin provided resistance against 
E. carotovora in potato (Osusky et al., 2000, 2004). Also, indolicidin vari-
ants (Bhargava, 2005; Xing et al., 2006) and polyphemusin variants, PV5 
and PV8 (Fig. 13.1) showed enhanced resistance to Erwinia when expressed 
in tobacco. Combined expression of several peptide genes, allowing syn-
ergistic effects, is a promising strategy for providing broad-spectrum dis-
ease resistance in plants.

Fig. 13.1. Resistance of transgenic tobacco expressing polyphemusin variant PV8 
to phytopathogens. Detached leaves from mature non-transgenic tobacco (control), 
transgenic GUS and transgenic tobacco expressing PV8 (line#22) were infected with 
(A) E. carotovora; bacterial suspension (1 × 105cells) was applied on to a tobacco leaf 
surface followed by piercing with needle as a way of inoculating bacteria into the leaf. 
The inoculated leaves were kept at room temperature and picture was taken after 7 
days of incubation. (B) Botrytis cinerea (i) and Verticillium sp. (ii); Tobacco leaves were 
detached and placed in Petri dishes with moist filter paper discs. Plugs of inoculum were 
prepared from the fungal strains, cultured on potato dextrose agar (PDA) and were placed 
on each leaf. The inoculated leaves were incubated in diffused light at room  temperature. 
The extent of lesion development was recorded at appropriate times and pictures were 
taken. (C) TMV; 10 ml (5 mg) of TMV was applied to each half of the detached leaves from 
transgenic and non-transgenic plants. Leaves were rinsed with water and placed on 
dH2O soaked filter paper in 15 cm Petri dishes. The samples were then moved to a growth 
chamber (photoperiod of 12 h, 25°C) where they were monitored daily for appearance of 
symptoms. Difference in the lesions was observed after 3 days.
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Our group has tapped into the potential of the cationic peptide expres-
sion in N-terminus-modified, cecropin–melittin cationic peptide chimera 
(MsrA1), including antiviral peptides (Table 13.2). We expressed a syn-
thetic gene encoding a broad-spectrum antimicrobial activity into potato 
cultivars. The morphology and yield of transgenic plants and tubers was 
unaffected. Highly stringent challenges with bacterial or fungal phytopatho-
gens demonstrated powerful resistance. Tubers retained their resistance to 
infectious challenge for more than a year, and did not appear to be harmful 
when fed to mice (Osusky et al., 2000). Similarly, temporin A was N-terminally
modified (MsrA3) and expressed in potato plants. MsrA3 conveyed strong 
resistance to late blight and pink rot phytopathogens in addition to the 
bacterial pathogen E. carotovora. Transgenic tubers remained disease-free 
during storage for more than 2 years (Osusky et al., 2004).

Antimicrobial peptides for fungal resistance in plants

Genes encoding hydrolytic enzymes, such as chitinase and glucanase, 
which can degrade fungal cell-wall components, are attractive candidates 
for the antifungal genetic engineering approach, and are preferentially 
used for the production of fungal disease-resistant plants (Jach et al.,
1995). Cecropin A-derived peptides have been shown to be potent inhibi-
tors of fungal plant pathogens (Cavallarin et al., 1998). The overexpres-
sion of defensins and thionins in transgenic plants reduced development 
of several fungal pathogens, such as Alternaria sp., Fusarium sp. and 
Plasmodiophora sp., and provided resistance to Verticillium sp. under 
field conditions (Gao et al., 2000). Expression of barley seed ribosome-
inactivating proteins reduced development of Rhizoctonia solani in trans-
genic tobacco (Wang et al., 1998). Combined expression of chitinase and 
ribosome-inactivating proteins in transgenic tobacco had an inhibitory 
effect on Rhizoctonia solani development (Jach et al., 1995). Human lyso-
zyme expression in transgenic carrot and tobacco enhanced resistance to 
several pathogens, including Erysiphe and Alternaria sp. (Takaichi and 
Oeda, 2000). Pokeweed (Pytolacca americana) antiviral protein expres-
sion in transgenic tobacco reduced Rhizoctonia solani infection (Wang 
et al., 1998). MSI-99, and a magainin analogue, imparted enhanced dis-
ease resistance in transgenic tobacco and banana against Fusarium oxyspo-
rum and Mycosphaerella musicola (Chakrabarti et al., 2003). The same 
magainin analogue expressed via the chloroplast genome to obtain high 
levels of expression in transgenic tobacco showed inhibition of growth 
against spores of three fungal species: Aspergillus flavus, Fusarium mon-
iliforme and Verticillium dahliae (DeGray et al., 2001). Heliomicin and 
drosomycin expressed in transgenic tobacco conferred a minor but statis-
tically significant enhanced resistance to the fungus Cercospora nico-
tianae (Banzet et al., 2002). Cecropin A-melittin hybrid and cecropin 
A-derived peptides were synthesized and tested for their ability to inhibit 
growth of Phytophthora infestans and other pathogens in vitro (Cavallarin 
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et al., 1998). These and other synthetic cationic peptides (e.g. cecropin, 
melittin, temporin and their modified variants) with in vitro broad-spectrum
antimicrobial activity expression in transgenic potato and tobacco have 
provided enhanced resistance against a number of fungal plant pathogens, 
including Colletotrichum, Fusarium, Verticillium sp. and Phytophthora
sp. (Cavallarin et al., 1998; Osusky et al., 2000, 2004). Figure 13.1 demon-
strates the antifungal resistance in transgenic tobacco plants expressing 
polyphemusin variant PV8.

Dermaseptin B1 is a potent cationic antimicrobial peptide found in skin 
secretions of the arboreal frog Phyllomedusa bicolor. A synthetic derivative 
of dermaseptin B1, MsrA2, was expressed at low levels in the transgenic 
potato. Stringent challenges of these transgenic potato plants with a variety 
of highly virulent fungal phytopathogens – Alternaria, Cercospora,
Fusarium, Phytophthora, Pythium, Rhizoctonia and Verticillium sp. – and 
with the bacterial pathogen E. carotovora demonstrated that the plants had 
an unusually broad spectrum and powerful resistance to infection (Osusky 
et al., 2005).

Antimicrobial peptides for viral resistance in plants

A relatively small number of antiviral peptides have been described in an 
antimicrobial peptide database (Wang and Wang, 2004); however, use of 
antimicrobial peptides for engineering antiviral resistance in plants is 
scarce (Bhargava, 2005). Virus resistance in plants has been obtained by 
expressing specific proteins. Examples of protein-mediated virus resist-
ance mainly include the expression of viral coat proteins but cases of 
protein-dependent pathogen-derived resistance due to the expression of 
viral movement proteins or replicases are also known (Tacke et al., 1996). 
In some instances, resistance is based on the expression of intact, func-
tional proteins; in others, the expression of the intact protein led only to 
weak resistance or even to enhanced susceptibility. In contrast, expression 
of a dysfunctional protein may lead to strong resistance (Tacke et al., 1996). 
A new strategy for engineering virus-resistant plants by transgenic expres-
sion of a dominant interfering peptide was shown by Rudolph et al. (2003). 
Transgenic Nicotiana benthamiana lines expressing the peptide fused to a 
carrier protein showed strong resistance against Tomato spotted wilt virus,
Tomato chlorotic spot virus, Groundnut ring spot virus and Chrysanthemum
stem necrosis virus. This presents a promising strategy for expressing small 
peptides in plants. The advantage of using short sequences to engineer 
resistance is to minimize unpredictable or even deleterious effects observed 
in several cases after the expression of functional viral proteins (Prins 
et al., 1997). Expression of only a short peptide or artificial peptides not 
only minimizes the potential deleterious effect on the plant cell but also 
prevents other undesirable consequences. One such concern is the evolu-
tion of new viruses by recombination with the transgene or by transcapsida-
tion, which can virtually be excluded when an interfering but non-homologous 
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and non-functional molecule is expressed in the plant. Thus, expressing 
cationic peptides with in vitro antiviral activities is a promising strategy to 
provide broad-spectrum disease resistance in plants.

Indolicidin (10R and 11R) and polyphemusin derivatives (PV5 and 
PV8) were expressed in tobacco plants and were tested for antibacterial, 
antifungal and antiviral activity (Bhargava, 2005). These peptides are 
known to have antiviral activity against animal viruses. In vitro tests in 
our laboratory showed promising results against plant pathogens as well 
as against TMV. In planta resistance was also shown against Erwinia,
pathogenic fungi and TMV (Bhargava, 2005).

Expression of polyphemusin variant PV8 provided in planta resistance 
against E. carotovora, Botrytis cineria, Verticillium sp. and TMV (Fig. 13.1). 
We have now expressed these peptides using both constitutive and a wound-
inducible promoter from Douglas fir previously characterized in our labora-
tory (Forward et al., 2002).

Drawbacks of Peptide Expression in Plants

Despite benefits gained from genetic engineering for disease resistance, 
this technology has some drawbacks and research for solutions is in 
progress. In addition to transgene integration, disease resistance depends 
on peptide expression levels in plants, which can, in some cases, be 
affected by homology-dependent gene silencing. This is a serious problem 
for strategies using homologous sequences. Furthermore, in the case of 
proteins/peptides, these must be synthesized, exported from the cell and 
transported to their desired location without undergoing major modifica-
tion during the process, and remain stable at their destination, avoiding 
degradation by plant proteases (Hancock and Lehrer, 1998). In vitro test-
ing of the leaf extracts from the plants expressing cationic peptides shows 
that the expressed peptides are unstable or degraded by proteases 
(Cavallarin et al., 1998; Hancock and Lehrer, 1998; Cary et al., 2000; Li 
et al., 2001). Thus, strategies are needed to optimize expression and sta-
bility of expressed peptides in transgenic plants. Molecular modelling of 
peptides and modifications at the N-terminus proved to be an effective 
method to increase stability of peptides in plants without comprising 
activity or toxicity (Osusky et al., 2000, 2004, 2005).

Future Directions and Conclusions

The best strategy for providing enhanced and broad-spectrum resistance 
using cationic peptides is the co-expression of different molecules with 
complementary modes of action that act at different stages of disease 
development. There are reports of synergistic action of antimicrobial pep-
tides. Combinations of potential peptides may be a successful strategy for 
generating broad-spectrum disease resistance, including resistance against 
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viruses in plants. Expression of defensive genes from a promoter that is 
specifically activated in response to pathogen invasion is highly desirable 
for engineering disease-resistant plants. Our group had shown earlier that 
the win3.12T promoter from hybrid poplar (Populus trichocarpa × Populus
deltoides) affected a strong systemic activity in aerial parts of potato in 
response to fungal infection (Yevtushenko et al., 2004). Transcriptional 
fusion between this pathogen-responsive promoter from poplar and the 
gene encoding the novel cecropin A-melittin hybrid peptide (CEMA) with 
strong antimicrobial activity was evaluated in transgenic tobacco for 
enhanced plant resistance against a highly virulent pathogenic fungus 
Fusarium solani. The antifungal resistance of transgenic plants was strong 
and accumulation of cationic peptide in transgenic tobacco had no dele-
terious effect on plant growth and development (Yevtushenko et al., 2005). 
This was the first report showing the application of a heterologous patho-
gen-inducible promoter to direct the expression of an antimicrobial pep-
tide in plants, and the feasibility of this approach to provide disease 
resistance in tobacco and, possibly, other crops. Strategies for a regulated 
and/or inducible, and tissue-specific expression of peptides, may prove to 
be effective for better performance in the greenhouse as well as in the 
field. We are now evaluating several promoters for inducible and tissue-
specific expression of engineered peptides.

Ethical concerns have often been expressed about the production of 
genetically modified plants and animals. However, organisms naturally pro-
duce many cationic peptides as part of their innate defences against infec-
tion. The results in our laboratory showed low cytotoxicity of synthetic 
antimicrobial peptides in plants and are promising. The incorporation of 
cationic peptides into plants through genetic engineering offers a means to 
prevent disease-associated losses as well as to protect the environment.

Successful applications of a transgenic approach using these peptides 
to control plant diseases, particularly viruses, will likely help eradicate 
certain plant diseases, reduce the environmental impact of intensive agri-
culture – especially use of pesticides, and improve the quality and safety 
of our food.
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Abstract
Marker-assisted selection for fungal plant resistance is the most important tool in 
molecular breeding at the applied level. Markers for disease resistance have been 
sought by researchers and breeders since the discovery that genes can be linked to 
each other. The dearth of visual markers has been the limiting factor in their applica-
tion, but that has changed with the development of techniques to detect vari ation in 
DNA. The differences in DNA are visualized as polymorphisms which currently are 
predominantly identified as changes in fragment size, made possible through tech-
niques such as polymerase chain reaction, electrophoresis, fluorescent dye detec-
tion and the use of restriction enzymes. Because of the many examples of monogenic 
inheritance of disease resistance genes and the importance of resistance traits, the 
processes of marker discovery have developed in large part around disease resist-
ance. There are now a vast number of markers for the many resistance genes to fun-
gal diseases in numerous crop species. The integration and use of these markers 
takes breeding from integrating the technology in marker-assisted selection to the 
development of breeding strategies around marker use in ‘molecular breeding’.

Introduction

Plant breeding is directed towards changes in gene frequencies of plant 
species to produce superior genotypes for the betterment of humankind. 
Molecular breeding is the use of molecular genetic tools to assist changes 
in gene frequency in favourable directions. Like classical breeding, molecu-
lar breeding can be viewed to include plant pathology, genetics, cytogen-
etics, molecular genetics, physiology, biochemistry, quantitative genetics 
and other disciplines that provide the information to make breeding efforts 
effective (Fig. 14.1). Molecular breeding is intimately intertwined with 
traditional breeding, with marker-assisted selection being the predom-
inant tool used. This chapter emphasizes applied molecular breeding with 
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reference to the many areas of molecular genetics as they impact crop 
improvement for resistance to fungal pathogens. Much of this chapter is 
built on the authors’ experience with wheat (Triticum spp.) and therefore 
will be slanted more heavily towards self-pollinated crops.

Fungal pathogens of plants cause the most important diseases of crop 
plants (Agrios, 1988), and present major challenges to stable crop produc-
tion (Strange and Scott, 2005). Unlike abiotic stresses, biotic stresses 
imposed by fungal pathogens are in a rapid state of flux. Although envi-
ronment can shift through climate change, pathogens not only change but 
adapt to genotypes used in crop production. The ability of pathogens to 
thwart the defences of crop plants drives breeding efforts to stay a step 
ahead. A major tool in this process has been the use of host genetic resist-
ance. Molecular breeding can improve response time to shifts in pathogen 
populations. Host resistance to fungal pathogens is controlled by genes 
which are unique not only to the particular species of pathogen, but also 
in many cases, to particular strains or races of the pathogen (Keen, 1990). 
Resistance can be monogenic or multigenic. The many pathogens that 
attack just one crop species impose a large demand on breeding resources 
in plant pathology and genetics to continually provide a fresh arsenal of 
resistance genes for disease control.

Among the most significant epidemics of fungal pathogens are stem 
rust (Puccinia graminis Pers. f. sp. tritici Eriks. & Henn.) of wheat in the 
mid-20th century; southern corn leaf blight (Cochliobolus heterostrophus
(Drechs.) Drechs.) and potato late blight (Phytophthora infestans (Mont.)
de Bary) of the 19th century; coffee rust (Hemileia vastatrix Berk. & Br.); 
and recently, soybean rust (Phakopsora pachyrhizi Syd.) (Agrios, 1988; 

Fig. 14.1. The relationship of molecular breeding with traditional breeding and flow of 
upstream information and technology from other disciplines into molecular breeding.
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Strange and Scott, 2005). In addition to catastrophic loss when the proper 
conditions of germplasm vulnerability and environment come together 
with an aggressive strain of pathogen, many other fungal diseases an nually
erode crop yield through their low but significant presence. Leaf spot dis-
eases and cereal smuts fall into this category (Saari et al., 1996; Ciuffetti 
and Tuori, 1999). Diseases need not be present in large amounts to cause 
substantial economic loss, such as those that reduce quality of product. 
Common bunt (Tilletia tritici (Bjerk.) G. Wint. in Rabenh.) is an example 
of a disease that imparts a foul odour on grain and distasteful flavour to 
the flour products (Goates, 1996). Pathogens such as Fusarium spp. that 
impart toxins on the grain present health risks (Steiner et al., 2004).

Biotechnology encompasses a vast array of tools and techniques based 
on biological processes, physical and genetic mapping, transcriptomics 
with use of expressed genes and microarrays, proteomics and reverse 
genetics, gene cloning and transformation, comparative genetics and data 
mining, all of which lead to gene discovery and a greater understanding of 
gene function. Through the application of biotechnology, we can discover 
resistance gene locations on chromosomes and, recently, the actual genes 
for resistance (Huang et al., 2003). The knowledge of resistance gene loca-
tions allows development of DNA markers used in breeding as marker-
assisted selection. The implications of understanding fungal resistance 
are enormous in terms of our ability to manage these diseases. For ex ample,
gene pyramiding is now a possibility (Van Sanford et al., 2001). Not only 
does gene pyramiding improve the level of resistance, but also offers the 
potential of increasing the durability of resistance.

Genetic transformation also falls within the scope of molecular breed-
ing. This technology involves intimate knowledge of the gene, regulatory 
components and gene functional environment (i.e. the domain where the 
gene is located – currently optimized through selection of transformation 
events) (Hashizume et al., 2006). Although transformation has much 
potential in molecular breeding for disease resistance at the applied level, 
in the foreseeable future the greatest impact will be in furthering our 
understanding of gene function. The slow adoption of transformation is 
primarily due to reluctance of consumers to embrace genetically modified 
foods, and until recently, few available genes.

Markers of various types, particularly DNA markers, are important in 
resistance breeding. Markers, in breeding, open many new options for 
breeders in their battle against fungal pathogens. As a result, marker-
assisted selection is a reality in many breeding programmes.

Background

Biotechnology has been utilized to understand the genetics and genes 
behind disease resistance in important crop species. DNA markers in par-
ticular have been an important part of attempting to discover genes 
involved in resistance as well as research to understand the structure and 
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function of those genes. Perhaps markers will play a less significant role 
in the future understanding of genes as other strategies of discovery 
advance and develop, but markers will continue to play an important role 
in breeding for disease resistance for the foreseeable future.

The concept of markers to identify a trait has been around for a long 
time (Mohler and Singrun, 2004). One of the difficulties in selecting for 
resistance is that the pathogen must be present in sufficient quantity plus 
the environment must be conducive to infection and disease development 
(Young, 1999). These prerequisites are inconsistently met, making it diffi-
cult to retain resistance in breeding material, because lack of selection 
results in random assortment for resistance alleles. Morphological mark-
ers have been sought and used to some extent to identify resistance in the 
absence of disease pressure from the pathogen. For example, the wheat 
leaf rust (P. recondita f. sp. tritici Rob. Ex Desm.) resistance gene Lr21 is 
linked to brown chaff (Kerber and Dyck, 1969) and Lr34 is linked to leaf 
tip necrosis (Rosewarne et al., 2006). Therefore, the association of resist-
ance with these visual markers offers opportunities to make selection for 
disease resistance even in the absence of the pathogen and disease. 
Breeders can select for leaf tip necrosis to improve the frequency of Lr34
when leaf rust is absent or brown chaff as in the case of Lr21, weighing the 
disadvantage that the expression can be modified by environment or the 
same phenotype can be produced by other genetic or environmental 
means. Leaf tip necrosis can also appear in dry windy environments sim-
ply by desiccation of the leaf tip and margins, and many genes control 
chaff colour. Therefore, more definitive markers are required.

As the detection of molecules such as proteins became more cost-
effective with procedures such as electrophoresis, opportunities arose to 
harness variation in such molecules for use as selectable markers. Variation 
in isozymes and other types of proteins presented opportunities for dis-
covery of molecular markers; however, the resolution and number of pro-
tein markers was eclipsed by advances in DNA markers.

Many of the first DNA markers developed were for disease resistance 
because of the importance of diseases and because many forms of resistance are 
simply inherited and easily identified (Michelmore et al., 1991; Michelmore, 
1995). Initially, correlated markers to simply inherited resistance traits were 
developed. This strategy is still in use and will continue for the foreseeable 
future. The ease with which monogenic resistance traits can be characterized 
and evaluated genetically made such traits a logical first step in marker devel-
opment. Initially, the major limitations in the development of trait-related 
markers were the number of markers available.

A variety of DNA marker types exist, some of which are more amena-
ble to high throughput breeding than others. In general, polymerase chain 
reaction (PCR)-based markers facilitate high throughput, although some 
are easier and less expensive to use than others. Markers of any type are 
useful for filling in molecular maps and for initial stages of gene discov-
ery. We will present some of the common marker types used to enhance 
our understanding of the genetics of fungal resistance.
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Restriction fragment length polymorphism (RFLP) (William et al.,
2006) are DNA fragments generated from the application of restriction 
enzymes to genomic DNA that is separated electrophoretically, blotted 
and hybridized with a labelled DNA probe. RFLP maps were first used to 
locate resistance genes. However, RFLP markers have limited use in 
marker-assisted selection because of the large amount of DNA required, 
the need for expensive enzymes and the involved process to develop the 
signal.

Amplified fragment length polymorphism (AFLP) (Dieguez et al.,
2006) markers are based on a combination of restriction and PCR amplifi-
cation. These markers have helped to further map crop species particu-
larly where DNA polymorphism is low. AFLPs are difficult to reproduce 
quickly as needed in high throughput marker screening. Restriction and 
adaptor ligation, and the requirement for long acrylamide gels or long 
capillaries with capillary electrophoresis, are too slow for routine 
screening.

Random amplified polymorphic DNA (RAPD) (Gupta et al., 2006a) 
markers are useful because of their simplicity. Random decimer primers 
are used to amplify regions between the primers. However, many are sen-
sitive to PCR conditions, which require that close tolerances in laboratory 
protocols be met to repeat the desired differential amplification.

Simple sequence repeat (SSR) (Fjellstrom et al., 2006) or microsatel-
lite markers are more robust PCR markers, although polymorphisms based 
on one or two base-pair differences are difficult to detect. Their amplified 
products generally are easy to reproduce, contributing to their popularity 
in marker-assisted selection in many crop species. A limitation of these 
markers is that primer development is somewhat complex.

Sequence tagged sites (STS) (Guo et al., 2006) are PCR markers devel-
oped from sequence polymorphisms, such as expressed sequence tags 
(ESTs), AFLP or RFLP fragments and the like. STS markers can be based on 
actual gene sequences. An STS derived from a resistance gene is the best 
type of marker because it detects the gene rather than being merely linked.

Sequence characterized amplified region (SCAR) (Gupta et al., 2006a) 
PCR markers are primarily developed from amplified products such as 
RAPD fragments to improve the specificity of the marker.

Cleaved amplified polymorphic sequence (CAPS) (Helguera et al.,
2005) markers involve a restriction step to reveal a polymorphism. The 
extra requirement for restriction increases the work required to process 
CAPS markers, plus the extra reagents and steps add to their cost.

Single-nucleotide polymorphism (SNP) (Edwards and Mogg, 2001) is 
a single base-pair change between alleles. PCR primers are designed 
around single nucleotide differences, and under an experimentally derived 
annealing temperature. A DNA polymorphism is detected as the presence 
or absence of an amplified band. Non-PCR approaches such as the Invader 
assay can also be used to visualize this type of marker (Edwards and Mogg, 
2001). The Invader assay has advantages over PCR-based markers because 
of reduced reagents and processing time. As we develop new knowledge 
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about sequence differences between alleles for resistance and susceptibil-
ity, SNPs will become important as markers of actual alleles.

Diversity Arrays Technology (DArT) (Semagn et al., 2006) uses restric-
tion and a complexity reduction step similar to AFLP on genomic DNA of 
a representative group of lines. DNA from each line, which has gone 
through a reduction step, is spotted on a glass slide for hybridization. 
Polymorphism is determined by hybridization. Sophisticated equipment 
is required, but the cost per polymorphism is low for this technology.

Instrumentation and biochemical procedures have evolved to improve 
detection of molecular differences and to increase analytical capacity 
while at the same time reducing material and reagent quantities and asso-
ciated costs. RFLP markers using restriction enzymes on large quantities 
of DNA with fragment separation on horizontal or vertical electrophoretic 
gels with autoradiographic visualization have given way, in large part, to 
PCR-based techniques using small quantities of DNA with capillary elec-
trophoresis separation and fluorescent dye detection. Single sample 
processing has been replaced with multiwell sample plates and mul-
tichannel pipettes. In step with the capability to process large numbers of 
samples are the advances in computer capacity and software capabilities 
to handle the ever increasing volumes of information. Linked with the 
Internet, data is quickly shared for everyone’s benefit. These technological 
advances set the scene for rapid developments in molecular breeding.

Our understanding of the genes that feed into molecular breeding pro-
grammes starts with fundamental genetics and cytogenetics. Marker devel-
opment has progressed quickly by using resistance genes and genetic 
information developed through classical means. Molecular techniques are 
now used to assist traditional methods of gene evaluation. DNA markers 
assist geneticists with the identification of genes and cytogeneticists with 
the introgression of genes from wild relatives of crop species. These genetic 
stocks are used by biotechnologists to understand genes for improved 
markers to increase efficiency of molecular breeding. The knowledge of 
simpler genomes, such as Arabidopsis and rice, has further improved our 
understanding of genes through comparative mapping, again with a spillo-
ver into molecular breeding through new or improved markers.

The practice of molecular breeding continues to evolve as new tech-
nologies are brought to bear on the problem. Many of these are developed 
in medical research, and are eventually adapted to crop research as econ-
omies of scale bring costs down. We will now discuss in more detail the 
discovery of markers, their validation and their application in practical 
crop breeding programmes.

Detailed review of topic

Marker discovery
Molecular breeding comprises three distinct phases of development: 
marker discovery, marker validation and marker use (Young, 1999). The 
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discovery of a DNA marker linked to a trait is the first step (Van Sanford 
et al., 2001). Discovery of markers has become relatively routine in major 
crops, with sufficient markers available to get close to a gene with rela-
tively little effort. Once a marker to the gene has been established, one can 
locate where it lies on a chromosome map and then use the map informa-
tion to find markers that are even closer. These markers are run on the 
population to get a measure of the linkage distance between markers and 
the resistance genes to identify those which are most closely linked. The 
improvement of markers depends on a number of strategies in molecular 
genetics, such as comparative mapping, expression analysis and so on, in 
combination with phenotypic analysis and mapping (Fig. 14.2). The infor-
mation generated about a resistance gene through different molecular 
genetic strategies, when entered into databases, is available to refine 
molecular breeding.

Many more markers to resistance have been reported than are actually 
in routine use. However, for markers to be deployed in molecular breed-
ing, a number of steps must be undertaken to understand and validate 
their use in selection. Questions that create gaps between discovery of 
markers and use in selection arise (Dubcovsky, 2004). The effort needed to 
bridge the gap between marker discovery and utilization depends on the 
particular trait, with greater effort required for more complex traits (Fig. 
14.3). Validation of markers for integration in routine use in breeding is 
the next important step.

Populations and phenotypic characterization
Markers are identified in genetic populations that have been evaluated for 
the particular disease resistance. With highly expressive and penetrant 

Fig. 14.2. The flow of information and technology in the development of markers and the 
relationships with molecular breeding.
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genes, qualitative analysis establishes linkage between markers and the 
gene. Bulked segregant analysis is useful for quickly finding a marker to a 
gene for qualitative resistance (Michelmore et al., 1991). With quantitative 
resistance, quantitative analysis determines the relationship between 
markers and loci associated with resistance. It is useful to start with popu-
lations where resistance is concentrated in one parent and susceptibility 
in the other. This helps to ensure genes that represent some intermediate 
level of resistance will not be the same in both parents and thereby render 
the cross unsuitable for marker discovery.

Different types of genetic populations are available for marker assess-
ment, including traditional F2 and F3 families, backcross line populations, 
near isogenic lines, recombinant inbred line and doubled-haploid popula-
tions (Adhikari et al., 2004; Bovill et al., 2006; Lagudah et al., 2006; 
Cuthbert et al., 2007). Inbred line and doubled-haploid populations are 
desirable because segregation is minimized, which makes it possible to 
test them multiple times to improve phenotypic measurement precision 
of each line, consequently improving determination of gene locations. 
This is particularly important for quantitative traits such as fusarium head 
blight (FHB) resistance in wheat (Steiner et al., 2004). Breeding popula-
tions undergoing selection can be used to supplement information on 

Fig. 14.3. Factors involved between the marker development phase and the 
implementation phase.
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putative markers; however, although marker–trait association can be dem-
onstrated, because of selection it is unwise to use such populations to 
measure degree of proximity.

It is possible to obtain markers that are closer to the desired gene with 
high resolution maps (Cuthbert et al., 2006). Map distance is based on 
crossovers, the number of which in a region relates to the number of seg-
regating progeny; so the larger the population, the more crossovers can be 
sampled at any locus. Greater sample size increases resolution through 
reduced variance of reasonably close markers and increases the chance to 
sample close recombinations that are rare but necessary for identification 
of tightly linked markers. Association mapping is another alternative 
where linkage disequilibrium can be measured between loci of interest 
with surrounding markers (Cardon and Bell, 2001). With a large-enough 
population, the phenotypic variation can be attributed to each of the loci 
through QTL analysis. If the markers are mapped, information about the 
identity of the genes is established.

Genotype by environment interaction. Qualitative resistance traits may 
not vary with environment but the pathogen can vary. A major challenge to 
breeding for qualitative disease resistance is to have appropriate disease 
pressure in nurseries used for selection. Often conditions may be appropri-
ate for one disease but not for another, or conditions may be only favour-
able in certain years, or disease intensity may be too high to discriminate 
resistance. During marker development, evaluation of the phenotype in 
multiple environments is necessary to circumvent this problem.

Genotype by environment interaction is an important consideration 
in phenotypic characterization of populations because expression of some 
genes is low in certain environments while other genes express across 
most or all environments (Lynch and Walsh, 1998; Klahr et al., 2007). 
Breeders prefer the latter. However, with quantitative resistance, even the 
highest expressing genes may explain only a small portion of the resist-
ance variation. These genes may not be sufficient under some environ-
ments to control the disease adequately, and other genes whose function 
is dependent on environment are needed to supplement the resistance. In 
environments with high disease pressure, all genes may be necessary 
whether they are constitutive or not. As our understanding of the genes 
involved in resistance progresses, we should be able to tailor resistance in 
certain cultivars to particular environments such as those with high or 
low disease pressure.

Genes that respond to environmental cues may not be expressed in 
the environments sampled during population phenotypic evaluation for 
marker discovery, and as a result, are not found when determining associ-
ation of the marker with the trait. The solution is to test the population 
under a variety of environments. FHB resistance in wheat provides an 
example of this type of problem (Groth et al., 1999; Ma et al., 2006).

Once markers are developed they select for resistance despite envir-
onmental conditions and fluctuations in disease intensity.
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Genotypic characterization
Genetic considerations. Epistasis occurs when the effect of a gene on a 
trait is modified by one or several other genes (Falconer, 1989). The same 
or another trait may be affected. Understanding gene interaction is import-
ant in allowing us to understand which combination of genes will maxi-
mize resistance. In addition to one resistance gene affecting resistance at 
another locus, the interaction can be with non-resistance genes (Ma et al.,
2006). For example, the wheat height-reducing rht can be epistatic to dis-
ease resistance (Simon et al., 2004). Usually major genes for resistance are 
dominantly epistatic, which makes it difficult to develop markers to indi-
vidual resistance genes where more than one gene is segregating. A gene 
we are selecting for can also have pleiotropic effects, whereby another 
phenotypic trait is affected in addition to resistance. Pleiotropy is difficult 
to demonstrate with classical genetics, but pseudo-black chaff, associated 
with the Sr2 stem rust resistance in wheat, may be an example (Kota et al.,
2006).

Many sources of disease resistance involve more than one gene with 
varied levels of phenotypic variation explained by each gene. Common 
bunt resistance in wheat is an example where genes which confer moderate 
resistance can be combined to produce highly resistant phenotypes (Knox 
et al., 1998). Occasionally, resistance genes are simply inherited, highly 
expressed and explain the majority of phenotypic variation. These major 
genes are preferred for their simplicity, but they are probably the exception. 
Even major genes rarely exhibit complete resistance, and resistance can be 
diminished in genotypes with background effects or modifier genes.

Another consideration with resistance is the breadth of the resistance 
across pathogen races. Resistance to a disease in a particular region of the 
world may require a combination of genes. Resistance is effective for as 
long as virulence in the pathogen does not recombine to match resistance 
in the host, whereas in another region, virulence may be compatible with 
the resistance. An example of this is loose smut (Ustilago tritici (Pers.) 
Rostr.) resistance in wheat (Knox et al., 2002).

Numerous sources of resistance are multigenic or quantitative in 
inheritance, and responsive to different environmental conditions. Markers
help us develop an understanding of quantitative resistance. These quan-
titative trait loci (QTL) present different opportunities and challenges from 
simply inherited, highly expressive and highly penetrant traits.Quantitative
resistance is often controlled by a series of minor genes which through 
their cumulative effects provide a greater degree of expression of the 
resistance than any one gene alone (Ma et al., 2006). QTL for resistance are 
found in many host–pathogen relationships, both biotrophic and necro-
trophic (Steiner et al., 2004; Xu et al., 2005). A necrotrophic example is 
quantitative resistance to FHB in wheat. Multiple loci have been identi-
fied which affect the level of this disease, although no locus alone confers 
full resistance. The combination of a series of loci offers substantially 
greater resistance than absence of these loci. Other examples are resist-
ance with slow rusting and resistance to leaf spots.
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Molecular variants. Molecular variants are different-sized DNA frag-
ments generated from a region identified by a DNA probe applied among 
lines within a species. The DNA is probed with complementary sequences 
of DNA, and differences in length of DNA between cultivars, called poly-
morphisms, are observed through restriction digests or PCR. Visualization 
is performed through a combination of electrophoresis to sort fragments 
and fragment detection through autoradiography, fluorescence or stain-
ing. Molecular variants are also called molecular alleles; however, the 
original definition of allele is a ‘variant of a gene’ and many DNA frag-
ments are neither genes nor parts of genes. The term molecular variant has 
the advantage of not confusing the functional nature of an allele with the 
non-functional properties of many DNA fragments.

Polymorphic molecular variants identify regions on a chromosome and 
are associated with other markers. Resistance-related markers are those 
molecular variants linked with a locus carrying a resistance gene or genes.

Mapping
Mapping and DNA markers are a great boon to novel gene discovery. Once 
one gene for resistance is discovered, it can be identified by name. 
However, subsequent genes must be differentiated from previously identi-
fied genes. If the phenotype of genes is not unique, which is often the case 
with disease resistance in plants, then other information about the genes 
is required to confirm a difference. A step in gene identification is to dem-
onstrate that the gene is not on the same chromosome as any of the known 
genes. Markers on a different chromosome are good evidence that the gene 
is novel and can be assigned a gene designation without having to inter-
cross the gene with all existing genes to see if any are in common. Genome 
maps assist in determining chromosome location, which helps with iden-
tification of genes (Gowda et al., 2006). If named resistance gene locations 
are known, the appearance in a new location on a map indicates a new 
resistance gene without having to do tedious gene by gene crosses.

Some plant species have sufficient markers to facilitate marker identi-
fication of simply inherited genes. The existing pool of trait-related 
mapped markers is tested against resistant lines with unknown genes. If, 
for example, a new line has leaf rust resistance, the next step is to deter-
mine if the resistance results from a known gene. By testing resistance 
gene markers, one can narrow down the relationship of the new gene with 
existing genes. Specifically, a marker linked to Lr21 leaf rust resistance in 
wheat, applied to the new source of resistance and found to be linked, 
indicates the novel gene or may be Lr21. The linkage rules out the gene 
being any of the genes independent of Lr21. As a result, the time and effort 
required to establish the identity of a gene has improved.

It is important to evaluate a series of markers in the chromosomal 
region of the trait when assigning location to the genetic factor controlling 
the trait. We often use markers from consensus maps that are based on 
linkage distances on relatively small sample sizes. Therefore, the order 
and proximity of markers may be imprecise. Often, markers are assigned 
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to more than one locus on different chromosomes. This is particularly 
true in polyploid species. Also, when translocations and inversions take 
place, loci are moved around in particular cultivar combinations. The 
larger the region and the greater the diversity of markers in a region that 
point to a common chromosomal location, the greater the confidence we 
have that this is the true gene location.

The uncertain proximity of the markers within a QTL to the actual gene 
is a problem. Higher resolution maps facilitate identification of markers 
closer to the genetic factors that control resistance. The larger the number of 
segregating progeny in a population, the greater the number of crossovers 
sampled at any one locus with reduced map distances between markers 
(Cuthbert et al., 2006). Greater population size increases resolution through 
reduced variance associated with sample size (for disease resistance meas-
ured phenotypically) and through increased samples of close rarer recom-
binations necessary for identification of extremely close markers.

QTL analysis also offers opportunities to identify multiple simply 
inherited dominantly epistatic major resistance genes that are present in a 
common background. For example, leaf rust resistance in wheat can result 
from a series of resistance genes within a line. With a large-enough popula-
tion, phenotypic variation can be attributed to each of the loci through QTL 
analysis. Mapped markers then provide information to identify the genes.

The synteny between genomes helps gene discovery (Kota et al., 2006; 
Mateos-Hernandez et al., 2006). The rice (Oryza sativa L.) genome has been 
sequenced and mapped and that information can be used to investigate the 
genomes of related crops such as barley (Hordeum vulgare L.) and wheat which 
have not yet been sequenced. ESTs in the wheat library can be positioned rela-
tive to the rice sequence to enrich the number of markers in a region.

Sequence homology can also be used to develop markers to genes 
(Guo et al., 2006). For example, if the resistance gene to a particular dis-
ease is known in one crop species, that sequence can be used in a related 
crop species to extract a sequence for resistance to the related disease. 
Crop-specific polymorphic markers can then be developed as markers to 
the disease.

Association mapping is an alternative to QTL mapping within bipa-
rental cross populations. With association mapping, linkage disequilib-
rium can be measured between loci of interest with surrounding markers 
on a diverse group of lines. The hope is that generational crossing over 
time increases recombination that can be used for the more precise associ-
ation of markers with genes.

As trait-related markers are discovered, genetic consensus maps pro-
vide an aid to selection of markers more closely associated with a gene 
(Somers et al., 2004). The greater the density of the map, the better is the 
resolution of association of marker and trait.

Marker validation
Following the discovery of a DNA marker for resistance, marker valida-
tion is required (Young, 1999) to understand the number of available 
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markers at the locus, their proximity to the gene, number of genes involved, 
alternate genes, alternate alleles, appropriate breeding procedures, porta-
bility of the marker between laboratories, interaction of loci in QTL resist-
ance, linkage drag, gene regulation, background effects, polymorphism 
among potential parents, alternate sources of resistance, quality of geneal-
ogies, the amount of expression of a particular allele, quality of pheno-
typic data, environmental influences, access to available phenotypic and 
genotypic data, database organization, data retrieval and precision of sta-
tistical methods. A lack of understanding of any of these creates a gap 
between discovery of markers and usage for selection (Fig. 14.2). The 
amount of understanding required depends on the particular resistance. 
As we develop markers to more complex resistance, a greater effort is 
required to understand all of the facets listed above.

Marker development is still a young science because we are still try-
ing to discover the molecular basis for expression of resistance. We have 
only found coding sequences of genes for relatively few resistance genes, 
and even less information is available on the sequence information that 
uniquely defines alleles. Therefore, markers are very often developed 
from a DNA polymorphism that shows a statistical association with a fac-
tor or factors involved in the expression of a trait. Although genes for fun-
gal resistance are being identified with the potential of the perfect or 
diagnostic marker being developed from the genes, currently the vast 
majority of markers are only correlated to the resistance loci.

A major challenge to QTL usage in molecular breeding is determining 
which loci are present in potential parents because of the uncertainty 
associated with phenotypic characterization of quantitative resistance. 
When available, markers are used to verify which loci are actually segre-
gating. With the multigenic resistance to FHB in wheat, inheritance of 
genes and development of markers can be worked out in a particular 
source of resistance such as the cultivar Sumai 3 (Anderson et al., 2001). 
However, one cannot assume that descendants with resistance have the 
same complement of genes. For example, Alsen, a descendant of Sumai 3, 
has improved FHB resistance among North American spring wheat lines. 
Sumai 3 has at least three loci controlling FHB resistance (Zhou et al.,
2002). The markers cannot be automatically utilized on descendants of 
Alsen without further genetic analysis to determine which FHB resistance 
loci Alsen possesses. If only one or a combination of two loci were passed 
on, selection with markers would be wasted at the loci that did not pos-
sess the resistance allele.

In the development of derived lines, other loci that contribute to resist-
ance may have crept in. Moderately susceptible parents may contribute 
loci to enhance the resistance phenotype. Therefore, markers should be 
tested in a segregating population of the derived sources of resistance and 
evaluated against the disease phenotype of the population. Lack of associ-
ation with a particular marker indicates that the resistance allele was not 
transferred, and it is pointless to use the marker at that locus for other 
crosses using the derived parent.
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Progeny can be tested to all known markers for FHB resistance to deter-
mine if genes from less resistant parents possess previously identified genes 
that complement those from the main source of resistance. Knowledge of 
the multiple genes available, their sources and appropriate markers, is 
important for planning crosses to facilitate pyramiding of complementary 
genes.

Marker validation is complicated by environmental effects on gene expres-
sion, particularly with quantitative traits and traits with low heritability.

Alien genes. Donated chromatin may be integrated to different degrees 
into the genome of the recipient crop species, depending on the relation-
ship of the two species. Often insertions occur in which crossing over 
within the host crop species does not take place because of the absence of 
complementary chromatin. Therefore, dominant markers are often easily 
identified for the alien insertion as long as the fragment is unique to the 
insertion. Even in cases where DNA is integrated into the chromosome to 
allow homeologous pairing, crossing over may be reduced (Paull et al.,
1994). In either case, markers may appear to be closer than they really 
are.

Marker portability. The portability of markers between laboratories is 
an important consideration. With PCR markers, components of the reac-
tion cocktail, their concentration and PCR temperature stages and cycling 
must be reproduced carefully for marker reproduction. The requirements 
of these markers also depend on brand of reagent, the instruments used to 
produce and detect the marker product, and the specific characteristics of 
the marker. These factors that affect reproducibility also affect portability. 
Usually it is not feasible to duplicate instrument and reagent supplies in 
each laboratory where a marker is used, so implementation of each marker 
requires resources to work out laboratory-specific protocols. Markers that 
are robust and tolerant of variation in conditions are more valuable than 
sensitive markers. Robust markers save time and materials during intro-
duction to a laboratory and during use because there are generally fewer 
requirements for troubleshooting. Some marker types are more amenable 
to transfer than others. The robustness of many microsatellite markers 
makes them appealing.

As previously mentioned, RFLP and AFLP markers do not lend them-
selves to marker-assisted selection, not only because of the additional 
steps required, but also because additional supplies and equipment may 
be required. For example, an incubator is required to provide optimum 
conditions for the restriction steps. Portability of difficult-to-use markers 
can be improved by conversion to more amenable marker types, such as 
STS or SCAR markers (Knox et al., 2002; Gupta et al., 2006a).

Data management
Effective application of marker-assisted selection in breeding programmes 
requires efficient data management. Marker discovery, development and 
deployment generate an overwhelming amount of genotypic, phenotypic 
and genealogy data, all useful for maximizing continued marker applica-
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tion in a breeding programme. Immediate availability of the data is neces-
sary for cross planning to take advantage of the best complementary 
combination of parents, determining appropriate markers for selection 
and for marker development.

A database, if organized to allow easy entry and retrieval, is a power-
ful tool for taking full advantage of disease resistance data generated glo-
bally. The International Rice Research Institute (http://cropwiki.irri.org/ 
icis/index.php/Main_Page) is developing a global system that can organ-
ize data for global exchange and at the same time address local needs to 
retrieve data for planning and research purposes.

Databases
Many valuable databases and database interfaces are available for success-
ful molecular breeding for fungal resistance. Two are listed here for the 
purpose of illustration of databases used in molecular breeding.

The International Crop Information System (ICIS [http://www.icis.
cgiar.org]) is a database management system for storage and retrieval of 
genealogy, phenotypic and genotypic data. The system is being designed 
to provide researchers with access to public domain crop information 
from throughout the world, while preserving institutional proprietary 
information access. This tool is of great value to pathologists developing 
inventories of disease information about lines and populations, geneti-
cists warehousing genotypic data (e.g. molecular variants of markers, of 
lines and populations) and for breeders in the application of markers, 
cross planning and selection planning.

Graingenes (http://wheat.pw.usda.gov/GG2/index.shtml) among other 
features provides a listing of marker maps and tools to navigate the maps. 
These features are invaluable for determining alternative markers in a 
region for a marker that may not be polymorphic in the cross of interest.

Pedigrees
Genealogical information is important for tracing cultivars that might have 
a particular source of resistance. Gene banks and institutionally archived 
seeds are used as sources of parents in crosses. It is presumed that the seed 
is labelled correctly and that any data on that cultivar is correctly associ-
ated with the seed, but sometimes problems with labelling occur. A prob-
lem arises when a source of seed thought to be a particular cultivar is 
something different, so selection with the identified markers may not be as 
effective. However, markers can be used to help sort out mixing, mislabel-
ling or misclassification of entries. Fingerprinting databases can be estab-
lished that provide a reference to confirm the identity of seed.

Data and analysis
Often research is under way in different laboratories around the world on 
the same diseases. It is of great value to all researchers to be able to tap 
into a global database and pull together information about different alleles 
and/or different genetic loci involved in a particular resistance. Uniformity 

http://cropwiki.irri.org/icis/index.php/Main_Page
http://cropwiki.irri.org/icis/index.php/Main_Page
http://www.icis.cgiar.org
http://www.icis.cgiar.org
http://wheat.pw.usda.gov/GG2/index.shtml
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of nomenclature, rating systems and symbols used to measure disease 
facilitate this.

The database of genes for resistance can be conceptualized as a gene 
warehouse. As the database expands, breeders can select for combinations 
of not only disease resistance genes, but also other genes that complement 
each other for optimum disease, agronomic and quality performance.

As noted above, a major challenge to identifying genes, particularly 
for quantitative resistance, is that a population of adequate size must be 
characterized under the environmental conditions in which new cultivars 
will be grown. Often resistance found in one environment is not effective 
in another environment. Therefore, it is important to have disease data 
from a wide variety of environments.

Phenotyping is also critical to the identification of QTL for disease 
resistance. With a larger population of lines, there will be an increase in 
the number of lines with each combination of genes. Increasing the popu-
lation size will thus improve the precision and aid in the discovery of loci 
for resistance. If loci are responsive to environmental cues, then the popu-
lation must be grown in multiple environments with careful attention to 
appropriate design and analysis to identify those loci that are effective 
under different environmental conditions.

With large populations and complex marker maps comes the need for 
software and hardware that will handle the massive amount of data that 
can be generated not only in any one laboratory, but also globally. 
Algorithms for the analysis of phenotypic and genotypic data must con-
tinue to develop such that statistics are generated that identify real asso-
ciations and minimize artefacts. The best data is of no value if it cannot 
be effectively put to use. Part of handling data is efficient extraction and 
use. ICIS can assist in the coordinated retrieval of data so that the information 
content is maximized.

Molecular breeding

Molecular breeding is more than simply applying markers to segregating 
populations and selecting a particular molecular variant (Fig. 14.4). With 
the variety of markers available and more being developed, application of 
markers is complex. Proper integration depends on tying marker strate-
gies together with traditional breeding concepts. Often breeders have 
streams of germplasm and commercial cultivar development. With germ-
plasm development, recombination reorganizes genes to optimize the 
background available for a new trait, such as FHB resistance in wheat. The 
traditional breeding approach of selection through generations of inbreed-
ing takes advantage of the recombination.

Considerations in the development of breeding strategies
DNA markers can be used in a variety of breeding systems and stages of 
selection to enhance breeding strategies or to pursue outcomes that have 
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been previously unattainable with traditional breeding methods. It is crit-
ical to use markers as early as possible for the greatest impact across sub-
sequent generations. However, the cost-effectiveness of selection with 
markers for a particular resistance at a stage of selection versus selecting 
the phenotype must be determined (Dekkers and Hospital, 2002). Kuchel 
et al. (2005) compared resource allocation required for each gene with 
marker and non-marker strategies. Another costing algorithm incorporates 
heritability of the resistance and the markers together with the portion of 
resistance variance explained by the marker (Van Sanford et al., 2001).

Gene pyramiding. Pyramiding or stacking of major genes offers great 
potential for development of durable resistance to disease. Markers are a 
useful tool to pyramid genes (Singh et al., 2001). For example, simply 
inherited, highly expressive and penetrant leaf rust resistance Lr34 and 
Lr21 in wheat, can be pyramided into a single genetic background (Huang 
et al., 2003; Bossolini et al., 2006). Where genes are masked by dominant 

Fig. 14.4. Some of the considerations and decision-making process within the context 
of molecular and traditional breeding and the population development phase.
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epistasis wherein the strongest resistance is usually expressed, it is diffi-
cult to pyramid genes with classical methods. Markers for resistance genes 
at different independent loci can be tracked to pyramid genes with a level 
of predictability dependent on the proximity of the markers to the genes 
of interest.

Genes coding for marked quantitative traits can be combined to 
improve the level of resistance from cumulative or additive effects of the 
genes on the phenotype. For example, resistance genes to FHB in wheat 
can be pyramided, whereby the addition of each gene improves the level 
of resistance expressed to FHB.

Alternate genes. There may be many different qualitative resistance 
genes for a particular disease. For example, there are 51 named leaf rust resist-
ance genes in wheat. Markers can help us to identify these genes in resistant 
parental lines where genetic analysis has not been done. With information 
about the genes present in a background, parental selection is improved as 
is gene deployment. If a resistant parent is chosen but not polymorphic in a 
particular cross, an alternate source of resistance can be chosen that is poly-
morphic. For example, there may not be polymorphism among markers for 
Lr21 in a particular cross combination but there may be markers for Lr42 in 
a similar cross.

Quantitative sources of resistance, such as slow rusting genes, are 
thought to be durable. It is possible that similar phenotypes of quantita-
tive forms of resistance can be arrived at from different combinations of 
genes. However, the genetics of such resistance is not well understood, 
but markers help us learn which genes are involved and which combina-
tions of genes confer the best resistance. For example, many loci have 
been discovered for FHB resistance in wheat (Gervais et al., 2003; Yang et
al., 2005). Similar levels of resistance have been found as a result of differ-
ent combinations of resistance loci in different genetic backgrounds 
(McCartney et al., 2004; Cuthbert et al., 2006).

Allele choices. The alleles utilized must be considered. A particular 
allele at one locus may work better with a particular allele at another locus, 
especially with multigenic resistance. When a locus has been character-
ized to contain a resistance gene, it is important to determine if there are 
allele differences present. Genotypes identified as having resistance at that 
locus may possess different resistance alleles, and certain alleles may have 
more potent resistance than others. Multigenic forms of resistance also 
likely have allelic series at the various loci that combine to produce resist-
ance. With molecular genetics, we should be able to understand the range 
of alleles at each locus and determine which alleles combine to produce 
the most effective forms of resistance. Markers can then be developed 
around the allele sequence differences to generate perfect markers that can 
discriminate alleles. With the knowledge of how loci and alleles interact, 
breeders should be able to select for the combination that gives the best 
synergy.

Background effects. It is well known that certain genes perform better 
in certain backgrounds. Background effects are not understood enough to 
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predict which genes function best in which backgrounds. This can only 
be discovered empirically. This renders marker-assisted selection ineffec-
tive in some cases where an introduced gene is poorly expressed com-
pared to the background in which the marker was developed.

Detrimental effects from the incorporation of a gene or associated 
genes carried by linkage drag may be modified by other genes in the back-
ground of the genome. If a resistance gene is important but affects other 
traits because of linkage drag or pleiotropy, selection in the right back-
ground can compensate for the negative effects. For example, the incorpo-
ration of the Lr35/Sr39 leaf rust gene combination of wheat is associated 
with delayed maturity, but combining them in a background with early 
maturity genes can compensate for the maturity deficiency (Knox et al.,
2000). Parents can be chosen to utilize DNA markers not only to incorpo-
rate the Lr35/Sr39 but also early maturity.

Stage of selection. DNA markers can be applied at different stages of 
selection with varying degrees of impact. In general, the greatest impact is 
achieved when markers are applied in early generations to minimize car-
rying forward lines of no value. Characteristics of the marker determine 
where marker impact is the greatest relative to the cost of using it.

Segregating F1 plants derived from complex crosses, such as back-
crosses, top crosses or four-way crosses, in combination with marker eval-
uation offers an opportunity to dramatically shift allele frequencies at the 
earliest stage. When one dose of the disease-resistant donor parent is used 
in the first cross of a three-way cross or backcross, the resistance allele 
will be present in the heterozygous condition in half the derived popula-
tion. Use of the marker on F1 progeny will identify the lines with the 
resistance allele in the heterozygous background. Because the hetero-
zygous F1 will continue to segregate, further selection will be needed at a 
later point. Half the population with no potential for resistance will be 
eliminated prior to population expansion.

If two doses of the resistance are applied in a three-way cross or single 
backcross, progeny will be half homozygous for the resistant allele and 
half heterozygous. In this case, a marker can fix the resistance by identify-
ing the heterozygous progeny for removal. No further marker screening 
would be necessary except for screening under disease pressure at some 
point to confirm the disease resistance had not been lost through a 
crossover.

Cross configuration can limit the usage of a dominant marker but not a 
codominant marker. A dominant marker in coupling with the desired 
resistance allele is useful when a single dose of resistance is used in only 
the first cross, but is of no value in testing F1 progeny if the resistance is 
included in both the first and second crosses. In the latter case, the domi-
nant marker molecular variant is all that is seen in both the homozygous 
resistant and heterozygous progeny. If the dominant marker is in repulsion 
with the resistance allele, the marker will be of value in a three-way cross 
or single backcross where resistance is two doses. Where the heterozygous 
progeny can be discarded, the resistance can be fixed in the homozygous 
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resistant progeny. With the dominant marker in repulsion, all top-cross 
and backcross F1 progeny will appear the same in a cross of resistant by 
susceptible parents and the marker cannot discriminate the two segregat-
ing genotypes for resistance.

If segregating F1 plants are grown in greenhouse beds in a grid, the tis-
sue and ultimately the DNA sampled can be tracked by position. Such a 
system minimizes the time and effort required for labelling. After marker 
results are generated, the position of the undesirable plants is readily 
located, and the plant uprooted and discarded.

Maximum efficiency of selection in a doubled-haploid operation is 
achieved by applying markers to the haploid plants before further resources 
are used to double them. In the process of developing doubled-haploid 
plants, they go through a haploid stage. In wide-cross doubled haploids, 
such as the wheat by maize system, the haploid stage is protracted and to 
some extent controlled by the investigator by the timing of a colchicine 
treatment for chromosome doubling. The haploid plant DNA is sampled 
and DNA markers for resistance are applied. The haploid plants with the 
marker molecular variant for the susceptible allele are discarded, thereby 
enriching the remaining pool of haploid plants for resistance. Further 
investment of doubling the chromosomes and rearing the plants will only 
be done on those plants with an increased chance of being resistant.

Markers run on doubled-haploid lines produce clean results because 
there is no segregation. Selection in haploid and doubled-haploid lines 
fixes the trait at a level consistent with the linkage distance between the 
marker and trait. With a doubled-haploid programme, segregating F1

plants can be tested prior to entering the doubled-haploid process to 
ensure that the plants are carrying the resistance allele.

In an inbred crop, selection might be limited to the F2 generation or 
later because the F1 is not segregating for the resistance (single cross from 
inbred lines) or the marker configuration does not provide polymorphisms 
as described above for dominant markers. Whether to evaluate the F2 with 
a marker depends on the particular cross and number of markers available 
relative to the number of traits that can be evaluated in a nursery. For 
example, if a population is evaluated for a marker to only one resistance 
gene, the maximum cost of marker assessment is incurred. By putting the 
population in the field at the F2 generation and selecting in a disease nurs-
ery with multiple diseases, the cost of evaluation per line per disease is 
much reduced, likely below the cost of a marker determination in the lab-
oratory. If other traits in addition to resistance can be evaluated in the 
nursery as well, cost of trait evaluation per line is further reduced. 
Phenotypic selection in the nursery enriches the population for highly 
heritable traits. Then, the resistance marker can be utilized to select on a 
much smaller population. Use of multiple markers also reduces costs 
because, for example, only one DNA extraction is needed.

Marker evaluation may be applied to inbred breeding lines devel-
oped through single seed descent or bulk breeding or as a second round 
of marker selection in which heterozygotes were selected at an earlier 
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generation. The biggest consideration with applying markers to inbred 
lines is the potential that the association between the resistance gene and 
the marker will be reduced because of the opportunity for multiple 
crossovers.

Inbred lines are usually used as parents in crosses in self-pollinated 
crop species. Often, inbred lines have problems of residual heterozygosity 
and heterogeneity at unselected loci. It is important when choosing par-
ents for crosses utilized for marker development that sample seed of the 
parents be preserved. Should variation arise in either the disease pheno-
type or the molecular genotype, the reference sample is available to deter-
mine if the variation is derived from within the population or from outside 
the population, i.e. outcrossing.

Required population size depends on the number of traits the parents 
differ for, whether the traits are qualitative or quantitative, level of link-
age, type of cross, generation in which the markers are applied, how 
inbred, desired probability of success and the resources available for test-
ing (Bonnett et al., 2005). Populations required for parents differing for 
just a few qualitative traits are much smaller than where the parents differ 
for many qualitative and quantitative traits. Breeders usually select for 
simply inherited resistance in early filial generations of segregating popu-
lations and for more complexly inherited generally quantitative resistance 
in later generations. Testing for complex resistance is usually more expen-
sive and populations are smaller in later generations. Disease resistance 
often falls within the simply inherited traits that are evaluated early, and 
markers are applied with generally predictable results. Quantitative resist-
ance becomes qualitative with application of effective markers, and then 
can be evaluated in early generations.

Breeding populations usually are large at the F2 stage because of the 
high level of attrition due to the combination of agronomic and disease 
resistance traits evaluated. Sufficient material must be retained for selec-
tion of the quantitative traits (disease, quality and agronomic) in later gen-
erations. When qualitative traits are being assessed, it makes sense to rank 
the traits based on cost of assessment and perform the most inexpensive 
testing first. The evaluation cost per trait per plant is very low in an F2 dis-
ease nursery. For example, in a wheat breeding F2 nursery, plants are simul-
taneously assessed for resistance traits such as common bunt, leaf rust, 
stem rust, a variety of leaf spots including tan spot, septoria tritici blotch, 
septoria nodorum blotch, spot blotch, crown rot, head blights and stem 
disorders, as well as for agronomic traits such as straw strength, plant 
architecture, height, maturity, seed set, grain filling and in some cases plant 
colour and awnedness. If all 18 of the characteristics were segregating 
within a population as dominant traits, the probability of one plant being 
present with all traits is (3/4)18 = 0.0056, or 1 in 177 plants. To obtain a 95% 
confidence of selecting the 1 in 177 plants, a population of (1 – 1 / 177)x = 
0.05 must be grown, or about 533 plants (Hanson, 1959). This is a mini-
mum because some of the traits will be recessive and some will be control-
led by more than one gene and some loci may be linked, requiring a greater 
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population size to break the linkages. If for example, all 18 traits were 
recessive, 1 in 69 billion plants would express all these desired traits in the 
homozygous recessive configuration. Of course, the traits selected for the 
later generations must be included. Indexes with economic or phenotypic 
weights could be used with multigenic selection by markers so that lines 
with potential are not discarded because they lack all markers (Dudley, 
1993).

Not all traits will be measured in the nursery; for example, disease 
may develop poorly, or the genes for resistance to a particular disease are 
masked by another gene. Evaluation of resistance to any one disease may 
be unclear if a number of diseases are infecting the same tissue, such as 
the wide variety of leaf diseases competing for the same infection sites. 
All things considered, it is still cheaper to evaluate plants in an F2 field 
nursery than to process them in a laboratory, even with multiplexing of 
markers. It is also not likely that markers will be available for all of the 
traits that are segregating.

An effective approach is to select whatever traits are measurable in 
the field, and then assess the much-reduced population with markers 
(Bonnett et al., 2005). However, for every trait not selected in the field 
(perhaps the disease did not develop), one-quarter to three-quarters of the 
population will be discarded when a codominant marker is applied. If it 
is desirable to fix the locus, heterozygotes can be discarded. If resistance 
genes are being pyramided and multigenic resistance is being selected 
along with quality and agronomic traits, very large populations will be 
required so that enough plants remain for effective selection of quantita-
tive traits, such as yield, protein and quality. Starting with 100 plants 
tested with 10 codominant markers, only 5–6 plants would be left if het-
erozygotes were retained, not accounting for random variation at each 
locus. If an attempt were made to fix the traits at this stage, a much larger 
beginning population size would be required.

Population size must be doubled for every gene to be selected for by 
markers. For example, if a breeder normally generates 500 top-cross F1

plants from a cross in wheat and is applying a marker at a particular locus, 
a population of 1000 plants is required to end up with 500. If applying 
two markers, 2000 plants will be required to get 500 and so on.

Depending on the marker and the desired outcome, a different number 
of seeds may need to be sampled from each F2 plant. For example, if a 
marker were recessive, to determine if an F2 plant carried the desired gene 
as a heterozygote, 10 F3 seeds would need to be sampled from the F2 plant 
to have a 95% confidence of identifying the recessive genotype. If only 
homozygous recessive F2-derived lines are to be retained, only three seeds 
need be tested to have a 95% chance of eliminating heterozygotes and 
homozygous dominants. In this case, the DNA can be bulked.

With three- and four-way crosses, markers can be applied to F1 plants to 
shift gene frequency. For example, if in a backcross with the recipient par-
ent, the donor gene (from the donor parent) can be selected as the heterozy-
gote if a codominant marker or dominant marker in coupling with the donor 
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gene is used. At the same time, codominant markers at other loci can test for 
homozygotes with favourable alleles provided by the backcross parent.

In all cases, population size must be adjusted upwards to account for 
selection in the early generations to leave enough segregating lines for 
selection for other quantitative traits. As more markers become available, 
resources may need to be shifted from testing of disease in the greenhouse 
to testing of markers in the laboratory, with verification of marker tested 
lines in field disease nurseries during the growing season.

Marker-assisted selection
Marker-assisted selection is an indirect selection of one trait by way of 
another because of linkage of the DNA that codes each trait. A marker can be 
a protein, a metabolite or phenotype. Marker-assisted selection usually refers 
to DNA-based markers that are associated with a phenotypic trait. Because 
DNA markers are the greatest component of molecular breeding, they will be 
the focus of our discussion on marker-assisted selection (Fig. 14.5).

Sample processing. An important aspect of DNA markers for fungal 
resistance is the short processing time. Compared to the time required to 
evaluate resistance in a field disease nursery or greenhouse, where dis-
ease expression may not be optimal for resistance evaluation, markers 
provide a large advantage. Sample throughput is another key to success 
with molecular breeding and is related to the scale of operation and 

Fig. 14.5. Factors involved in marker-assisted selection.
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technology used. High throughput requires a critical mass of determina-
tions to justify investment in the required technology. A range in automa-
tion from multichannel pipettes to multichannel capillary electrophoresis 
systems is available. With increased automation, labour costs tend to drop 
but capital, material and supply costs tend to increase.

Systematic handling of DNA sampling, extraction and visualization 
are important to throughput. There are different methods of DNA extrac-
tions that can improve throughput by increasing the number of samples 
that can be processed at one time, or extraction protocols can be modified 
to a minimum of steps, or both. It is important also to consider adapting 
markers to technologies that exclude the need to extract the DNA and that 
do not require PCR, such as the Invader assay (http://www.ngrl.org.uk/
wessex/invader.htm).

Selection for disease resistance using DNA markers should be done in 
conjunction with markers to other pest resistance, agronomic and quality 
traits so that the cost of DNA extraction is spread over numerous traits. 
Refined PCR, electrophoretic and data assessment processes, and reduced 
sample size with a corresponding reduction in reagent costs, also reduces 
the cost per determination.

Turnaround time. Quick turnaround time is an advantage of markers. 
Samples collected one day and results provided the next day allow quick 
assessment of plants for selection. Turnaround time is important for usage 
of out-of-season nurseries, reducing the number of lines sent to the alternate 
nursery. Other examples include identifying parents segregating for a resist-
ance gene to reduce the number of crosses with no potential; live plants can 
be tested during their life cycle and discarded before resources are spent on 
their harvest. Several technologies contribute to rapid turnaround.

Capillary electrophoresis uses multiple capillaries that contain poly-
mer for separation of DNA fragments. The multichannel operation and 
sample mulitplexing with detection of different dyes that fluoresce at dif-
ferent wavelengths allows high throughput. Lower amounts of reagents 
and automated data handling reduce cost. A major advantage of capillary 
electrophoresis is the high resolution, as low as one base-pair difference 
in fragment size.

Multiplexing, the amplification of multiple DNA markers that require 
similar PCR conditions, saves reagents and processing time. By using dif-
ferent fluorescent dyes attached to each set of primers, the PCR products 
are visualized with capillary electrophoresis even when fragment size is 
the same between markers in the multiplexed PCR.

With slab gel electrophoresis, agarose slab gel equipment is relatively 
inexpensive, the technology is less sophisticated than capillary electro-
phoresis, and less prone to equipment failure, with the further advantage 
that problem troubleshooting is more straightforward. The disadvantage 
is the lower resolution than acrylamide, especially on a capillary electro-
phoresis unit. But high resolution agarose can resolve fragments that are 
very close in size and gel costs can be reduced by reusing gels. With mark-
ers that generate clearly defined molecular variants, sample throughput 

http://www.ngrl.org.uk/wessex/invader.htm
http://www.ngrl.org.uk/wessex/invader.htm
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can be high with slab gels. By using multichannel pipettes and multiple 
wells spaced not only across the gel but also down the gel, many samples 
can be evaluated at one time, providing high capacity without capital 
investment in expensive equipment. A combination of agarose gels and 
capillary electrophoresis can be a valuable combination. Non-PCR proc-
esses like the Invader assay, built around fluorescent signal amplification 
based on SNP, have the potential to take marker throughput to yet higher 
levels by reducing steps and complexity.

DNA source. Often in a breeding programme a variety of processes are 
under way, such as field testing or greenhouse programmes to multiply or 
evaluate lines, doubled-haploid production, crossing and intergenera-
tional seed storage. Each phase offers opportunities for DNA marker selec-
tion. Live plants require careful timing to sample the DNA for marker 
analysis and discard plants before the next planting cycle. Phases when 
fresh plant material is available must be set as the highest priority for 
evaluation. Seed testing is a lower priority that fills in gaps between fresh 
material sample collections.

DNA can be extracted from seed or seedlings produced from seed 
stored between generations. Generally, in a breeding programme, diseases 
are evaluated on crop plants in one field season. Often, lines are increased 
in an out-of-season nursery, which is grown in a different environment 
where types of pathogens and races vary from the local field environment. 
As a result, it is unreliable to select for resistance in an out-of-season nurs-
ery. However, while plants are growing for a generational increase in the 
out-of-season nursery, reserve seed of each line can be tested using DNA 
markers and only those lines that are carrying the genes of interest are 
promoted in the breeding programme. Stored seed of new parents may be 
tested with the battery of markers available to the breeding programme, or 
seed of parental lines of populations currently in the breeding programme 
may be tested with new markers.

DNA can be harvested from seedlings. Seed increase and testing for 
resistance with a pathogen in the greenhouse or growth rooms during the 
non-growing season provide opportunities to collect DNA from fresh tis-
sue for marker testing. Only lines with the desired resistance as predicted 
by markers are advanced.

Dried tissue is a useful source of DNA when the number of samples to 
be processed for DNA extraction overwhelms the available labour, or time 
or distance between sampling the tissue to extraction in the laboratory is 
too long to preserve the quality of the tissue. The tissue can be dried and 
stored until the DNA is extracted.

Preserved DNA is utilized when there is time to extract DNA but insuf-
ficient time to process the DNA further. In such cases, the DNA can be 
stored until there is time for further processing.

Controls. A number of problems can arise during the evaluation of 
markers, such as establishing the correct molecular variant, lack of ampli-
fication of an amplicon, differences in intensity of a band on a gel or level 
of fluorescence with the capillary electrophoresis unit, mixing of samples, 
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mislabelling of samples and others. Mechanisms to ensure the data is 
being handled and interpreted correctly are important.

Comparison with the DNA-size standard ensures that the critical 
molecular variants can be identified. Often, a variety of molecular vari-
ants of different sizes exist in the critical size range for a particular marker. 
Parents should be run with their progeny to display the molecular vari-
ants that will be segregating in a cross, and look for potential heterogene-
ity that would explain all the variation in the progeny. Testing the lines on 
which the markers were identified assists in determining which DNA 
fragments are the critical trait-related molecular variants. This is particu-
larly important if a marker is being run for the first time.

Knowledge of the structure of the cross being evaluated with markers 
allows one to compare the predicted segregation and observed frequency 
of markers in the population to determine if the population is segregating 
properly and that the molecular variants are recognized and scored appro-
priately. This is especially important in populations with a dominant 
marker. Lines with a null response may either be a null molecular variant 
or they may be the result of poor amplification. Significant distortion from 
the expected ratio could indicate that the lines were not scored properly.

Positional blanks can be used to make sure sample clusters are ori-
ented correctly. A blank can be useful to recognize aberrations at various 
steps in a determination, such as the introduction of contaminated DNA.

Parental selection
Selection of parents is critical to the success of any breeding programme. 
Molecular breeding has the additional requirement that both phenotypic 
traits among parents and molecular genotypes must be complementary. 
A number of factors must be taken into consideration.

Heterogeneity. We often assume inbred lines are a population of homo-
geneous, homozygous lines. In reality, advanced breeding lines and regis-
tered or recognized cultivars are heterogeneous at some level and retain 
some residual heterozygosity. The heterogeneity arises from residual het-
erozygosity at the stage of final bulking of a line, genetic aberrations that 
arise, outcrossing or physical admixtures. This reality must be accommo-
dated both from the perspective of assessing the disease phenotype and 
the molecular genotype.

Heterogeneity affects interpretation of results during marker develop-
ment and marker use. For example, the resistance may be present in only 
a portion of the lines representing a cultivar. If resistance is highly pene-
trant and expressive or under the control of a single gene, it is easier to 
detect and control the heterogeneity. However, heterogeneity in resistance 
with lower penetrance, expressivity, heritability or under multigenic con-
trol is often difficult to deduce from the phenotype. This can lead research-
ers studying the same resistance to come to different conclusions. When 
heterogeneity arises during marker-assisted selection, the breeder must 
deal with the uncertainty that a particular molecular variant of the marker 
is associated with the resistance allele.
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To control heterogeneity in a self-pollinated species, the breeder or 
geneticist can line out and purify the parent or make it a doubled haploid. 
The selections would be used in crossing. The risk is that the line chosen 
is not the most representative of the population in general, or worse, may 
not carry the trait of interest. As noted above, the parents of each cross 
should be retained as references for unexpected phenotypes and geno-
types that may arise as intensive testing progresses.

Phenotypic information. The dilemma breeders and geneticists are 
faced with is not always knowing the resistance genes that reside in par-
ents they are interested in using for crossing, especially with quantitative 
traits where it is difficult to assess them in a test cross. The resistance gen-
otype of a line is often surmised by the accumulation of information on 
the disease phenotype; however, marker genotype information and pedi-
gree provide very important supporting evidence as to whether a line has 
a particular source of resistance. The phenotype can provide some evi-
dence of the presence of a gene, but often dominant epistasis of one resist-
ance gene over another will mask other genes. In the case of quantitative 
resistance, different combinations of genes can generate the same pheno-
type, so the presence of a gene cannot be established based on phenotype 
alone. If genetic work has been done on an ancestor to indicate the pres-
ence of a gene, then the potential of the gene being present is at least 
known. Knowing both pedigree and phenotype may still not be enough 
information.

Genotypic information. Using markers along with phenotypic infor-
mation on a derived line relative to ancestral lines known to possess the 
resistance increases the certainty of whether a line might have a certain 
gene. The more marker information associated with the resistance locus, 
the haplotype, the stronger the evidence the allele of interest is present. 
A test cross may be performed where the presence of the gene is deter-
mined by measuring the disease reaction of the segregating population 
and assessing whether variation in resistance is associated with markers 
known to be linked with a gene or genes controlling the resistance. Once 
the genes have been identified in a particular parent, the markers can be 
used to select in other progeny that derive from the same parental source 
of resistance.

During development of a marker or markers, often only one or a few 
populations are used to establish the markers, and these are usually the 
first markers tested on breeding material. In a particular cross combina-
tion used by the breeder, these markers may be monomorphic. However, 
the marker choice need not be limited to those markers developed for a 
few parental combinations. If the markers are mapped, the map can be 
used to identify other potential markers in the same region as the original 
markers. The more markers that are available in the region of the resist-
ance locus or loci, the greater the opportunity to find polymorphism 
between any parental cross combination.

A codominant marker generates a signal, an amplicon in the case of a 
PCR-based marker, at the locus of interest in each parent. In simple terms, 
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with a dominant marker a signal is present in one parent and not in the 
other. Codominant markers are superior to dominant/recessive markers 
because a DNA fragment is associated with both the favourable and unfa-
vourable allele of a trait. Often, when a null allele is present, there is 
doubt as to whether a determination represents the null molecular variant 
or simply is the lack of amplification of a line that possesses the identify-
ing DNA fragment. The codominant marker is the marker of choice.

Because most markers are linked, they are free to crossover within the 
constraints of their proximity to the genetic factor. Genes for disease resist-
ance/susceptibility obviously occur in more than one background and 
therefore the DNA surrounding the gene differs between cultivars. For 
example, the stem rust Sr2 resistance gene in wheat is linked to a 270 bp 
fragment amplified by the sun2 primers in some cultivars and to the alter-
nate 280 bp molecular variant in other cultivars (Sharp et al., 2001). 
Likewise, both molecular variants are linked to the stem rust susceptible 
allele in different cultivars. This can be both advantageous and disadvan-
tageous. The advantage is that polymorphic parents can be selected regard-
less of the orientation of the marker with the resistance allele. In our 
example, an adapted parent may be susceptible to stem rust and possess 
the 280 bp molecular variant of the marker. A resistant line with the 270 bp 
fragment can be chosen as the other parent. The converse is also true. If 
the adapted parent is susceptible and possesses the 270 bp fragment, a 
resistant parent with the 280 bp molecular variant can be used. In situa-
tions where the molecular variant is more consistently associated with the 
particular allele of the trait of interest, in those rare occasions where the 
alternate type needs to be matched, it may be difficult to identify a parent. 
An example is with common bunt resistance in wheat. The Bt10 marker is 
rarely in repulsion to the 270 bp band. Therefore, if the 270 bp molecular 
variant is present when the Bt10 susceptible allele is present, it will be 
difficult to find a parent polymorphic for the marker with which to cross. 
Some markers, such as the Sr38 marker cs1Vrgal3''F, show consistent 
association of one molecular variant with resistance and the other molec-
ular variant with the susceptible condition and are therefore considered 
diagnostic (Sharp et al., 2001).

Markers close to resistance loci reduce linkage drag while improving 
probability of selection. The closest possible polymorphic marker should 
be chosen. However, some markers are more difficult to use than others, 
and the extra cost of using the marker, even though close to the gene, must 
be weighed against the potential misclassification of a more reliable 
marker further away from the gene of interest. The chance crossing over 
that separates the marker from the resistance gene requires phenotyping 
with the pathogen on lines selected with the marker to confirm resistance. 
The degree of linkage affects the efficiency of selection. A marker within 
a gene is difficult to obtain because the gene may not be known. Even a 
marker within a gene is not completely linked to the resistance unless it 
identifies the region of DNA that describes the expression of the gene as 
alleles. The polymorphism is commonly in the DNA upstream or down-
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stream from the gene, but markers within the actual gene of interest are 
being discovered.

Flanking markers improve selection efficiency when the associated 
markers are not particularly close; however, the disadvantage is linkage 
drag. Selection for crossover types in the interval defined by those mark-
ers is reduced. Rare double crossovers between the markers that flank the 
gene are required for the undesirable allele to be selected.

Often, wild relatives of crop species are used as sources of disease 
resistance, and depending on whether the resistance is introgressed as an 
insertion or a crossover, has implications on the function of markers. In 
the case of an insertion, it may be difficult to reduce linkage drag with 
markers to alien chromatin within a recipient species because of little or 
no crossing over. However, markers developed to the donor species chro-
matin can be used to assist in selecting recipient lines with the smallest 
functional piece of chromatin. Where introgression involves crossing 
over, markers can help reduce linkage drag by selecting markers that 
are close to or on top of the gene. Reyes-Valdés (2000) discusses further 
considerations.

One map unit is roughly equivalent to 1 million nucleotide bases. 
A gene is roughly 5000 bases in length, therefore 200 genes can reside 
between a gene and a marker that are as close as 1 CM. A crossover will 
occur in this region in 1 in 100 individuals. The same delinking may be 
required on the other side of the gene. Therefore, even in large popula-
tions, only a few crossover types will occur. If breaking undesirable link-
age at multiple loci with a QTL trait is a requirement to get an optimum 
genetic combination, very large populations will be required. When mul-
tiple loci are considered in a cross, the opportunity for selecting away 
from linkage drag is small, but markers offer the opportunity to break the 
linkages in directed fashion.

Development of New Technologies

New technologies, such as new markers, methods in data and information 
handling and sample processing, will continue to enhance molecular 
breeding for plant disease resistance. Sufficient markers are available for 
routine marker-assisted selection in breeding programmes of major crop 
species. With the multiple approaches to marker development, markers 
are being reported at an increasing rate. One challenge is to stay aware of 
the available markers and their usage. Access to information through the 
Internet plus programmes that coordinate this information generation and 
availability are important for the rapid adoption of new markers. Internet 
sites that coordinate marker information, such as the ‘Wheat Coordinated 
Agricultural Project’ or CAP (http://maswheat.ucdavis.edu) and related 
sites for other crops are invaluable to the growth of molecular breeding. At 
this time, half the protocols listed on the Wheat CAP site relate to fungal 
disease resistance.

http://maswheat.ucdavis.edu
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Now and in the foreseeable future, the markers that are coming on-
stream provide the molecular technology with the biggest impact on plant 
disease management. Somers et al. (2005) demonstrated that crosses could 
be developed around existing marker information and high throughput gen-
otyping technologies to assemble a number of genes for resistance, together 
with other important quality and agronomic traits into common back-
grounds. This is a model for the integration of molecular technologies in 
breeding to enhance germplasm for FHB and leaf rust resistance.

Markers to durable resistance genes are much anticipated by breed-
ers and are starting to appear. For example, markers to the wheat Lr34
leaf rust resistance gene are influencing strategies to breed for resistance 
to this disease (Bossolini et al., 2006). Such genes are being considered 
as the basis for gene pyramiding. Ongoing identification of genes pro-
vides the basis for gene pyramiding. Furthermore, gene identification 
allows breeders to deploy genes in a more systematic way. As genes are 
identified through markers and mapping, other beneficial traits can be 
associated with those genes particularly through association mapping. 
Those resistance alleles that confer, or are linked to genes that confer, 
other beneficial characteristics are being identified and used rather than 
sources of resistance that have negative effects. An example of this is the 
linkage of the wheat stripe rust resistance Yr36 gene to a gene for ele-
vated protein, which makes it a preferred choice over other stripe rust 
resistance genes (Uauy et al., 2005).

The development of databases and information retrieval tools will 
continue to be an important area of focus in the near future to offset the 
volume of information gathered in the course of marker discovery, valida-
tion and use in breeding. For example, inbred lines considered as parents 
are evaluated for multiple markers with a series of molecular variants 
associated with the phenotypes of various traits that represent several 
genetic loci, and in the case of quantitative traits measurements are 
recorded over multiple environments, plus information is generated with 
each of the interactions of these factors.

Data management and retrieval tools are necessary for the critical 
steps in cross planning as a foundation for the efficient use of markers. As 
breeders navigate the new territory of molecular breeding, tools under 
development, such as ICIS, will need continued refinement to keep pace 
with new demands. Information handling tools are necessary for markers 
in breeding to advance from an ad hoc approach to the application of 
markers to a sophisticated integration of marker technology. Queries are 
being developed to provide genotypic (marker), pedigree and phenotypic 
information to assist breeders in cross development and assist each 
researcher with the retrieval of pertinent information. As molecular infor-
mation on alleles and phenotypic information on alleles and allele inter-
action is generated, this too must be readily accessible. With the capacity 
to evaluate vast numbers of lines for several DNA traits at once, infor-
mation tools for handling data output are also important to bring pheno-
typic and genotypic data together for decision making.
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Map development will cascade as it feeds into upstream research and 
in turn upstream research feeds the further refinement of genetic maps. 
Map information feeds directly into molecular breeding to improve the 
scope and precision of existing markers for resistance. Genetic maps con-
tribute to discovery of markers for existing resistance genes not yet mapped 
and to the identification of new genes. Physical maps will continue to 
help us to compare among crop species the degree of homology of DNA 
sequences and the synteny of genes (Bossolini et al., 2006). This critical 
tool in the discovery, verification and isolation of resistance genes along 
with DNA libraries, expression studies using microarray analysis and 
transformation for gene knockout and gene silencing, enhance the study 
of gene function, which further enhances our understanding of how resist-
ance genes interact for the maximum benefit in disease management 
through resistant cultivars.

Conclusions and Future Directions

Molecular breeding is in its infancy but will grow as breeders adopt new 
DNA processing and information handling technologies and become 
familiar with selecting for traits at the gene level with markers. Over the 
next few years, breeders will continue to wrestle with many of the issues 
of new markers, new processing technologies, implementation and vali-
dation of markers and large volumes of information presented in the pre-
vious section. However, we anticipate that computer software tools will 
be in place for breeders to extract both phenotypic and molecular data on 
parents and to allow data comparisons for complementary traits with large 
volumes of detailed data. Breeders will utilize perfect markers to genes as 
they abandon correlated markers for markers developed around DNA pol-
ymorphism within genes.

Selection can be done by measuring any metabolite and keeping the 
portion of the population within the desirable range, but tracking the gene 
responsible for the metabolite simplifies the strategy by avoiding down-
stream complications, such as interactions of molecules and response to the 
environment. Through proteomics, we can understand which proteins 
affect production of other molecules, including other proteins, carbohy-
drates, lipids and other biomolecules and secondary metabolites. Through 
metabalomics, we can understand which molecules are desirable. These 
molecules in turn relate to particular enzymes. Understanding proteins 
through proteomics and metabolomics furthers our understanding of the 
specific genes involved using reverse genetics (Bender, 2005; Lee et al., 
2006).

ESTs in combination with microarray technology provide opportuni-
ties to develop markers that relate directly to desired resistance genes 
(Bossolini et al., 2006; Shen et al., 2006). Through the combined efforts of 
transcriptomics, metabolomics and proteomics, gene discovery will 
progress to allow development of SNPs and STSs as perfect markers for 
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resistance genes. As we learn more about genes at the DNA level, we are 
able to assay for SNP within the genes, and will be able to assess resist-
ance gene alleles at the molecular level to further improve the precision of 
molecular breeding. Not all sequence differences are associated with trait 
modification. Being able to track particular resistance alleles will allow 
the characterization of those alleles on their own and with other alleles. 
Markers can be developed around sequence differences to generate per-
fect markers that can discriminate alleles that impact the traits.

As gene discovery progresses, the opportunity to generate markers to 
a variety of precise alleles will enhance our ability to assign trait variation 
not only to particular loci but also to the interaction between alleles at 
particular loci (epistatic effects). Allele combinations can be selected 
which optimize disease resistance in particular environments.

Discovery of structural genes for resistance only explain part of the 
picture. Gene regulation must be understood for the effective introduction 
of resistance into a different genetic background. A gene may be intro-
duced into a background where expression is lost in a portion of the trans-
formation events (Huang et al., 2003). Transformation studies will assist 
us in understanding the cis- and trans-acting regulation of resistance genes 
that can help selection for optimum regulatory sequences.

As we understand the molecular basis of genes involved in resistance, 
we are able to isolate alleles of those genes and then transform crop plants 
with those genes. Although transformation has its pitfalls, such as varying 
levels of expression, differences in expression relative to development and 
disruption of other genetic loci, these problems are less than those for clas-
sical cytogenetic transfers where much larger fragments of chromatin are 
inserted into a genome. As we have discussed, larger pieces of chromatin 
often come with detrimental genes. Transformation will also be important 
for verifying the identity of cloned resistance genes (Huang et al., 2003).

To date, disease complexes such as the leaf spot complex in wheat 
have made breeding for resistance difficult because selection to one dis-
ease is confounded by the presence of another disease competing for the 
same infection sites and tissues. The development of markers to resistance 
to the individual diseases in the complex will allow breeders to incorpo-
rate the resistance without one disease phenotype masking another.

High throughput technologies are expensive and small breeding pro-
grammes will not be able to justify the equipment. Breeding programmes 
will have to wrestle with issues of testing material in centralized rather 
than at on-site laboratories. Although the central laboratory provides sav-
ings through economies of scale by being able to afford high throughput 
testing equipment, this is at the expense of flexibility and turnaround time 
for data use. A balance with capacity split between high throughput labo-
ratories and on-site laboratories could provide a compromise that accom-
modates a greater range of testing options. The bulk of routine testing that 
does not require rapid turnaround time can be done at a lower cost per 
sample determination in central laboratories, whereas some less techno-
logically advanced and thus lower investment cost capacity can be main-
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tained at on-site laboratories. Although higher per sample cost is incurred 
in the latter, it would be more than offset by the specialized, high impact 
applications of the procedures. For example, testing segregating parents 
requires rapid turnaround time, as does taking advantage of breeding 
materials that may be growing for some other purpose such as disease 
evaluation.

Although information about the pathogen is not the focus of this chap-
ter, the benefits of research on the pathogen must be acknowledged. Our 
understanding of pathogen population structure and the nature of viru-
lence at the molecular level will be of value in breeding for resistance to 
fungal pathogens. As in the past, knowledge of changes in the race struc-
ture of a population will aid breeders in selecting the best resistance genes 
for deployment. Molecular genetics will improve our understanding of 
changes in virulence and the impact of that virulence. Molecular genetics 
will also help us to understand the nature of virulence genes and how 
they interact with resistance, to help us select and build crop genotypes 
with durable resistance.

We struggle to incorporate disease resistance to a constantly changing 
multitude of pathogens. Managing fungal disease resistance through 
molecular breeding is gaining momentum as biotechnology provides 
robust new tools that are being incorporated into breeding programmes. 
As breeders, pathologists and molecular geneticists work through the 
growing pains of molecular breeding, a bright future lies ahead for the 
development of disease-resistant crop cultivars.
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Abstract
Viruses are a major threat to global agricultural production. Conventional breed-
ing of virus-resistant crops has been successful to some extent, but selection pro-
cedures may be too slow to meet the challenges of fast-evolving strains of 
pathogenic viruses. Therefore, the development of transgenic approaches might be 
a promising alternative. Based upon recent progress in understanding the molecu-
lar basis of viral infections and plant defence mechanisms, protein-mediated 
resistance concepts have been developed that might fruitfully complement trans-
genic resistance based on triggering the RNA silencing machinery. While earlier 
approaches focused mainly on the utilization of viral proteins, current strategies 
include the antiviral potential of proteins, peptides and antibodies from a variety 
of different sources. The expression of proteins or peptides exhibiting dominant 
antiviral effects in vivo emerges as a promising tool to engineer broad-spectrum 
and potentially durable resistance to plant viruses.

Introduction

Viral diseases cause substantial agricultural yield reduction and crop loss. 
Although difficult to assess, estimates indicate an overall reduction of 
worldwide agronomic production by several billion US dollars per year 
due to viral diseases. The impact of particular virus species has been 
assessed more specifically, and some of them cause considerable damage. 
Sometimes, single viral disease outbreaks and epidemics have devastating 
consequences. The losses in cassava production in 2003, for example, due 
to Cassava mosaic virus infection amounted to more than US$1.9 billion, 
resulting in famine-related deaths on the African continent (Legg and 
Fauquet, 2004). Tomato spotted wilt virus (TSWV), as a second example, 
ranges among the most detrimental virus species, regularly causing crop 
losses of approximately US$1 billion/year (Goldbach and Peters, 1996).
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So far, no antiviral drugs for application in plant protection have been 
developed. Also, the experience with chemical control of the insect vec-
tors which spread viral diseases, such as different thrips species which 
are known to rapidly develop insecticide resistances, is not very encour-
aging (Morse and Hoddle, 2006). Currently, control of viral pathogens 
relies to a great extent upon traditional agricultural measures, such as the 
avoidance of sources of inoculum, control of insect or nematode vectors, 
modifications of cultural practices and crop rotation. These preventive 
steps, however, have sometimes unpredictable effectiveness (Varma, 
1993). Therefore, the development of virus-resistant crop varieties by con-
ventional breeding or by genetic engineering is a major goal in agronomic 
research. Traditionally, breeding of virus resistance has been achieved by 
selection of resistant varieties or by introgression of resistance traits from 
wild species into crop plants, a strategy that has proven to be successful 
in many cases (Lecoq et al., 2004). However, classical breeding procedures 
are rather time-consuming. Given the rapidly changing challenges by 
fast-evolving pathogenic viruses, the conventional approach might not 
be sufficient to deal with the increasing threat of viral diseases and the 
problem of viruses becoming resistant to established control measures 
(Garcia-Arenal and McDonald, 2003). Furthermore, traits of interest such 
as disease resistance are frequently coupled to undesirable traits, such 
as lower yield or reduced stress tolerance, which are not compatible 
with the requirements of modern agricultural production (Goldbach 
et al., 2003; Lecoq et al., 2004). Progress in the development of innova-
tive molecular biological techniques, along with improvements in the 
genetic transformation of crop plants, has paved the way for the genetic 
engineering of virus resistance. Furthermore, recent advances in under-
standing the molecular basis of plant diseases, of viral replication cycles 
and infection mechanisms, and of plant antiviral defence mechanisms 
provide the basis for novel, knowledge-based approaches to engineer 
virus-resistant plants (Chapters 4 and 19, this volume).

Initially, attempts to achieve transgenic resistance to plant viruses were 
based upon the proposition that it may be possible to interfere with the 
development of a pathogen by causing the host to synthesize a pathogen 
gene product, RNA or protein (Sanford and Johnston, 1985). Subsequently, 
insights into the molecular basis of such ‘pathogen-derived resistance’ 
approaches revealed that, in many instances, the viral proteins were not 
required, but rather, the presence of RNA was sufficient to induce resist-
ance (see Chapter 16, this volume). However, other cases of transgenic 
resistance did require the accumulation of the viral gene products, either 
as functional proteins or as dysfunctional polypeptide. RNA-mediated 
resistance is based on activating the endogenous RNA silencing machinery 
and has been successfully applied to engineer virus-resistant plants in 
recent years (Goldbach et al., 2003). While often being very strong, resist-
ance based on RNA silencing relies on exactly matching stretches of nucleo-
tide sequences. Resistance is therefore generally limited to a narrow range 
of closely related viruses. Protein-mediated resistance, on the other hand, 
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although molecularly much less understood and in its strength often less 
pronounced, in many cases confers broad-spectrum resistance to a variety 
of different and even unrelated virus species (Pang et al., 1993; Vaira et al.,
1995; Tacke et al., 1996). Going beyond the pathogen-derived resistance 
concept, with respect to the expression of dominant interfering molecules, 
a diverse range of promising innovative strategies are being developed, and 
peptides, antibodies, plant resistance proteins or proteins with antiviral 
activities from different sources have successfully been used to achieve 
protein-mediated transgenic virus resistance.

Pathogen-derived Protein-mediated Resistance

Expression of viral proteins in plants can result in different effects, ran-
ging from the induction of disease symptoms and increased susceptibility 
to virus infections, to effective resistance and even immunity (Abel et al.,
1986; Deom et al., 1990; Beachy, 1997; Prins et al., 1997a). This variability 
in the outcome of protein-mediated resistance has somewhat slowed 
down the use and further development of this strategy and has led to a 
relatively limited importance of protein-mediated resistance compared 
to RNA-mediated resistance (Goldbach et al., 2003). However, novel 
approaches in devising more knowledge-based concepts might stimulate 
the use of protein-mediated strategies in the future (Prins, 2003; Rudolph 
et al., 2003; Uhrig, 2003).

The first example of pathogen-derived resistant plants, the coat pro-
tein-mediated resistance utilizing the Tobacco mosaic virus (TMV) capsid 
protein, represents one of the few examples that are mechanistically well 
investigated. Here, the transgenically expressed TMV capsid protein inter-
feres with the disassembly of TMV particles shortly after entrance/pene-
tration into the cell (Beachy, 1997). Disassembly is an essential early 
process in positive-sense single-stranded ssRNA viruses, because the viral 
genomic RNA directly serves as a template for protein translation by the 
plant ribosomes. Analysis of mutant forms of the TMV coat protein 
revealed that the mechanism underlying the resistance phenotype relies 
on the protein–protein interaction properties of the protein (Bendahmane 
et al., 1997). The wild-type TMV coat protein can induce weak resistance, 
while a mutant coat protein with decreased ability to form homopolymers 
did not mediate resistance to TMV. However, expression of a mutant pro-
tein exhibiting stronger homotypic interactions than the wild-type protein 
conferred high-level TMV resistance to the transgenic plants (Bendahmane 
et al., 1997). This example shows that in protein-mediated resistance, sub-
tle structural and functional properties of the viral proteins might be decisive 
for success or failure of a transgenic resistance concept. This provides a 
possible explanation for the very ambiguous and unpredictable success in 
engineering protein-mediated resistance. Recent results indicate that the 
TMV coat protein not only interferes with capsid disassembly, but also 
influences movement protein accumulation and cell-to-cell spread of the 
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infection (Bendahmane et al., 2002). Here again, a mutant of the coat pro-
tein had a more pronounced effect than the wild-type protein. Indeed, 
transgenic expression of wild-type coat protein had a positive effect on 
the production of TMV movement protein, whereas the mutant form 
reduced movement protein accumulation and interfered with its func-
tion, resulting in high levels of resistance to TMV infection in plants 
(Bendahmane et al., 2002).

Transgenic expression of different mutants of the TMV coat protein 
was found not only to confer resistance to TMV infection, but also to inter-
fere with the disease development of other non-related viruses (Anderson 
et al., 1989). In a recent study, the reciprocal ability of TMV and potato 
virus X (PVX) coat proteins to confer heterologous resistance has been 
demonstrated, and it was suggested that the quaternary structure of the 
TMV coat protein is critical for heterologous coat protein-mediated resist-
ance (Bazzini et al., 2006). The fact that in TMV coat protein-mediated 
resistance the interaction properties of TMV capsid protein are of central 
importance might represent a common theme in protein-mediated resist-
ance and potentially, detailed knowledge of the molecular interactions 
among viral components will be instrumental to devise novel resistance 
strategies in the future.

In recent years, TSWV has emerged as a model system for negative/
ambisense RNA plant viruses and several transgenic strategies have been 
developed to control TSWV (Pang et al., 1993; Vaira et al., 1995; Rudolph 
et al., 2003; Prins et al., 2005). In accordance with the general notion of 
multifunctionality of plant viral capsid proteins, the TSWV nucleocapsid 
protein (N-protein) has a central position in the coordination of the viral 
life cycle (Uhrig et al., 1999; Callaway et al., 2001). The TSWV N-protein 
is a basic protein with sequence non-specific RNA binding properties 
(Richmond et al., 1998). Specificity for the pseudocircular TSWV genomic 
RNA might be achieved by a specific affinity to an RNA secondary struc-
ture conserved in the 5' regions of tospoviral genomic RNAs (Uhrig, 
2005). The TSWV N-protein is able to perform a number of molecular 
interactions, including binding to the viral RNA, homopolymerization 
and a physical interaction with NSm, the TSWV movement protein. 
Furthermore, there are indications that it directly interacts with and reg-
ulates the viral RNA-dependent RNA polymerase (RdRp). It may also be 
in direct or indirect contact with G1/G2, the glycoproteins inserted in the 
envelope membrane of the virion (Mumford et al., 1996; Richmond et al.,
1998; Uhrig et al., 1999; Soellick et al., 2000). A central feature of the 
N-protein is its ability to form homopolymeric structures that are thought 
to be the basis for cooperative binding and packaging of the viral tripar-
tite genomic RNA (Uhrig et al., 1999). The minimal infectious TSWV 
particle consists of the segmented genomic RNA, packaged by multiple 
copies of the N-protein and associated with a few molecules of the viral 
RdRp. In addition to packaging and protection of the viral RNA and regu-
latory functions in transcription, replication and budding, TSWV N-protein 
directly interacts with the viral movement protein NSm and might 
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therefore have additional functions in the process of intercellular move-
ment (Soellick et al., 2000).

The TSWV N-gene has successfully been used to engineer virus-resistant 
plants. However, the strength and breadth of resistance was rather vari able. 
Strong resistance was found to be associated with a very narrow range of 
resistance, being effective solely to TSWV. This strong resistance is based 
on RNA-mediated mechanisms triggering silencing of the viral N-gene 
(de Haan et al., 1992; Pang et al., 1993; Vaira et al., 1995). Broad-spec-
trum N-gene-mediated resistance has also been described, but the strength 
of resistance was to a great extent variable and rather unpredictable (Pang 
et al., 1993). However, recent advances in understanding the molecular 
basis of N-protein function provided insights into the molecular mecha-
nism of N-protein-mediated resistance. In-depth analysis of the protein 
interaction properties of the TSWV N-protein revealed that homopolym-
erization was based upon two protein domains localized at the N- and the 
C-terminus of the protein, respectively. Two evolutionary conserved 
hydrophobic residues in the C-terminal interaction domain have been 
identified that contribute mainly to the strength of the homotypic interac-
tion (Uhrig et al., 1999).

There is only limited overall sequence conservation of the N- proteins 
within the tospovirus family. Nevertheless, the position, function and 
specificity of the domains mediating homopolymerization are evolution-
ary conserved. A systematic analysis of interaction specificities revealed 
two functional classes of N-proteins from tospoviral species. Members 
of each class are able to interact with one another, while interaction with 
N-proteins from the other class is not possible (Uhrig, 2006). Constitutive 
expression of TSWV N-protein in Nicotiana tabacum and Nicotiana 
benthamiana resulted in protein-mediated resistance to TSWV. A care-
ful analysis of the degree of resistance to TSWV and a number of different 
tospovirus species in individual transgenic lines revealed that the strong-
est and most reliable resistance was observed when the plants were chal-
lenged with quite distantly related tospoviruses expressing N-proteins
that are not able to interact with the TSWV N-protein (Uhrig, 2006). These 
findings suggest a dominant negative mechanism based on differential 
abilities to perform molecular interactions and the competition for RNA- 
and/or protein-binding sites (Uhrig, 2006). Dominant negative interfer-
ence as a possible approach to achieve virus resistance in plants has 
been developed further. Based on this concept, a peptide-based strategy, 
using peptide ‘aptamers’ has been employed successfully to engineer 
broad-spectrum tospovirus resistance in plants (Rudolph et al., 2003; see 
below).

In addition to viral coat proteins, there are a few examples of success-
ful protein-mediated resistance conferred by the transgenic expression of 
other viral proteins. Movement proteins seem to be effective as antiviral 
agents only as dysfunctional molecules, while expression of functional 
forms increase susceptibility (Cooper et al., 1995). Transgenic Nicotiana
tabacum plants expressing different mutant forms of the TMV movement 
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protein were partially resistant to TMV and to several other viruses from 
different taxonomic groups (Lapidot et al., 1993; Malyshenko et al., 1993; 
Cooper et al., 1995). This property is not restricted to the TMV movement 
protein. Expression of a mutant form of Potato leaf roll virus (PLRV) 
movement protein, for example, conferred broad-range protection of 
potato plants against virus infection. Potato lines accumulating N- or C-
terminally extended PLRV movement proteins were resistant to infection 
by the unrelated Potato virus Y (PYV) and Potato virus X (Tacke et al.,
1996). Similarly, transgenic tomato plants expressing wild-type or 
mutated movement proteins from Bean dwarf mosaic virus (BDMV) 
resulted in a significant delay in infection by Tomato mottle virus
(ToMoV), a related geminivirus (Hou et al., 2000). However, expression of 
viral movement proteins can have deleterious effects on various aspects 
of plant growth and development, potentially limiting the use of this 
class of proteins to engineer protein-mediated resistance in plants (Prins 
et al., 1997b; Hou et al., 2000).

Peptide-mediated Virus Resistance

Insufficient insight into the molecular mechanisms underlying protein-
mediated virus resistance has prevented the rational design of effective 
antiviral molecules so far. Thus, protein-mediated resistance projects are 
largely done by trial and error. However, some recent results might be 
helpful for the development of more knowledge-based approaches. In a 
number of reported cases of protein-mediated virus resistance, it has been 
observed that mutated or truncated forms of the respective viral protein 
expressed in plant cells are far more effective than the native forms 
(Longstaff et al., 1993; Tacke et al., 1996). One possible general explan-
ation for this phenomenon might be related to the dominant negative con-
cept originally put forward by Ira Herskowitz (Herskowitz, 1987; Longstaff 
et al., 1993; Rudolph et al., 2003; Uhrig, 2003). The dominant negative 
concept is based on a structural and functional modularity and multifunc-
tionality of proteins. Essential for the function of most, if not all, proteins 
are interactions with other cellular components, other proteins, nucleic 
acids or lipids. Overexpression of mutant polypeptides lacking a func-
tionally essential domain might therefore outcompete endogenous pro-
teins for binding sites and disrupt their activity (Herskowitz, 1987). This 
idea might lend itself to the development of rationally designed molecules 
that disrupt vital functions of plant viral proteins in a dominant manner 
in vivo, thereby producing virus resistance.

Peptides or protein microdomains designed to block protein-binding 
sites put the dominant negative concept to the extreme. These peptide 
aptamers have been used to specifically inhibit a wide variety of protein 
functions in vivo and in vitro (Colas et al., 1996; Norman et al., 1999; 
Geyer and Brent, 2000). In pharmaceutical research, peptide aptamers are 
increasingly recognized as a promising tool for drug target identification 
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and their validation in vivo (Hoppe-Seyler and Butz, 2000; Burgstaller 
et al., 2002; Troitskaya and Kodadek, 2004). Applying this rather novel 
strategy led to the identification of peptide inhibitors of specific protein 
functions, of signal transduction and of metabolic pathways. Furthermore, 
antibiotic, anti-inflammatory and antiviral activities of peptide aptamers 
have been demonstrated (Butz et al., 2000, 2001; Tao et al., 2000). In mul-
ticellular organisms, application of peptide aptamers as specific domi-
nant inhibitors of protein functions in vivo, has so far been restricted to a 
‘proof-of-principle’ experiment in Drosophila and to the recent engineer-
ing of virus resistance in tobacco (Kolonin and Finley, 1998; Rudolph 
et al., 2003).

The yeast two-hybrid system offers a rather straightforward experi-
mental way of selecting peptides with specific binding properties for use 
as dominant inhibitors of viral protein functions in vivo (Colas et al.,
1996). In contrast to in vitro methods, such as the phage display technol-
ogy, the yeast two-hybrid method allows their selection in yeast cells, 
warranting that they can be expressed as functional molecules in the tar-
get cells (Colas et al., 1996; Cohen et al., 1998; Norman et al., 1999; 
Rudolph et al., 2003). Peptide aptamers selected with the yeast two-hybrid 
system have been found to exhibit very high target specificities and bind-
ing affinities with KD-values between 10−6 and 10−11 M. Such affinities are 
comparable to the properties of specific antibodies (Colas et al., 1996; 
Geyer and Brent, 2000; Troitskaya and Kodadek, 2004).

The aptamer strategy has been applied to engineer virus-resistant 
plants (Rudolph et al., 2003). As mentioned above, the TSWV N-protein 
plays a central role in the viral replication cycle (Richmond et al., 1998; 
Uhrig et al., 1999; Soellick et al., 2000; Kellmann, 2001). Dissection of 
N-protein domain mediating its homomultimerization allowed the isola-
tion of microdomains of the N-protein that specifically and strongly inter-
act with one of the N-protein homodimerization domains (Uhrig et al.,
1999; Rudolph et al., 2003). A minimal peptide exhibiting this binding 
property is 29 amino acids in length. Semi-quantitative assays revealed 
that the peptide aptamer binds to the N-protein interaction domain with a 
higher affinity than the full-length N-protein itself. Furthermore, this pep-
tide aptamer interacts strongly with a number of nucleocapsid proteins 
from different tospoviruses, indicating that it targets a domain conserved 
among several tospoviral species (Rudolph et al., 2003). Stable expression 
of this peptide fused to a carrier protein in transgenic Nicotiana tabacum
and N. benthamiana led to strong resistance not only to TSWV but also to 
five different tospoviral species, consistent with the interaction specifici-
ties of the peptide aptamer (Rudolph et al., 2003). This first example of a 
peptide-based approach to engineer virus resistance might pave the way 
for a more directed and knowledge-based development of molecules dom-
inantly interfering with viral infections in plants. Very recently, the identi-
fication of peptide aptamers targeting the replication protein of tomato
golden mosaic virus (TGMV), a member of the geminivirus family, has 
been reported (Lopez-Ochoa et al., 2006). Using a library of random pep-
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tides inserted in a flexible loop of thioredoxin, several binding peptides 
have been isolated by yeast two-hybrid screening, and these peptides 
interfered with viral replication in plant cells. Such peptides represent 
promising tools to develop a resistance strategy to control geminiviruses.

Virus Resistance Based on Intracellular Antibodies

Similar to the rationale behind the peptide aptamer approach, antibodies 
can be envisioned binding to and inactivating a virtually unlimited var-
iety of viral target proteins. Antibody-based resistance might emerge as a 
flexible and versatile tool to protect crop plants. This strategy, again, has 
greatly benefited from the advances in understanding the molecular basis 
of plant diseases and from the identification of viral proteins essential for 
infection, replication, systemic movement and pathogenicity.

Intracellular expression of hybridoma-derived single-chain variable 
antibody fragments (scFv) is successfully being applied in gene therapy to 
control human viruses, and promising results have recently been obtained 
with this strategy in plants. Already more than 10 years ago, evidence was 
provided that it is possible to reduce virus accumulation and to delay dis-
ease symptom development by the expression of scFvs (Tavladoraki et al.,
1993). However, for a rather long time, only very few examples of partial 
resistance or suppression of virus symptoms have been reported (Fecker 
et al., 1996; Schillberg et al., 1999). One possible impediment to the 
progress of this technology is the failure of most antibodies to properly 
fold under the reducing conditions in the cytoplasm (Schouten et al.,
2002). None the less, several groups succeeded recently in engineering 
high levels of resistance to different plant viruses by expressing specific 
single-chain antibodies selected with the phage display technology 
(Boonrod et al., 2004; Prins et al., 2005; Villani et al., 2005). Single-chain 
antibodies targeting a conserved domain of a plant viral RdRp inhibited 
complementary RNA synthesis of different RdRps in vitro, and upon 
transgenic expression in Nicotiana benthamiana plants, conferred resist-
ance to four different plant viruses (Boonrod et al., 2004). In the second 
example, scFvs were selected for specific binding to the TSWV N-protein 
(Prins et al., 2005). Functional expression of scFvs directed against tospo-
viral proteins in plant cells has been reported already some time ago, and 
it was proposed that such an approach could be used to engineer plants 
resistant to tospoviruses (Franconi et al., 1999). However, it was not until 
recently that this approach has proven successful to engineer tospovirus 
resistance. Expression of the scFvs in N. benthamiana plants resulted in 
high levels of resistance against TSWV (Prins et al., 2005).

In another approach to engineer virus resistance, two scFvs specifically 
targeting the Cucumber mosaic virus (CMV) virion have been selected in 
vitro using the phage display technology (Villani et al., 2005). Upon trans-
genic expression, both scFvs were found to accumulate as soluble proteins 
in the cytoplasm, and a tomato line fully resistant to CMV infection has 
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been identified. In these plants, the scFv binds the virus in the inoculated 
leaves and prevents long distance viral movement.

Antibodies targeting whole viruses/virions, nucleocapsid proteins or 
RdRp can be used to engineer virus-resistant plants, indicating that a vari-
ety of different antigens and viral targets may be suitable for this strategy. 
After a long period of technological developments, antibody-based strat-
egies may now become a promising tool complementing the available 
antiviral resistance strategies.

Transgenic Expression of Proteins with Antiviral Activity

The approaches to engineer virus-resistant plants discussed so far aim at 
directly binding to and competing with viral structures. A number of dif-
ferent strategies have been developed that make use of the antiviral prop-
erties of proteins that have evolved in plants and animals, facilitating 
more specific ways to resist virus infection. A number of plant proteins 
with antiviral activity have been identified that target and inhibit differ-
ent essential steps of viral replication cycles. A class of proteins com-
monly termed ribosome-inactivating proteins (RIPs) and protease 
inhibitors have been exploited using transgenic technologies to engineer 
resistance in crop plants. Furthermore, the interferon-regulated 2-5A sys-
tem used in higher vertebrates as a defence against virus infection has 
successfully been transferred to crop plants (Mitra et al., 1996).

RIPs are produced by a number of different plant species and their 
antiviral activity is well documented (Wang and Tumer, 2000; Park et al.,
2004). Generally, this class of proteins inhibits the translocation step of 
translation by catalytically removing a specific adenine base from 28S 
ribosomal RNA (Fong et al., 1991). To prevent damage of the endogenous 
28S rRNA, RIPs are synthesized as precursor proteins and targeted to the 
vacuole. It has been suggested that the RIPs enter the cytoplasm together 
with the virus and then exert their inhibiting function in the infected cell. 
A number of genes from different plant species encoding RIPs have been 
cloned and used to transform crop plants. In several cases, the transgeni-
cally expressed RIPs are apparently functional and the transformed plants 
exhibit broad-spectrum virus resistances (Wang and Tumer, 2000). 
Nicotiana benthamiana plants, for example, expressing PAP, a RIP from 
pokeweed, were resistant to a wide range of viruses, both mechanically 
inoculated and transmitted by aphids (Lodge et al., 1993). In another example,
Dianthin, a RIP isolated from Dianthus caryophyllus, was expressed in 
N. benthamiana from a transactivatable geminivirus promoter, and was 
found to inhibit virus replication upon inoculation with the respective 
geminivirus (Hong et al., 1996). Recent results indicate that some RIPs can 
be applied exogenously and play a role in inducing systemic acquired 
resistance. External application of purified beetin, a single-chain ribosome-
inactivating protein from Beta vulgaris, to sugarbeet leaves prevented 
infection by Artichoke mottle crinkle virus (Iglesias et al., 2005).
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There is a strong evolutionary pressure for viruses to restrict the size of 
their genomes. Therefore, many viruses produce polyproteins that are sub-
sequently processed by specific proteases to release the active proteins. 
Cysteine proteases play an essential role in the replication cycles of many 
viruses. Consequently, the expression of cysteine protease inhibitors 
(cystatins) in plants was envisioned to lead to virus resistance. A proof of 
this concept has been achieved by transgenic expression of a cysteine pro-
tease inhibitor gene from rice in tobacco. Transgenic plants were shown to 
be resistant to Tobacco etch virus (TEV) and PVY, two viruses dependent 
on processing of polyprotein precursers. Consistently, no resistance against 
TMV infection has been found, for this virus does not rely on polyprotein 
processing for its propagation (Gutierrez-Campos et al., 1999).

Recent evidence suggests a further activity of cysteine protease inhibi-
tors. Celostatin, a cystatin from Celosia cristata, suppressed TMV-induced 
hypersensitive cell death in Nicotiana glutinosa, and it was therefore 
speculated that this protein could be instrumental in engineering resist-
ance to protease-free viruses (Gholizadeh et al., 2005). However, this needs 
to be proven experimentally. Furthermore, pleiotropic effects of the over-
expression of a cystatin gene in transgenic tobacco could indicate that a 
general use of cysteine protease inhibitors in plants may be limited 
(Gutierrez-Campos et al., 2001).

A rather different idea of engineering virus-resistant plants has been 
followed with the transfer of the 2-5A system, consisting of 2-5A syn-
thetase and the 2-5A-dependent RNAse L, to plants. Higher vertebrates 
utilize this interferon-regulated RNA degradation system as a defence 
against virus infection. Co-expression of the human enzymes in transgenic 
tobacco plants led to the production of functional 2-5A synthetase and 
activated RNAse L, and these transgenic plants were found to be resistant 
to three different types of viruses (Mitra et al., 1996; Ogawa et al., 1996). 
Recently, it has been shown that resistance to CMV in tobacco expressing 
the 2-5A system may be associated with the establishment of a hypersen-
sitive response (HR), a common early event in natural virus resistance in 
plants (see below) (Honda et al., 2003).

Transgenic Resistance based on Natural Resistance Genes

Plants succeed in combating infection without adaptive immunity and 
without a circulating antibody system. A rather complex picture is emer-
ging of how plants recognize pathogens and mobilize their cellular defence 
machineries. Interestingly, recent advance in unravelling the molecular 
mechanisms of resistance gene (R-gene) function revealed a striking simi-
larity between the components of the innate immune system in animals 
and R-proteins with their associated signalling molecules (Holt et al.,
2003). The function of R-genes has for a long time attracted much interest, 
and both conventional breeding efforts and transgenic strategies aim at 
the utilization of this efficient resistance mechanism (McDowell and 
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Woffenden, 2003). In fact, most pathogen resistant crop plant varieties 
obtained by classical breeding strategies, such as selection for specific 
traits or introgression of the respective characters from wild species, are 
protected by R-gene-dependent mechanisms (Kang et al., 2005). A large 
number of R-genes have been identified and characterized, conferring 
resistance to a diverse range of pathogens, including viruses, bacteria, 
fungi and even nematodes.

Upon recognition of the pathogen, R-proteins trigger two different 
responses. The first is a local event called HR. Early processes in the HR 
include changes in ion fluxes, activation of kinase cascades, the generation 
and release of reactive oxygen species, and the production of nitric oxide 
(Nimchuk et al., 2003; Belkhadir et al., 2004). These immediate changes are 
followed by the recruitment of hormones participating in defence. Often, the 
HR eventually leads to programmed cell death of the infected cells, pheno-
typically manifested by necrotic lesions at the site of infection. Viruses are 
usually confined to the lesions and are thus prevented from spreading into 
the neighbouring cells. The second R-protein-mediated response to patho-
gen attack is initiation of the so-called systemic acquired resistance, an 
inducible defence mechanism mediating increased resistance or even immu-
nity to pathogens in tissues that are distant from the initial infection site.

Over the past 10 years, more than 40 R-genes have been cloned, sev-
eral of which confer resistance to plant viruses (see Chapter 17, this vol-
ume). However, despite the large number of genes available and despite 
all efforts, there are only a few examples of successful uses of R-genes in 
transgenic virus resistance. The N-gene, which confers resistance to TMV 
in tobacco, has been cloned and expressed heterologously in transgenic 
tomato plants. The transgenic lines exhibited marked resistance against 
TMV, providing evidence that the N-gene retains its effectiveness to initi-
ate HR in a heterologous system. This was the first example demonstrat-
ing the use of R-genes in providing transgenic protection in a crop plant 
(Whitham et al., 1996). Other examples include the Rx-gene, conferring 
resistance to PVX in potato that has been used to engineer virus-resistant 
N. benthamiana plants (Bendahmane et al., 1999), and the Tm-2(2) gene 
from tomato that has been transferred to tobacco, resulting in durable 
resistance against Tomato mosaic virus (Lanfermeijer et al., 2003).

R-gene-mediated resistance appears to be an evolutionary very suc-
cessful and durable antiviral strategy in the plant kingdom. Potential 
drawbacks, however, for the application of R-genes in engineering virus 
resistance may be that there are only a limited number of natural resist-
ance genes available, and that so far, it has been possible to functionally 
transfer R-genes only between rather closely related plant species.

Conclusions and Future Directions

The major goal in both conventional breeding of virus-resistant crops and 
transgenic approaches to engineer virus resistance is to achieve broad-
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spectrum, strong and durable protection against viral infections. Despite 
the fact that recent advances in the molecular understanding of viral infec-
tion cycles and host defences have made possible considerable progress 
in developing novel strategies and concepts to control viruses, there are 
still some major obstacles and difficulties limiting the success of these 
approaches. For example, there are still technical problems in developing 
suitable transformation protocols for many crop plants. Additionally, 
there are limitations intrinsic to each antiviral strategy applied. Novel 
approaches to engineer protein-mediated resistance have greatly benefited 
from recent advances in understanding the molecular basis of viral infec-
tions and plant defence strategies. However, ultimately, combinations of 
different forms of transgenic resistance might be necessary to succeed in 
combating fast-evolving pathogens and achieving broad-spectrum, high 
level and durable resistance of crop plants.
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Abstract
The breeding of crop plants with resistance to plant viruses is an important object-
ive of modern agriculture. Although conventional breeding has proven effective in 
some cases, in many economically important crop–virus combinations natural 
resistance is not available. With the development of biotechnology tools, pathogen-
derived resistance (PDR) has become the method of choice to engineer resistance to 
plant viruses. In the majority of highly resistant transgenic lines, PDR was found to 
be operating at the RNA level and induces homology-dependent RNA silencing, a 
natural defence mechanism of the plant that causes sequence-specific degradation 
of the viral RNA. Widely exploited by plant pathologists, RNA silencing represents 
a highly efficient mean to interfere with viral RNA accumulation. However, mixed 
viral infections are common in nature and must be considered in terms of stability 
and durability of virus resistance. Many virus genomes encode specific proteins 
that promote synergistic interactions between plant viruses by suppressing RNA 
silencing. These silencing suppressors could potentially affect the engineered virus 
resistance, especially in the context of mixed infections in which only one of the 
two virus genomes is targeted by the resistance. In this chapter, the molecular 
mechanisms of RNA silencing-derived virus resistance will be reviewed and the 
advantages of these strategies will be briefly outlined. The discovery of plant virus 
suppressors of the RNA silencing machinery will be discussed with special empha-
sis on the potyvirus HC-Pro protein. Finally, case studies in which the durability of 
RNA silencing-derived resistance was tested in the context of mixed infections will 
be reviewed. In particular, recent studies demonstrating the stability of engineered 
resistance to Plum pox virus in transgenic Prunus lines under conditions of mixed 
infections will be discussed.

Introduction

Plant viruses have an important impact on commercial crops. For example, 
potyviruses are serious pathogens affecting annual and perennial stone 
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fruit trees (Ravelonandro et al., 1997). Most plant viruses are transmitted 
by insects, which are usually controlled by pesticides. While preventive 
measures based on early detection and removal of diseased crops have 
been used to control the spread of viruses in the field, a more long-term 
approach is to grow resistant varieties. Yield loss is the most important 
economic consequence of viral diseases. In addition to yield loss, another 
important economic impact of plant virus diseases is the restriction of 
movement of plant material infected with quarantine viruses (e.g. Plum
pox potyvirus [PPV] ). A country affected by PPV cannot export Prunus
explants, and consequently, any improvement of local stone fruit cultivars 
requires a certification programme that only permits plantation of virus-
free materials (Nemeth, 1992; Boulila et al., 2004). Over the years, strate-
gies to control PPV have included improvement of diagnosis tools and 
techniques, disease survey and epidemiology control and research for 
breeding of genetic resistance. Conventional breeding techniques have 
been used to select for resistance to PPV. However, only tolerant varieties 
have been identified. Although virus-induced symptoms and yield loss 
may be reduced in these crops, the virus accumulates to significant levels. 
Thus, PPV-tolerant varieties do not provide a good source of protection, 
especially when considering the strict requirements of virus-free certifica-
tion programmes. Such lack of absolute resistance and the absence of a 
curative treatment have posed a basic problem to plant pathologists, not 
only in the case of PPV, but also for many other important plant virus-
induced diseases.

The concept of PDR was first introduced in 1985 (Sanford and 
Johnston, 1985). This concept was applied for the first time in 1986, when 
the capsid protein (CP) gene of Tobacco mosaic virus (TMV) was expressed 
in transgenic lines, resulting in resistance to the virus (Powell et al., 1986). 
This significant achievement was followed by a large number of studies 
aimed at understanding the molecular mechanisms responsible for the 
virus resistance phenotype (Beachy et al., 1990; Lindbo and Dougherty, 
1992; Baulcombe, 1996; Waterhouse et al., 2001; Voinnet, 2005) (see also 
Chapter 15, this volume). When viruses enter cells, the viral particles are 
dismantled to release the genome. Thus, overproduction of the CP was 
predicted to interfere with uncoating of the incoming virus (Beachy et al.,
1990). Although in some cases the strength of virus resistance was corre-
lated with the level of expression of the CP, by the beginning of the 1990’s, 
there were also several troubling examples of PDR in which such a corre-
lation was not found. In fact, high levels of virus resistance were often 
associated with very low levels of expression of the transgene (Lindbo and 
Dougherty, 1992; Farinelli and Malnoe, 1993; Ravelonandro et al., 1993).

It became apparent that two divergent mechanisms of PDR operate in 
resistant transgenic lines (Baulcombe, 1996). The first mechanism is pro-
tein-mediated and involves protein–protein interactions. The second 
mechanism is RNA-mediated and requires RNA–RNA interactions. The 
development of gene constructs that do not express the coat protein was 
instrumental to distinguish between the two mechanisms (Lindbo and 
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Dougherty, 1992). In a seminal study, Smith et al., (1994) demonstrated 
that transcription of the transgene in planta plays an important role in the 
regulation of the threshold level of RNA transgene and also of the homolo-
gous virus genomic RNA. Analysis of a large number of resistant lines 
operating through the RNA-mediated mechanism revealed two distinct 
phenotypes in the challenging tests. In some cases, virus resistance is 
effective immediately and virus symptoms do not occur. In other cases, a 
recovery phenotype is observed in which plants initially display virus 
symptoms but become healthy at later stages (Ravelonandro et al., 1993).

It is now known that RNA silencing is the molecular mechanism asso-
ciated with the resistance phenotype. In this mechanism, RNA is targeted 
and degraded in a sequence-specific manner. As the formation of double-
stranded RNA (dsRNA) structures was found to be an essential step of 
RNA silencing, transgene design was improved to mimic these structures. 
This led to the elegant design of ‘intron-hairpin RNA’ construct, in which 
tight dsRNA structures are formed in planta, resulting in a very efficient 
induction of RNA silencing (Smith et al., 2000). The intron-hairpin RNA 
transgenes do not encode complete viral genes but are designed to bear 
highly conserved viral sequences. It is interesting to note that the studies 
of transgenic lines expressing portions of the viral genome have played a 
key role in the discovery of RNA silencing and the characterization of the 
plant enzymes involved in the various RNA silencing pathways (Voinnet, 
2001; Waterhouse et al., 2001).

The discoveries that many plant viruses encode suppressors of RNA 
silencing and that plant viruses are susceptible to RNA silencing in natu-
ral viral infections revealed that RNA silencing operates as a natural anti-
viral defence response (Li and Ding, 2001; Voinnet, 2001, 2005; Roth et al.,
2004; Qu and Morris, 2005; Wang and Metzlaff, 2005). The study of syner-
gistic interactions between a potyvirus and a potexvirus provided the first 
evidence for the existence of viral suppressors of silencing (Vance et al.,
1995). As will be discussed below, many other examples followed that 
have implications on the stability of PDR in the context of mixed virus 
infections. This chapter will review the following topics: (i) the plant RNA 
silencing machinery and its implication as a natural plant defence; (ii) the 
mechanisms for synergistic interactions between viruses in mixed infec-
tions; (iii) the recent findings about virus suppressors of RNA silencing; 
and (iv) the impact of mixed infection on virus resistance in transgenic 
woody plants.

The Plant Silencing Machinery

As mentioned above, homology-dependent RNA silencing is a natural 
plant antiviral defence response (Voinnet, 2001; Voinnet, 2005; Wang and 
Metzlaff, 2005). Induction of RNA silencing is the only strategy that can 
produce plants with a high level of resistance to viruses. This strategy has 
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been used to engineer high level of resistance to viruses in various herba-
ceous and woody hosts (Baulcombe, 1996; Waterhouse et al., 1998; Smith 
et al., 2000; Hily et al., 2005). Thus, RNA silencing is used as a nucleic 
acid-based antiviral weapon. The specific RNA-mediated inhibition of 
gene expression is also often referred to as RNA interference (RNAi). 
Although I focus my discussion on silencing pathways operating in plants, 
it should be noted that similar pathways have also been elucidated in ani-
mals and fungi.

An important feature of RNA silencing is the production of short 
interfering RNAs (siRNAs) by a ribonuclease III-like enzyme termed Dicer 
(Voinnet, 2005). The template for siRNA production can be highly struc-
tured dsRNA regions of the viral RNA genome, dsRNA replication inter-
mediates produced during viral replication by the viral RNA-dependent 
RNA polymerase (RdRp) or dsRNA produced from aberrant mRNA tran-
script by a cellular RdRp. In the case of viral transgene, production of 
dsRNA forms of the transgene mRNA by a cellular RdRp seems to be a 
random event that can be triggered by the overproduction of the transgene 
RNA or by its unusual structure. The use of transgenes that are already in 
a highly structured dsRNA conformation (intron-hairpin RNA) bypasses 
this step, resulting in very efficient induction of RNA silencing. The 
siRNAs control the specificity of RNA silencing in a homology-dependent 
manner. They are incorporated into the RNA-induced silencing complex 
(RISC) and guide this complex to inhibit gene expression at the transcrip-
tional or post-transcriptional level. In the case of virus resistance active 
against RNA viruses, the siRNAs guide the RISC complex to target and 
degrade homologous sequences present on the incoming virus genome 
(Hamilton and Baulcombe, 1999; Elbashir et al., 2001). Many argonaute 
proteins (AGO) have an endonuclease activity and are probably respon-
sible for the degradation of the template RNA. These proteins are essential 
components of the RISC complex. Although the RNA silencing induced in 
transgenic lines containing a portion of the viral genome shares many 
common properties with the natural antiviral defence mechanism, there 
are some notable differences. Analysis of siRNAs produced in transgenic 
lines revealed the presence of two classes of siRNAs which play different 
roles in the silencing process (Hamilton et al., 2002). Short siRNAs (21–24 
nucleotides in length) are involved in the sequence-specific degradation 
of the target, while larger siRNAs (25–27 nucleotides in length) are 
required for systemic spread of the silencing signal and for RNA-mediated 
methylation of the transgene, often resulting in transcriptional silencing 
of the transgene. A recent study comparing siRNAs observed in PPV-resistant
transgenic Prunus lines and in PPV-infected wild-type Prunus plants 
revealed that while both species of siRNAs are present in the transgenic 
lines, only the smaller species of siRNAs are present in the PPV-infected 
Prunus plants (Hily et al., 2005). This result suggests that although shar-
ing common properties, the two processes activate different pathways in 
the plant.
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The plant silencing machinery is complex (Brodersen and Voinnet, 
2006). Genes coding for four Dicer-like enzymes, six RdRps and ten AGO 
proteins have been identified in the Arabidopsis genome (Bisaro, 2006). 
These enzymes orchestrate at least three distinct, but interconnected 
silencing pathways: (i) the post-transcriptional gene silencing (PTGS) 
pathway, which is principally involved in antiviral defence and transgene-
induced RNA silencing; (ii) the miRNA pathway, an endogenous plant 
pathway that regulates the activity of many plant genes and is involved in 
plant development; and (iii) the siRNA-directed transcriptional gene 
silencing (TGS) pathway, which is active during RNA silencing induced 
by transgene expression and which is also found to operate in the regula-
tion of endogenous silent plant genes. This third pathway probably also 
plays a role in natural antiviral defence against DNA viruses that replicate 
in the nucleus. The three pathways have common characteristics in that 
silencing of target RNAs is directed by small guiding RNA molecules. 
However, they differ in the structure of the guiding small RNAs, in the 
specific enzymes that produce these small RNAs and amplify the silen-
cing signal, and in the nature of the silencing mechanism, which can 
occur at the transcriptional or post-trancriptional level (Bartel, 2004; Xie 
et al., 2004; Qi and Hannon, 2005; Bisaro, 2006; Brodersen and Voinnet, 
2006). In the PTGS pathway, DCL-2 and DCL-4 are the main enzymes 
responsible for the production of 21–22 nucleotides siRNAs. These siRNAs
direct sequence-specific degradation of the target RNA (e.g. viral genomic 
RNA). Two cellular RdRps (RDR1 and RDR6) have been shown to be asso-
ciated with the antiviral defence response depending on the virus consid-
ered. These RdRps probably play a role in the amplification and systemic 
spread of the silencing signal. All steps of the PTGS pathway occur in the 
cytoplasm of the cell. As will be discussed below, many viral-encoded 
suppressors of silencing have been characterized that interfere with vari-
ous steps of the PTGS pathway. In the second pathway, DCL-1 produces 
21–22 nucleotides miRNAs from larger miRNA precursors which are 
derived from cellular non-protein-coding genes (Bartel, 2004). The miRNA 
precursors are produced in the nucleus and transported into the cyto-
plasm by an exportin. In plants, the perfectly matched miRNAs guide a 
RISC complex to the target RNAs to promote their degradation. In contrast 
in animal cells, imperfectly matched miRNAs promote translational 
repression of the target gene. While the miRNA pathway has been shown 
to be implicated in antiviral defence in human cells (Lecellier et al., 2005), 
in plants it is not generally considered a common antiviral defence 
response and miRNA targets have not been identified on plant viruses so 
far. Many but not all viral suppressors of silencing interfere with the 
miRNA pathway in addition to inhibiting the PTGS pathway. The third 
pathway implicates 24–26 nucleotides siRNAs which are produced by 
DCL-3. Accumulation of these siRNAs also requires a cellular RdRp 
(RDR2) and DNA-dependent RNA polymerase (Pol IV). The siRNAs direct 
methylation and transcriptional silencing of target genes in a sequence-
specific manner.
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Mixed Virus Infections, Synergistic Interactions and Viral 
Suppressors of PTGS

Plant viruses cause a set of specific symptoms on their natural hosts and 
are often named according to these typical symptoms (e.g. Cucumber
mosaic virus (CMV) causes typical mosaic on cucumber leaves and fruits, 
Plum pox virus causes pox and deformation of plum fruits). However, the 
simultaneous infection of plants by two or more different viruses is fre-
quent. Such mixed infections may create an antagonistic reaction in which 
the replication of one virus genome interferes with that of the other virus 
genome. In other cases, both virus genomes replicate well in the plant 
without apparently affecting each other’s rate of replication. However, in 
many cases, synergistic interactions between the two viruses result in 
enhanced replication of one or both virus genomes and exacerbated symp-
tomatology. Among well-known examples of synergistic interactions are 
the mixed infections of potexviruses and potyviruses in tobacco (Damirdagh 
and Ross, 1967), and the mixed infection of CMV with TMV or Tobacco 
ringspot nepovirus in tobacco (Garces-Orejuela and Pound, 1957).

The biological basis of viral synergistic interactions has been studied 
in detail in the case of the potexvirus–potyvirus mixed infections. The 5' 
end region of the potyvirus genome was initially identified as a main 
determinant of the synergistic interaction (Vance et al., 1995). The ability 
to express single plant virus genes in transgenic plants allowed the identi-
fication of the potyvirus HC-Pro protein as the first known viral suppres-
sor of silencing (Anandalakshmi et al., 1998; Brigneti et al., 1998; Kasschau 
and Carrington, 1998). It was suggested that the potyvirus HC-Pro assists 
the replication of potexviruses by inhibiting the plant PTGS machinery. In 
turn, this led to the hypothesis that PTGS is a natural antiviral defence 
mechanism. Originally identified in Tobacco etch virus, the role of HC-
Pro in synergistic interactions and silencing suppression has been con-
firmed for many other potyviruses (e.g. PPV; Yang and Ravelonandro, 
2002). Simultaneously, the CMV 2b protein was also identified as a sup-
pressor of silencing and its role in synergistic interactions potentiated by 
CMV was also suggested (Beclin et al., 1998; Brigneti et al., 1998). An 
early survey of the ability of plant viruses to suppress silencing of a green 
fluorescent reporter gene (GFP) revealed that members of many distinct 
plant virus families encode strong suppressors of silencing (Voinnet et al.,
1999). On the other hand, other plant viruses (e.g. nepoviruses, caulimo-
viruses and some potexviruses) do not effectively suppress silencing. 
These viruses either encode weak suppressors of silencing (e.g. Potato
virus X [PVX]) or escape silencing rather than actively fighting it. These 
initial studies spurred an intense search for viral suppressors of silencing 
in many laboratories throughout the world. As a result, an extensive list of 
characterized viral suppressors of silencing is now available (Table 16.1). 
The characterization of these suppressors has provided a wealth of infor-
mation on the mechanisms of viral counter-defence and virulence, as well 
as on the cellular silencing machinery. Different methods have been used 
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Table 16.1. Characterized plant virus suppressors of PTGS.

Virus Genus Protein Comments References

PoLV Aureusvirus P14 Suppresses virus and  Merai et al. (2005)
    transgene-induced 
    silencing; binds long 
    and short ds siRNA
TGMV Begomovirus  AC2 Pathogenicity factor;  Wang et al. (2005)
  Geminivirus   transcriptional activator; 
    inactivates adenosine 
    kinase
TCV Carmovirus CP Binds long and short  Qu et al. (2003); Merai et al.
    ds siRNA; inhibits Dicer?  (2006)
BYV Closterovirus P21 Binds short ds siRNAs  Reed et al. (2003); Ye and
    (21 nt); inhibits RISC   Patel (2005); Lakatos et al.
    assembly; crystal  (2006); Merai et al. (2006)
    structure established
CTV Closterovirus P20 Suppresses intracellular  Lu et al. (2004)
    and systemic silencing
  P23 Suppresses intracellular 
    silencing
  CP Suppresses systemic 
    silencing
SPCSV Crinivirus RNAse3 Binds siRNAs;  Kreuze et al. (2005)
    endonuclease activity
  P22 Pathogenicity factor; 
    suppresses intracellular 
    and systemic silencing
CMV,TAV Cucumovirus 2b Pathogenicity factor;  Beclin et al. (1998); Brigneti
    suppresses systemic   et al. (1998); Guo and 
    silencing; inhibits   Ding, (2002); Zhang et al.
    argonaute1; inhibits  (2006)
    miRNA pathway
BSMV Hordeivirus γB Binds short ds siRNA Yelina et al. (2002); Merai 
     et al. (2006)
PCV Pecluvirus P15 Suppresses intracellular  Dunoyer et al. (2002); Merai
    and systemic silencing;   et al. (2006)
    binds short ds siRNA; 
    inhibits RISC assembly? 
TEV, PVY, Potyvirus HC-Pro Pathogenicity factor; virus  Anandalakshmi et al. (1998, 
 TuMV,     long distance movement  2000);  Mallory et al.
 PVA    factor; aphid   (2002); Kasschau et al.
    transmission factor;   (2003); Merai et al.
    proteinase; suppresses   (2006)
    intracellular and   
    systemic silencing; 
    inhibits miRNA pathway; 
    binds calmudolin, a 
    cellular suppressor of 
    silencing; binds short 
    ds siRNA

Continued



Transgenic Virus Resistance 381

Table 16.1. Continued

Virus Genus Protein Comments References

RYMV Sobemovirus P1 Pathogenicity factor; virus  Voinnet et al. (1999)
    long distance movement 
    factor
TBSV Tombusvirus P19 Inhibits intracellular and  Voinnet et al. (1999);
    systemic silencing;   Silhavy et al. (2002); 
    binds short ds siRNA;   Baulcombe and Molnar, 
    inhibits RISC assembly;   (2004); Chapman et al.
    inhibits miRNA pathway;   (2004); Lakatos et al.
    P19 dimerization   (2004); Merai et al.
    required for silencing   (2006)
    suppression; crystal 
    structure established 
BWYV Polerovirus P0 Pathogenicity factor Pfeffer et al. (2002)
TYMV Tymovirus P69 Pathogenicity factor;  Chen et al. (2004)
    viral movement protein; 
    inhibits PTGS but 
    enhances miRNA 
    pathway
GVA Vitivirus P10 Inhibits intracellular and  Zhou et al. (2006)
    systemic silencing; 
    binds ss and ds siRNA 
    and miRNA
CPMV Comovirus CP-S Coat protein; surface- Canizares et al. (2004);
    exposed amino acids   Liu et al. (2004)
    essential for suppression 
    of PTGS.  
TMV,  Tobamovirus 130 kDa Replicase protein Kubota et al. (2003); 
 ToMV     Ding et al. (2004)
TSWV Tospovirus NSs Pathogenicity determinant;  Bucher et al. (2003)
    reverts pre-established   
    PTGS
PVX Potexvirus P25 Viral cell-to-cell movement  Voinnet et al. (2000);
    protein; inhibits systemic Bayne et al. (2005)
    silencing
RCNMV Dianthovirus ? Inhibits PTGS probably by Takeda et al. (2005)
    recruiting dicer in viral
    replication complex

PoLV, Pothos latent virus; TGMV, Tomato golden mosaic virus; TCV, Turnip crinkle virus; BYV, Beet yellow 
virus; CTV, Citrus tristeza virus; SPCSV, Sweet potato chlorotic stunt virus; CMV, Cucumber mosaic virus;
TAV, Tomato aspermy virus; BSMV, Barley stripe mosaic virus; PCV, Peanut clump virus; TEV, Tobacco 
etch virus; PVY, Potato virus Y; TuMV, Turnip mosaic virus; PVA, Potato virus A; RYMV, Rice yellow 
mosaic virus; TBSV, Tomato bushy stunt virus; BWYV, Beet western yellow virus; TYMV, Turnip yellow 
mosaic virus; GVA, Grapevine vitivirus A; CPMV, Cowpea mosaic virus; TMV, Tobacco mosaic virus;
ToMV, Tomato mosaic virus; TSWV, Tomato spotted wilt virus; PVX, Potato virus X; RCNMV, Red clover 
necrotic mottle virus.
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to express viral suppressors in plants, including agroinfiltration and pro-
duction of transgenic lines or transfer of individual viral genes in viral 
vectors derived from the PVX genome (Angell and Baulcombe, 1997). The 
methods used to monitor the effect of viral suppressors of silencing on the 
plant machinery, often using plants silenced for the expression of GFP, 
have been reviewed (Roth et al., 2004; Qu and Morris, 2005).

General characteristics of viral suppressors of silencing

Interestingly, viral suppressors of silencing do not possess consensus 
sequence motifs or mechanisms of action. Rather, they are very diverse 
and interfere with various steps of the silencing machinery. Some block 
the generation of the Dicer cleavage products, while others inhibit further 
downstream steps, such as the assembly of the RISC complex or the sys-
temic movement of the silencing signal (Roth et al., 2004; Qu and Morris, 
2005; Wang and Metzlaff, 2005; Bisaro, 2006; Li and Ding, 2006; Table 
16.1). The phenotypes induced after constitutive expression of suppres-
sors of silencing often mimic those observed during natural viral infection 
and differ from one viral system to another. In some cases, the biological 
function of viral suppressors has also been shown to differ according to 
the host plants affected. One common feature of viral suppressors of 
silencing seems to be their ability to bind small dsRNA (Merai et al., 2006). 
Most viral suppressors bind small dsRNAs in a size-specific manner while 
others (Aureusvirus P14 and Carmovirus coat proteins) bind large precur-
sors as well as the small dsRNAs, suggesting that the ability to bind small 
dsRNAs may have evolved independently in different viruses.

Finally, it should also be noted that in some cases, viral genomes 
encode more than one suppressor of silencing that act in concert in the 
counter-defence mechanism. An example of this is provided by a Crinivirus,
Sweet potato chlorotic stunt virus (SPCSV) which acts synergistically with 
a Potyvirus, Sweet potato featherly mottle virus to produce a fatal double 
infection (Gibson et al., 1998). Two SPCSV proteins, P22 and RNAse3, a 
putative RNAse3 with dsRNA-specific endonuclease activity, were shown 
to be involved in silencing suppression (Kreuze et al., 2005). The silencing 
suppression activity of the P22 protein was enhanced by co-expression of 
the RNAse3 protein. Interestingly, RNAse3 alone did not have silencing 
suppression activity although it has the ability to bind dsRNAs. Similarly, 
Citrus tristeza virus has been shown to encode three distinct suppressors 
of silencing that target different steps of the silencing pathway (Lu et al.,
2004).

The potyvirus HC-Pro protein

HC-Pro is a multifunctional protein involved in pathogenicity, long-distance 
movement of the virus and aphid transmission (Plisson et al., 2003). It is 



Transgenic Virus Resistance 383

also a proteinase. HC-Pro inhibits PTGS, prevents accumulation of 
the 21 nt siRNAs and partially inhibits the associated methylation of the 
transgene, suggesting that it is targeting a maintenance step of the silen-
cing pathway (Llave et al., 2000; Mallory et al., 2001). When expressed 
in a heterologous mammalian system, HC-Pro was shown to interfere 
with the RNAi machinery and prevent dsRNA degradation into siRNAs, 
suggesting that it is targeting a step of the silencing pathway conserved 
among various organisms (Reavy et al., 2004). It was recently found that 
HC-Pro interacts with a cellular calmudolin-related protein which also 
functions as a suppressor of silencing (Anandalakshmi et al., 2000). The 
recruitment of a cellular suppressor of silencing may contribute to the 
silencing suppression activity of HC-Pro (Anandalakshmi et al., 2000). 
HC-Pro has a wide range of action as it also inhibits the miRNA pathway 
and interferes with plant development, at least partially explaining the 
symptoms observed in potyvirus infection or after expression of HC-Pro 
(Kasschau et al., 2003). Several other suppressors of silencing were sub-
sequently also shown to hinder the miRNA pathway (Table 16.1).

Impact of Viral Suppressors of Silencing on RNA Silencing-derived 
Transgenic Resistance

The initial enthusiasm towards RNA silencing-derived virus resistance 
has been somewhat tempered by the discovery that many plant viruses 
have the ability to inhibit silencing. Can plant virus-encoded suppressors 
of silencing interfere with the strength and durability of engineered virus-
resistance? RNA silencing specified by a virus-derived transgene is 
sequence-specific and has been shown to effectively control the accumu-
lation of the targeted virus, even when this virus encodes a potent sup-
pressor of silencing. Field evaluation of transgenic PPV-resistant Prunus
lines for an extended period of time (9–10 years, the expected lifespan of 
fruit crops) revealed that while susceptible Prunus lines became readily 
infected with PPV transmitted by aphids, the resistant lines (C5 lines) 
remained essentially immune to the virus (Ravelonandro et al., 1997; 
Scorza et al., 2001; Hily et al., 2004; Malinowski et al., 2006). Thus, aphid 
transmission of PPV, a virus known to encode a potent suppressor of 
silencing (HC-Pro), did not result in resistance breaking. It is interesting 
to note that graft-inoculation of the C5 lines with PPV-infected budwood 
did result in a low level of PPV infection, although the virus titer was 
considerably reduced and the symptoms were very mild (Hily et al.,
2004). The amount of virus transferred to the trees is likely to be much 
lower during aphid transmission than during graft-inoculation (Pirone 
and Thornbury, 1988), raising the possibility that a minimum concentra-
tion of a viral protein (probably HC-Pro) is necessary to combat, at least 
partially, the resistance (Hily et al., 2004). Additionally, the site of inocu-
lation differs during aphid transmission and graft-inoculation. During 
aphid transmission, the virus is injected in epidermal cells of fully 
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expanded leaves where RNA silencing is known to be very active. On the 
other hand, during graft-inoculation, the virus is directly in contact with 
the vascular system, possibly allowing its spread into the plant before 
initial recognition by the silencing machinery (Hily et al., 2004). These 
results suggest that RNA silencing-derived virus resistance remains sta-
ble under normal field conditions for extended periods of time. A similar 
example is also provided by the stable resistance to Papaya ringspot virus
observed during extensive field testing of transgenic papaya trees 
(Gonsalves, 2002) (Chapter 19, this volume).

Although RNA silencing efficiently controls the targeted virus, it is 
sequence-specific and does not affect the replication of unrelated viruses. 
Thus, these unrelated viruses may have the opportunity to express sup-
pressors of silencing and possibly disrupt the engineered resistance. As 
mentioned above, mixed infection is a common occurrence in the field. It 
is therefore important to test the durability of PTGS-derived transgenic 
resistance during mixed virus infection. In herbaceous plants, resistance 
to Potato virus A (PVA) was stable after single inoculation with PVA but 
was broken during mixed infection with PVA and Potato virus Y (PVY), 
a second potyvirus which is not targeted by the sequence-homology resist-
ance (Savenkov and Valkonen, 2001). Although it is likely that expression 
of the PVY HC-Pro protein is responsible for the breaking of the resist-
ance, this was not directly tested. Similarly, infection of PPV-resistant 
N. benthamiana plants with CMV was reported to restore transgene 
expression and break the PPV resistance (Simon-Mateo et al., 2003). In at 
least one documented case, a virulent isolate of PVY (PVY(n) ) was shown 
to break the resistance targeted to a milder isolate (PVY(o) ) even though 
the degree of sequence homology with the transgene was very high (Maki-
Valkama et al., 2000). It is not known whether this resistance-breaking is 
due to the action of a particularly potent suppressor of silencing encoded 
by PVY(n). Although resistance-breaking has been reported under condi-
tions of mixed infection of model herbaceous hosts in the laboratory, the 
relevance of these observations to agronomical crops and to field situ-
ations needs to be evaluated.

Mixed Infection in Prunus: A Case Study Using PPV-resistant 
Transgenic Prunus Lines

In Prunus, PPV is known to coexist with Prunus necrotic ringspot (PNRSV) 
and Prune dwarf (PDV) ilarviruses; and with Apple chlorotic leaf spot tricho-
virus (ACLSV) (Nemeth, 1992; Boulila et al., 2004). These viruses are trans-
mitted through the pollen or by grafting. The stability of PPV-engineered 
resistance in the Prunus C5 lines was studied in the context of these known 
mixed viral infections.

As mentioned above, two species of PPV-specific siRNAs (21 and 27 nt 
in length) are observed in C5 PPV-resistant transgenic lines, which are spe-
cifically induced by the PPV CP transgene (Hily et al., 2005). Wild-type 
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susceptible Prunus plants infected with PPV contain a single species of 
PPV-specific siRNA (21 nt in length) which probably originates from the 
viral genome as a result of the plant antiviral response (Hily et al., 2005). 
The presence of the 21 nucleotides siRNAs is not sufficient to control the 
virus and the second species of siRNA (27 nucleotides) in the transgenic 
C5 lines is associated with the resistance phenotype and with hypermeth-
ylation and transcriptional silencing of the transgene (Hily et al., 2005). 
Hypermethylation and transcriptional silencing of the transgene is also 
correlated with the stability of the resistance in the field (Hily et al., 2004). 
C5 lines infected with PDV, PNRSV or ACLSV accumulate the virus as 
detected by ELISA and contain a single species of siRNAs (21 nt) specific 
for the corresponding virus, confirming that these viruses replicate in the 
plants and trigger the natural antiviral response of the plant, a process 
unrelated to the engineered PPV resistance (M. Ravelonandro, 2006). These 
results also confirm the notion that RNA silencing is a highly specific 
response that does not affect the replication of unrelated viruses.

Simultaneous or sequential graft-inoculations of C5 lines with PPV 
and PDV, PNRSV or ACLSV were conducted to assess the effect of mixed 
infection on the stability of the PPV resistance. A PPV-susceptible trans-
genic line (also transformed with the PPV CP gene, line C6) and a control 
transgenic line (transformed with only reporter genes, line PT23) were 
inoculated in parallel. To conduct these experiments, transgenic scions 
were grafted on a PPV-susceptible rootstock (peach GF305). Chip-budding 
of PPV-infected material at the rootstock ensures successful infection of 
the rootstock. After the dormancy cycle, the virus moves from the roots to 
shoots at the bud-breaking stage. As mentioned earlier, in single graft-
inoculation with PPV, C5 lines are somewhat susceptible to PPV infec-
tion, probably because RNA silencing is only efficient in fully expanded 
leaves. However, if the virus moves to the scion, it remains around the 
grafting point. Systemic spread of the virus in the plant was suppressed 
and upper leaves remained PPV-free as confirmed by RT-PCR or ELISA 
(Figs 16.1 and 16.2). In contrast, C6 and PT23 lines became systemically 
infected with PPV under these conditions. To conduct mixed infections, 
plants were inoculated by double chip-budding, one at the non-transgenic 
and PPV-susceptible rootstock and one at the shoot section. ELISA or RT-
PCR assays were conducted to assess the presence of each virus at differ-
ent stages of infection. The control C6 and PT23 lines became readily 
infected by both viruses under all the conditions tested (PPV inoculated 
first, last or simultaneously with the second test virus). Symptoms 
observed during mixed infection of PPV with either ACLSV or PNRSV 
were similar to those observed in single PPV infections. Unexpectedly, 
typical PPV symptoms were masked by the appearance of chlorotic spots 
induced during PPV–PDV mixed infection. Thus, symptom evaluation on 
its own was not a reliable indicator of mixed infection. There was no uni-
form spread of the two viruses in these plants, as often observed under 
conditions of mixed infection (M. Ravelonandro, unpublished data). 
Inoculation of transgenic C-5 scions with ilarviruses or trichoviruses did 
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not affect the PPV resistance. Although initial DAS-ELISA analysis revealed 
the simultaneous presence of PPV and the challenging virus in a limited 
number of C-5 scions, the PPV infection remained confined in areas that 
were in close proximity with the site of the grafting (a result similar to that 
observed when these plants were inoculated with PPV only) and the upper 
leaves remained free of PPV (Figs 16.1 and 16.2). The two species of the 
PPV-specific siRNAs continued to be detected and the methylated status of 
the PPV CP transgene in clone C-5 remained unchanged in the mixed infec-
tions analysed (M. Ravelonandro, 2006). Similarly, preliminary results 
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Fig. 16.1. Systemic movement of PPV from a susceptible rootstock does not occur 
in C-5 transgenic scions. PPV was graft-inoculated to peach GF305 rootstock by 
chip-budding and systemic invasion of PPV in the transgenic scion was tested. (A) 
Immunodetection of PPV coat protein. Soluble proteins were extracted from leaves 
collected either at the PPV-susceptible peach GF305 rootstock (R) or at the transgenic 
shoots (S) of clones C-5, C-6 and PT-23. The proteins were separated by SDS-
polyacrylamide gel electrophoresis and the PPV CP was detected by immunoblotting 
using PPV-specific antibodies. The arrow indicates the position of PPV CP. (B) Location 
of primers used for RT-PCR detection of PPV genomic RNA. (C) RT-PCR detection of 
PPV genomic RNA. Two methods of detection were used: one-step RT-PCR detection 
and the Clafar-P1 primer pair (upper panel) or heminested-PCR detection and the 
PM-P1 primer pair (lower panel). Presence of the virus was tested at different leaf 
positions of the test scions. Samples were collected in the upper leaves (T, tip), the fifth 
leaf-pair (M, middle) and the lowest leaves (B, bottom).
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Fig. 16.2. Results of mixed infections of transgenic scions grafted on non-transgenic 
GF305 peach rootstock. Plants were inoculated with PPV and either PDV (A) or 
PNRSV (B) by chip-budding of a non-transgenic PPV-susceptible rootstock (GF305). In 
(A), the plants were simultaneously inoculated with PPV and PDV. In (B), the plants 
were sequentially inoculated with PNRSV and then with PPV. Relative concentration 
of each virus in the transgenic scion was tested by ELISA. ELISA values (OD, 
corresponding to the concentration of PPV) are shown in blue. The relative 
concentrations of PDV (Panel A) or PNRSV (Panel B) are shown in red. The scions 
tested were either C5 (transgenic lines transformed with a binary vector allowing the 
expression of the PPV CP and highly resistant to PPV), C6 (transgenic lines transformed 
with a binary vector allowing the expression of the PPV CP and susceptible to PPV) or 
PT23 (control transgenic lines transformed with the empty binary vector). GF305 
peach is used as control.
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suggest that PPV resistance remains stable under conditions of mixed 
infection in an open field (Polak et al., 2005).

Although our results suggest that mixed infections with ilarviruses 
and trichoviruses do not affect the engineered PPV resistance in Prunus
trees, it remains possible that synergistic interactions between these 
viruses occur in nature. It has been reported that synergistic interactions 
between fruit tree viruses in nature differ upon the host considered. 
Japanese plums are more frequently infected with PPV mixed with ACLSV 
(Boulila et al., 2004). Mixed infection between PPV, PNRSV and/or PDV is 
mainly a concern in P. domestica plums (Nemeth, 1992). The possible 
synergistic interactions may also depend on the PPV strain considered. 
Indeed, six PPV strains have been identified that vary in their virulence 
and host range (Wang et al., 2006). It is not known whether ilarviruses or 
trichoviruses encode suppressors of silencing. Thus, it is possible that the 
stability of the PPV resistance observed in the C5 lines can be explained 
by the absence of potent suppressors of silencing encoded by these viruses. 
It would be interesting to test whether infection with PPV, a virus known 
to encode a potent suppressor of silencing, would affect resistance tar-
geted to ilarviruses or trichoviruses.

Development of New Technologies

The maintenance of resistance to PPV infection in transgenic clone C-5 
under conditions of natural mixed infections is an encouraging result for 
the future application of RNA silencing-derived resistance in the field. 
However, it should be emphasized that each virus–virus and virus–host 
combination is likely to differ and that similar studies must be conducted 
with other virus-resistant crops to confirm stability of the resistance in the 
field. As breaking of resistance during mixed virus infections has been 
reported in the laboratory (Maki-Valkama et al., 2000; Savenkov and 
Valkonen, 2001), it may be useful to improve RNA silencing-derived 
resistance and target a wider range of viruses. Choosing conserved regions 
in a virus genome to target divergent isolates is a possible strategy, although 
not necessarily a guarantee for success (Maki-Valkama et al., 2000). An 
alternative approach may be to design chimeric transgenes that contain 
regions from two (or more) different virus genomes and simultaneously 
target more than one virus. The potential of such approaches has been 
demonstrated (Jan et al., 2000).

To date, experimental evidence suggests that the siRNA-directed PTGS 
pathway is the main mechanism involved in the natural antiviral resist-
ance in plants. However, in animals, cellular miRNAs have been identi-
fied that target viruses and play a role in the antiviral defence (Bartel, 
2004; Lecellier et al., 2005). Interestingly, a chimeric PPV genome, into 
which miRNA targets were engineered, was shown to be susceptible to 
miRNA-guided degradation (Simon-Mateo and Garcia, 2006). Also, a 
recent report demonstrates that the miRNA pathway can be manipulated 
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to control plant virus infection (Niu et al., 2006). An artificial miRNA 
(amiRNA) was constructed in which viral-specific sequences were inserted 
in an abundant plant pre-miRNA. Because the miRNA pathway is less 
temperature-sensitive than the PTGS pathway, the amiRNA approach was 
shown to effectively control plant viruses at low temperatures (15°C), a 
significant advantage when considering field control of plant viruses in 
temperate climates (Niu et al., 2006). Of course, as many virus-encoded 
suppressors of silencing also affect the miRNA pathway, the possible 
problems caused by co-infection of plants with unrelated viruses remain. 
Interestingly, targeting of two viruses with a single amiRNA was shown to 
be possible (Niu et al., 2006).

Conclusions and Future Directions

The last 10 years has been a very exciting period. From the initial discov-
eries that most cases of PDR in transgenic plants are RNA-mediated and 
related to a natural antiviral resistance mechanism, a wealth of detailed 
studies has followed revealing an unsuspected degree of complexity of 
the silencing pathways operating in plants. While this has allowed the 
improvement of strategies for transgenic virus resistance, many questions 
remain and it is likely that the next 10 years will be equally exciting. The 
elucidation of the mechanism of actions of viral suppressors, in particular 
their specific interactions with various hosts, will have practical applica-
tions for the engineering of non-herbaceous crops such as fruit trees. 
A better understanding of the synergistic interactions between viruses is 
not only important to assess the stability of transgenic virus resistance in 
the field but also to mitigate economic losses caused by mixed virus infec-
tions. In turn, these analyses will also have an impact on quarantine pro-
cedures and regulation of import of commercial crops.
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Abstract
Plants are exposed to a wide variety of threats. One of the most difficult to coun-
teract is that posed by pathogens. Pathogens constantly adapt to invade plants and 
take advantage of them. Plants have developed a wide array of defence mech-
anisms to avoid pathogen infection and limit their detrimental effects on growth 
and development. These defence mechanisms are continuously being updated to 
keep in line with the pathogens arsenal development. One of the best studied dis-
ease models in plants is the Tobacco mosaic virus–tobacco interaction. A century 
ago, this virus was the first to be isolated and structurally characterized. Its patho-
genicity on tobacco has been studied for decades. In this chapter, recent develop-
ments in the characterization of plant resistance genes that are effective against 
plant viruses will be discussed using Tobacco mosaic virus (TMV) as a prime 
example.

Introduction

TMV was the first recognized virus. Its study has played a leading role in 
the development of virology (Creager et al., 1999). TMV is still a major 
research subject in plant virology and phytopathology, and as such is one 
of the best known plant viruses. In recent years, three natural resistance 
genes have been characterized (N, Tm-2 and Tm-22), which target TMV 
gene products. At the same time, major advances have been made in 
understanding the TMV replication cycle. In this chapter, we will use the 
TMV–tobacco interaction as a model system and as a continuous thread to 
discuss endogenous plant resistance genes effective against viruses. This 
focus allows the compilation of research advances in virology and phyto-
pathology. These will be discussed in relation to the molecular analysis of 
natural viral resistances.
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Tobamovirus Infection Process: Know Your Enemy!

Economically, TMV and Tomato mosaic virus (ToMV) are the most import-
ant species of the genus Tobamovirus. But also, Pepper mild mottle virus
and Odontoglossum ringspot virus can cause considerable economic dam-
age in pepper cultures and orchid cultures, respectively. Tobamoviruses 
belong to the alpha-like supergroup of viruses (Goldbach and de Haan, 
1993). TMV, with the vulgare isolate (TMV-U1) as an example species, 
consists of a characteristic proteinaceous rod, made up from 2140 copies 
of the coat protein (CP, also known as capsid protein) that are helically 
stacked around the RNA genome. The genome consists of a single mol-
ecule of single-stranded linear positive-sense RNA, 6395 nucleotides in 
length. Traditionally, four open reading frames have been recognized in 
the genome of TMV (Zaitlin, 1999; Fig. 17.1). The first two open reading 
frames overlap and encode a 126 kDa and a 183 kDa protein. The 183 kDa 
protein is produced by occasional read-through of an amber termination 
codon located at the C-terminus of the 126 kDa protein. The functional 
TMV replicase consists of the 126 and 183 kDa proteins together with 
additional host proteins. This replication complex is responsible for the 
synthesis of the viral genomic RNA and subgenomic RNAs. The move-
ment protein (MP) and the CP are translated from individual subgenomic 

Fig. 17.1. Map of Tobacco mosaic virus genome. The lines represent RNAs and the cylinders 
represent the virus-encoded proteins that are translated from the different viral RNAs. See text 
for further description. Double-headed arrows indicate the interaction between the viral 
proteins and the different plant resistance proteins. In addition to the N' resistance, the coat 
protein is also targeted by the L resistances, Hk resistance and the S resistance (see Table 17.1B).
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RNAs: I2 and LMC, respectively. An additional subgenomic messenger 
RNA, I1, codes for an ambiguous 54 kDa protein, which is not one of the 
traditionally recognized viral proteins, and which coincides with the 
read-through 3'-portion of the 183 kDa protein. The function of this pro-
tein is not known. A sixth open reading frame has also been recognized in 
the TMV genome. This open reading frame overlaps the MP and CP open 
reading frames and encodes a 4.8 kDa protein. This protein is a virulence 
factor and may be translated from the I2-subgenomic RNA (Canto et al.,
2004).

Production of viral RNA takes place in large replication complexes. 
These complexes are associated with endoplasmic reticulum (ER) mem-
branes and the cytoskeleton and contain not only the viral replicase pro-
teins, but also the MP, viral RNA and a number of host proteins (Scholthof, 
2005). Because of its regulatory role in cell-to-cell movement and RNA 
transcription, CP was also suggested to interact with the replication com-
plexes (Scholthof, 2005). Another important step of the viral infection 
cycle is the movement of the virus, first within the cell from the site of 
replication to the plasmodesmata, second, from cell to cell through the 
plasmodesmata and third, systemically through the plant. Hence, sys-
temic spread of the virus requires the movement of viral products through 
tissues with different characteristics (e.g. mesophyll, vascular tissues) and 
across boundaries between those tissues (e.g. between companion cell 
and sieve element) (Waigmann et al., 2004: Scholthof, 2005).

Traditionally, individual viral proteins have been implicated with 
each of these processes. MP was assigned to movement through the cell, 
cell-to-cell movement and gating of the plasmodesmata and CP was 
assigned to systemic transport through the phloem of the plants. However, 
it has become clear that this picture is not as simple as originally thought 
(Beachy and Heinlein, 2000; Heinlein, 2002; Waigmann et al., 2004; 
Scholthof, 2005). Both MP and the replicase proteins are able to associate 
with microfilaments in the host cell, which may function in intracellular 
movement of the membrane-associated replication complexes towards 
the plasmodesmata. The association of replication complexes with ER 
membranes has been attributed to MP, because this protein is a membrane 
protein with two membrane spanning domains (Scholthof, 2005). Yet, a 
role of the replicase proteins in this association was also suggested, either 
indirectly through interaction with membrane-associated host proteins 
or directly through interaction with the membrane itself (dos Reis 
Figueira et al., 2002).

Currently, two views exist concerning movement of the virus to neigh-
bouring cells. In the classical view, MP associates with viral RNA and 
mediates the movement of viral RNA through the plasmodesmata into the 
neighbouring cells. Subsequently, all viral proteins necessary for replica-
tion are produced in the newly infected cell (Beachy and Heinlein, 2000). 
In the second view, complete viral replication complexes move through 
the plasmodesmata, a process mediated by MP. This model, which implies 
the arrival of active replication complexes into the newly infected cell, 
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was proposed to explain the observation that virus replication is rapidly 
established in secondary infected cells (Scholthof, 2005).

The CP of tobamoviruses has been implicated in the systemic disper-
sal of the virus through the plant based on mutational and complementa-
tion studies (see Waigmann et al., 2004) but also in this case involvement 
of an additional viral protein, the 126 kDa protein, was suggested. The 
126 kDa protein acts either directly by helping virions traversing the 
mesophyll/phloem parenchyma boundaries or indirectly by suppressing 
post-transcriptional gene silencing (Scholthof, 2005).

An important conclusion from this short and certainly not complete 
overview of the tobamovirus replication cycle is that due to the long 
research history, extensive information on tobamovirus replication cycle 
and on the function of the viral gene products is available (Creager et al.,
1999; Shaw, 1999; Zaitlin and Palukaitis, 2000; Waigmann et al., 2004). 
More specifically, it is now clear that the viral gene products fulfil their 
role(s) in cooperation with other viral proteins and host proteins. Hence, 
this must be considered when designing models for the mode of action of 
tobamovirus resistance genes.

Protection Against Tobamovirus Infections in Agriculture

In contrast to most other plant viruses, which have specific arthropod or 
fungal vectors, tobamoviruses are mechanically transmitted, not only by 
physical handling of the crops but also through opportunistic usage of 
insects and other animals. The virus particles are extremely stable and 
highly infectious. They can reside in soil and decaying plant material for a 
long time and can infect new hosts from this material. Infection takes place 
probably through small wounds, resulting from herbivory, mechanical 
stress or human activity. The fact that simple touch with contaminated 
material allows virus transmission necessitates a high degree of phyto-
sanitary measures and pest prevention. In practice, these measures are not 
very effective. Therefore, additional means must be deployed. A classical 
way of preventing damage by virus infection is by cross-protection (Fulton, 
1986). Plants are intentionally infected with mild strains of the pathogen 
in order to prevent infection with a related severe strain. Chemical protec-
tion can also be used to prevent the establishment of large populations of 
insects and other biological vectors. However, the most effective method of 
prevention of virus infection has been the introduction of natural resist-
ances against plant viruses into susceptible plants through breeding.

A well-known successful example of the introduction of a natural 
resistance (R) gene into a susceptible species is that of the N gene of 
Nicotiana glutinosa, which was introduced into N. tabacum by classical 
introgression (Marathe et al., 2002). This led to a large decrease in yield 
loss resulting from TMV infections. The introgressions of the Tm resist-
ances (Tm-1, Tm-2 and Tm-22) from L. hirsutum, L. peruvianum and 
L. peruvianum, respectively, into L. esculentum are other examples of this 
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approach (Pelham, 1966; Hall, 1980). The success rate of the introgression 
of the three Tm resistances differed, which demonstrates that durability of 
the resistance is one of the major issues with the implementation of natural 
disease resistances in commercial plant cultures (Hulbert et al., 2001).

Recently, with the development of biotechnology, additional methods 
to introduce virus resistance in plants have become available. These 
include: (i) pathogen-derived resistance in which a viral protein or RNA 
is expressed in transgenic plants (see Chapters 15 and 16, this volume); 
and (ii) the transfer of natural resistance from one plant species to an 
unrelated plant species through genetic modification.

Natural Defence Mechanisms Against Viruses in Plants

Plants have developed two major lines of defences against infection by 
pathogens. First, plants have developed passive and ubiquitously present 
barriers to prevent entrance of pathogens. These physical barriers consist 
of cell walls, cuticles and obstacles like hairs and trichomes that repel 
herbivores and insects, some of which also transmit other pathogens.

The second line of defence is inducible, depends on recognition and 
detection of the pathogen, and involves active measures towards the 
pathogen. Within these inducible defences, three types are discriminated: 
(i) basal and general defence response against all microbes; (ii) pathogen- 
and host-specific resistance; and (iii) post-transcriptional gene silencing. 
Basal and general defence (i) depends on general microbial elicitors. 
Recognition of these elicitors usually takes place outside the cell. This type 
of resistance has been termed non-host-specific resistance. Pathogen-and 
host-specific resistance (ii) depends on specific gene products produced 
by the pathogen (the avirulence protein or Avr protein) and the recognition 
of these products by specific host resistance proteins (the R protein). This 
type of resistance is usually associated with a hypersens itive response. 
Post-transcriptional gene silencing (iii) is also a non-host-specific type of 
resistance, because no specialized and pathogen-specific plant recognition 
proteins are necessary. Instead, the specific recognition of pathogenic 
RNAs is accomplished by the use of small 21–23 nucleotide RNAs, which 
are derived from pathogenic double-stranded RNAs (Chapter 16, this vol-
ume). Gene silencing is only effective against viruses because of the forma-
tion of double-stranded RNAs during virus replication. Together, the first 
two types of inducible resistance are generally called the innate immune 
response and function against many types of pathogens (bacteria, oomyc-
etes, insects, nematodes, fungi and viruses).

It should be noted that both post-transcriptional gene silencing and 
basal resistance are unable to completely protect the plant against tobamo-
virus infections. In the remainder of this chapter, we will concentrate our 
discussion on host-specific resistance since this type of resistance has 
been the focus of many breeding attempts to protect plants against tobamo-
viruses. However, some general remarks considering basal resistance and 
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gene silencing in relation to natural virus resistance and especially to 
tobamovirus resistance need to be made. Basal resistance is triggered by 
the perception of general elicitors, which contain specific recognizable 
molecular patterns that are present in essential and ubiquitous structures 
from most potential pathogens. The nature of these elicitors ranges from 
carbohydrates derived from microbe cell walls, other molecules charac-
teristic for bacterial cell walls and peptide epitopes derived from con-
served microbe proteins, such as flagellin. These elicitors are generally 
perceived by receptors located on the plasma membrane of the plant cell. 
A few of these receptors have been characterized (Gomez-Gomez and 
Boller, 2002; Jones and Takemoto, 2004; Boller, 2005). Responses triggered 
by the perception of these elicitors include changes in ion fluxes, changes 
in internal calcium concentrations, production of reactive oxygen species 
(ROS), cell-wall reinforcement, phosphorylation, dephosphorylation, cal-
lose deposition and induction of general defence-related genes (Gomez-
Gomez and Boller, 2002). This response is considered general and 
independent of the host-specific resistance.

The general non-host response is also triggered by viruses. Exposure of 
plant tissues to fungal and bacterial elicitors induces the production of ROS 
in two distinct phases: a rapid phase (within minutes or hours), termed 
phase I; and a later one (hours or days), termed phase II. While the appear-
ance of the phase II oxidative burst correlates with the presence of specific 
resistance genes, phase I is a more general response that does not necessi-
tate the presence of host- and pathogen-specific resistance genes (Baker and 
Orlandi, 1995). Challenging plant tissues with virus also results in rapid 
ROS production (Allan et al., 2001; Love et al., 2005), which displays simi-
lar time kinetics and non-dependency on the presence of resistance genes 
as that induced by other pathogens (Allan et al., 2001). Other characteristics 
of ROS production induced by TMV are also similar to general elicitor per-
ception, e.g. dependency on Ca2+ flux and (de)phosphorylation (Mittler 
et al., 1999; Allan et al., 2001). Whether these responses are triggered by 
perception of specific virus elicitors in analogy with other general elicitors, 
like flagellin, or whether they are triggered by the entrance process of the 
viruses into the cells remains to be elucidated. However, it is clear that this 
perception takes place extracellularly and is independent of the virus-
specific intracellular resistance proteins. The role of early responses that 
are associated with non-host-specific basal resistance needs to be deter-
mined: are they necessary for priming host-specific resistance (Allan et al., 
2001) or do they have their own defensive capability?

Post-transcriptional gene silencing is deployed against tobamovirus 
infections and reduces virus accumulation in plants (Xie et al., 2001; Yang 
et al., 2004). However, tobamoviruses can suppress this silencing, in which 
the 126 kDa protein has been identified as a key player (Scholthof, 2005).

The reader is referred to several excellent reviews of non-host-specific 
defence (Gomez-Gomez and Boller, 2002; Jones and Takemoto, 2004; 
Boller, 2005) and to Chapter 16 for a discussion of post-transcriptional 
gene silencing.
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Resistance Genes: From the Gene-for-Gene Hypothesis to the 
Guard Hypothesis

Many plant species have developed mechanisms to counteract infection by 
viruses, which are based on host-specific resistance, and which target viral 
gene products. In host-specific resistance, the recognition of pathogens by 
plants has been associated with the ‘gene-for-gene’ hypothesis (Flor, 1971). 
The ‘gene-for-gene’ hypothesis is based on the observation that both the 
plant and the pathogen need to synthesize a gene product for resistance to 
take place. As mentioned above, these gene products are the plant R pro-
tein and the pathogen Avr protein. If one of those proteins is not produced 
or is changed, the plant becomes infected. Avr proteins are very diverse in 
nature and function. On the other hand, most R proteins of plants are mem-
bers of six families, all with the same function: the detection of the patho-
gen presence and, subsequently, the activation of the defence mechanism. 
To fulfil this role, all R proteins are made up from modules which have 
distinct roles in this process (Hammond-Kosack and Jones, 1997; Martin 
et al., 2003; Belkhadir et al., 2004; McHale et al., 2006). R proteins contain 
domains which function in the recognition of the pathogen and domains 
which function in the activation of the downstream components of the 
signal transduction network. Several observations suggest that R proteins 
function in complexes with homologous and heterologous proteins. First, 
immunoprecipitation experiments showed oligomerization of the N protein
in the presence of its Avr protein (Mestre and Baulcombe, 2006). Second, 
various potential interactors have been identified by yeast two-hybrid 
experiments (de la Fuente van Bentem et al., 2005).

Originally, the Avr protein and the R protein were thought to interact 
directly with each other. Due to the limited number of demonstrated direct 
interactions between host proteins and avirulence proteins, the idea has 
arisen that R proteins guard host proteins from hijacking and exploitation 
by pathogens (van der Biezen and Jones, 1998; Ellis et al., 2000; Glazebrook, 
2001; Van der Hoorn et al., 2002). In the ‘guard’ hypothesis, the effects of 
avirulence proteins on host proteins (the guardees) are monitored by the 
R proteins, which then trigger the defence reaction. Hence, direct interac-
tion between Avr protein and R protein is not always necessary as long as 
the effect of the Avr protein on the targeted process or protein is detected. 
Recently, it was suggested that plant R proteins can function either by 
directly detecting the corresponding Avr protein, the ‘receptor-ligand’ 
model, or by perceiving alterations in plant machines that are targets of 
Avr protein action in the promotion of pathogen virulence, the ‘guard 
hypothesis’ (Dodds et al., 2006). The guard hypothesis might also explain 
the presence of alleles which do not confer resistance. These alleles may 
be either non-functional alleles or resistance proteins directed against a 
distinct pathogen, which is not present in the current plant culture. 
However, the non-random distribution of mutations in these non- resistance
conferring alleles suggests that they are exposed to selective pressure. One 
possible explanation is that the non-resistance conferring alleles guard the 
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same process or protein as the functional resistance alleles. However, the 
non-resistance conferring alleles would not detect changes induced by the 
pathogen, but would rather detect similar changes induced by other 
phenomena. In this sense, R proteins and their homologues could have a 
broader function in the biology of the cell (Lanfermeijer et al., 2003): not 
only discriminating between ‘self and non-self’ but also between ‘self and 
wrong-self’. From this point of view, it would be interesting to introduce 
auto-activating mutations (Rathjen and Moffett, 2003; Takken et al., 2006; 
Tameling et al., 2006) in the proteins encoded by non-resistance confer-
ring alleles to discriminate between signalling-incapable proteins (real 
non-functional proteins) and functional but recognition-incapable proteins.

The current view is that either upon direct binding of the R protein 
with the Avr protein or upon binding of the R protein with the host pro-
tein, which is affected by the Avr protein, the signal transduction cascade 
is activated. Considerable progress has been made to unravel the mech-
anism of signal transduction. Studies with two R proteins, I-2 conferring 
resistance to Fusarium oxysporum and Mi-1 conferring resistance to root-
knot nematodes and potato aphids, provided the first evidence that ATP 
hydrolysis is involved in signal transduction via CNL proteins (Tameling 
et al., 2002, 2006). Studies with various mutants of the protein of the Rx
resistance of potato against Potato virus X demonstrated an important role 
for intramolecular interactions between the three domains of the R protein 
and the disruption of these interactions in activation of the resistance 
(Moffett et al., 2002; Rathjen and Moffett, 2003; Rairdan and Moffett, 2006) 
Together, the studies on the I2, Mi-1 and Rx resistances resulted in a model 
for intramolecular rearrangement of subdomains as the result of R pro-
tein/elicitor interaction (Rathjen and Moffett, 2003; Belkhadir et al., 2004; 
Albrecht and Takken, 2006; Rairdan and Moffett, 2006; Takken et al.,
2006). Recently, it has been shown that the N protein is also able to hydro-
lyse ATP (Ueda et al., 2006). It has been proposed that the R protein cycles 
through different conformations, driven by transient interaction with the 
elicitor and by ATP hydrolysis. The different conformations have differ-
ent characteristics of interaction with the elicitor and activation of the 
resistance mechanisms. Subsequently, this iterative mechanism was sug-
gested to result in signal amplification (Rairdan and Moffett, 2006). This 
mechanism could also explain the absence of experimental evidence for 
direct interactions between the R proteins and their elicitors because of 
the transient interaction between the two proteins during the activating 
cycle.

The Hypersensitive Response

Resistance against plant viruses is usually associated with a hypersens-
itive response (HR). This HR becomes visible as small necrotic lesions at 
the infected regions on the plant. These visible lesions are considered to 
be dead tissue as a result of programmed cell death. This programmed cell 
death is triggered by the resistance response and is important for resist-
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ance as it limits the spread of the pathogen. Within plant virus resistance, 
however, several different degrees of resistance can be observed. The 
intensity of the HR and/or its ability to control virus infection varies from 
case to case. The classical form of resistance, where arrest of infection is 
associated with necrotic lesions, is observed with the N resistance in 
tobacco (Whitham et al., 1994).

Another case is the extreme resistance observed with the Rx resistance 
against Potato virus X. This resistance is characterized by the absence of a 
visible necrotic HR, although the virus infection is arrested (Bendahmane 
et al., 1999). Similarly, under normal circumstances, lesions are not visible 
in the case of the Tm-2 and Tm-22 resistances. It has been suggested that 
the rapid HR is so efficient in controlling virus spread that the lesions are 
too small to be visible (Lanfermeijer et al., 2003). Expression of salicylate 
hydrolase gene in plants reduces the internal concentration of salicylic 
acid, a known signalling molecule of HR. When this gene is expressed in 
Tm-22 plants, visible lesions or even spreading necrosis is observed, sug-
gesting that a slower HR response has occurred (Lanfermeijer et al., 2003). 
Similar symptom enhancing effects are also observed when the salicylate
hydroxylase gene is expressed in combination with the N-resistance gene 
(Chivasa and Carr, 1998). Whether the Rx extreme resistance has similar 
characteristics is unknown.

At the other end of the spectrum are cases in which necrotic local 
lesions are formed with no apparent restriction of virus invasion. For 
example, the Y-1 resistance, genetically transferred to susceptible potato 
varieties, displays an HR but is incapable of arresting PVY infection (Vidal 
et al., 2002). A similar situation occurs when a crucifer- and garlic-
infecting TMV is inoculated on tobacco plants in the absence of the N gene 
(Ehrenfeld et al., 2005). These observations point to a complex relation 
between HR and virus resistance. HR alone is apparently not a prerequis-
ite for resistance. Its role is still unclear and this suggests that plants 
deploy additional methods to arrest virus infection. However, little is 
known about these mechanisms.

Classes of Resistance Genes

There are currently five well-defined classes of R proteins (Fig. 17.2; 
Hammond-Kosack and Jones, 1997; Martin et al., 2003; Belkhadir et al.,
2004; McHale et al., 2006) in plants. New forms of resistance proteins are 
discovered on a regular basis that do not fit in the five established classes 
of R proteins. The first class is represented by Pto from tomato, which con-
fers resistance to Pseudomonas syringae pv. tomato (Pedley and Martin, 
2003). Pto is unique in its class and no virus resistance genes that encode 
this type of R proteins have been isolated until now.

The next two classes are plasma membrane-localized proteins, which 
belong to the related protein families of receptor-like kinase (e.g. Xa21 
protein, which is involved in rice bacterial blight disease resistance; Song 
et al., 1995) or receptor-like proteins (e.g. Cf proteins, which are involved 
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in Cladosporium fulvum resistance in tomato; Kruijt et al., 2005), respect-
ively. Due to their structure, these types of proteins are highly suitable for 
the extracellular perception of avirulence signals and the subsequent 
transduction of the signal intracellularly. The completion of the genome 
sequence of several plant species shows that plants contain a large number 
of genes encoding these types of proteins (Morillo and Tax, 2006). There 
are currently no characterized virus resistance genes that are associated 
with these classes of proteins. This is perhaps not surprising as detection 
of viral products is likely to occur intracellularly. On the other hand, these 

Fig. 17.2. Schematic representation of the five characterized resistance-protein 
classes. In white circles, the R protein classes which do not include virus resistance 
proteins; namely, the receptor-like kinase (RLK), the receptor-like protein (RLP) and 
the Pto classes. Dimerization of RLK and RLP classes is indicated by the presence of a 
silhouette. The two classes which include virus resistance proteins, the CC-NBS-LRR 
(CNL) and the TIR-NBS-LRR (TNL) classes, are indicated by structures with domains in 
different shades of grey. See text for a detailed description of the classes (Hammond-
Kosack and Jones, 1997; Martin et al., 2003; Belkhadir et al., 2004; McHale et al.,
2006). Domain organization of the CNL and TNL resistance proteins is indicated by 
shape and shades of grey. The darkest curved structure represents the leucine-rich 
repeats (LRR) domain; the putative hinch domain of the LRR domain is indicated. The 
light grey structure with the groove represents the nucleotide binding site domain 
(NB-ARC). Intramolecular interaction between NB-ARC and LRR domains is 
schematically shown. The grey helix and the grey diamond shape represent the coiled 
coil (CC) structure and the Toll and Interleukin 1 Receptor (TIR) domain, respectively.
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types of proteins are prime candidates to function in the extracellular per-
ception of viruses if non-host-specific basal resistance depends on 
specific receptors (see above).

The last two large classes of resistance genes code for intracellular 
proteins, which have a C-terminal region of leucine-rich repeats (LRRs) 
and a central nucleotide binding site (NBS). At the N-terminus of these 
proteins are either a coiled coil (CC) sequence or a Toll and Interleukin 1 
Receptor (TIR) sequence, distinguishing the CC-NBS-LRR (CNL) or TIR-
NBS-LRR (TNL) classes of resistance proteins. All characterized virus 
resistance genes belong to these last two classes (Table 17.1.A). This is in 

Table 17.1. Plant virus resistance genes.

A. Isolated and characterized plant virus resistance genes – 2006 status.

Gene Plant Virusa Phenotypeb Avr protein Classc References

HRT A. thaliana TCV HR  CNL Cooley et al. (2000)
N N. tabacum TMV HR Replicase TNL Whitham et al. (1994)
RCY1 A. thaliana CMV HR CP CNL Takahashi et al. (2002)
RTM1 A. thaliana TEV No HR Unknown Jacalin- Chisholm et al. (2000)
      liked

RTM2 A. thaliana TEV No HR Unknown HSPe- Whitham et al. (2000)
      like
Rx1 S. tuberosum PVX ER CP CNL  Bendahmane et al. (1999)
Rx2 S. tuberosum PVX ER CP CNL Bendahmane et al. (2000)
Sw5 L. esculentum TSWV HR Replicase CNL Brommonschenkel et al.
       (2000); Spassova 
       et al. (2001)
Tm-2 L. esculentum ToMV HR MP CNL Lanfermeijer et al. (2005)
Tm-22 L. esculentum ToMV HR MP CNL Lanfermeijer et al. (2003)
Y-1 S. tuberosum PVY HR Unknown TNL Vidal et al. (2002)

B. Additional tobamovirus resistance genes in Solanaceae.

Gene Plant Virusa Phenotypeb Avr protein Classc References

N' N. sylvestris TMV HR CP Unknown Knorr and Dawson (1988)
L1/L2/ C. annum TMV HR CP Unknown Boukema (1980)

L3/L4
Sf S. melongena TMV,  HR CP Unknown Dardick and
   ORSV     Culver (1997)
Hk C. annum PaMMV HR Replicase Unknown Sawada et al. (2005)

a CMV, Cucumber mosaic virus; ORSV, Odontoglossum ringspot virus; PaMMV, Paprika mild mottle virus;
PVY, Potato virus Y; PVX, Potato virus X; TCV, Turnip crinkle virus; ToMV, Tomato mosaic virus;
TEV, Tobacco etch virus; TMV, Tobacco mosaic virus; TSWV, Tomato spotted wilt virus.

b ER, extreme response; HR, hypersensitive response.
c CNL: CC-NBS-LRR R protein; TNL: TIR-NBS-LRR R protein (see text).
d jacalin: a D-galactose-specific lectin.
e HSP, heath shock protein.
f S: Solanum melongena resistance.
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agreement with the fact that the highest probability of encountering a viral 
protein is within the cell.

Several R genes have been characterized that do not fit the above pre-
sented classification. For example, the RTM genes allow genome replica-
tion and cell-to-cell movement but do not allow long-distance movement 
of Tobacco etch virus, and as such protect the plant against systemic infec-
tion. The resistance mechanism does not involve hypersensitive cell death 
or systemic acquired resistance (Chisholm et al., 2000; Whitham et al.,
2000).

Natural Resistance Against Tobamoviruses

Infection of plants by viruses is an opportunistic, not an active process. 
While fungi and bacteria invest resources into infection systems, viruses 
depend on biological vectors, wounding or other opportunities to enter 
the living plant cell. Hence, as long as the primary and basal defences are 
able to exclude the virus from coming in close contact with living cells, 
these defences have their function in virus resistance.

The step of entering the living cell by tobamoviruses remains elusive 
but several mechanisms have been suggested, including among others: 
entering through small holes in the membrane, membrane attachment 
followed by membrane passage and endocytosis (Shaw, 1999). No indica-
tions exist that plants are able to actively interfere with these processes, 
although the induction of ROS production by TMV might indicate an 
attempt by the plant to interfere with this process (see above).

Due to their economical and agricultural importance, Solanaceae spe-
cies have been model organisms in plant physiology, phytopathology and 
genetics for many years. Extensive breeding programmes have been in 
place to introduce disease resistances and other traits into commercial 
varieties, for example, L. esculentum and N. tabacum. These large breed-
ing efforts led to the production of a large number of different genetic 
lines, including near-isogenic lines that differ in single traits. This stimu-
lated the isolation of the alleles responsible for these traits. Some of these 
alleles were the first examples of the R gene classes. Several natural resist-
ances against tobamoviruses are or were commercially used in Solanaceae
(Table 17.1.B) with the most renowned example being the N resistance 
(Marathe et al., 2002).Although resistance-breaking virus isolates have 
appeared during the last decades, these do not cause major problems 
within tobacco culture. TMV-Ob is an N-resistance breaking isolate, which 
enabled the identification of the Avr gene recognized by the N resistance 
(Padgett et al., 1997). However, the economic damage due to TMV-Ob 
remains limited due to the fact that the ability of TMV-Ob to overcome the 
N resistance is conditional. At temperatures below 19°C, the N resistance 
recognizes TMV-Ob and triggers an HR.

Temperature sensitivity of the N-mediated resistance was used to iso-
late the N gene through transposon tagging. At temperatures below 28°C, 
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plants carrying the N gene trigger an HR in response to TMV infection. 
However, above 28°C, the HR response is not induced and the virus spreads 
systemically in the plant. When these systemically infected plants are 
shifted to 21°C, they develop lethal systemic HR. The transposon-tagged 
and, thus, inactivated N gene was isolated from plants that did not display 
systemic necrosis after the temperature shift (Whitham et al., 1994).

In cultivated tomato, ToMV infections are controlled by the intro-
gressed Tm-1, Tm-2 and Tm-22 R genes (Pelham, 1966; Hall, 1980). Among 
these resistances, the Tm-22 resistance has shown to be remarkably dur-
able and, therefore, of practical importance. On the other hand, the Tm-1
and Tm-2 were not as successful because these resistances are frequently 
overcome by naturally occurring ToMV strains (Fraser et al., 1989).

The Tm-1 resistance gene was introgressed from the wild tomato 
species L. hirsutum. Genetic analysis of ToMV strains capable of overcom-
ing this resistance has shown that two amino acid changes in the replicase 
proteins are responsible for this phenotype, suggesting that either one of 
these proteins or both are the matching Avr protein for the Tm-1 resist-
ance (Meshi et al., 1988). The Tm-1 gene has not been isolated and 
characterized thus far.

Both the Tm-2 and the Tm-22 resistances were introgressed from 
L. peruvianum. These resistances are allelic (Lanfermeijer et al., 2005). 
Analysis of the nucleotide sequence of ToMV strains, which were capable 
of overcoming either the Tm-2 or the Tm-22 resistance, revealed that in 
both cases, MP is the matching Avr protein (Meshi et al., 1989; Calder and 
Palukaitis, 1992; Weber et al., 1993; Weber and Pfitzner, 1998). The exist-
ence of these two alleles, which share the MP as Avr protein but are known 
to have different degrees of durability, makes the analysis and study of 
these two resistance genes valuable. The Tm-2 and Tm-22 genes have 
recently been cloned. Both are members of the CNL resistance protein 
family (Lanfermeijer et al., 2003, 2005). Like the N gene, the Tm-22gene
was isolated through transposon tagging. Crosses were made between 
tomato plants without Tm-22 and containing the MP transgene and plants 
homozygous for the Tm-22 allele and containing a linked and activated Ac 
transposon. The resulting seedlings containing both an intact Tm-22 gene 
and an MP transgene will display systemic necrosis (Weber and Pfitzner, 
1998), except when the seedling contains a disrupted and inactive Tm-22

gene. From the surviving seedlings, the tagged Tm-22 was isolated and 
characterized (Lanfermeijer et al., 2003). The homologous alleles, letm-2,
lptm-2 and Tm-2, were isolated using Tm-22-based primers (Lanfermeijer 
et al., 2003, 2005).

The N-resistance Gene

The N gene was the first resistance gene isolated that encodes an intracel-
lular TNL resistance protein (Whitham et al., 1994). Due to the long atten-
tion this resistance has received, considerable progress has been made in 
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the study on the N protein, i.e. its specific resistance mechanism, its sig-
nal transduction and the general concept of disease resistance. It was 
shown that the transcription of the gene can generate two transcripts, NS

and NL, as the result of alternative splicing. Both transcripts are required 
for resistance to TMV (Dinesh-Kumar and Baker, 2000). The N-resistance
response is elicited by the 126 kDa TMV protein and more specifically by 
the C-terminal 50 kDa helicase domain (Padgett et al., 1997). From an agri-
cultural point of view, it is interesting to mention that the tobacco N gene 
can confer resistance to TMV in heterologous, although phylogenetically 
closely related, plants, like tomato and N. benthamiana (Whitham et al.,
1996; Bendahmane et al., 1999; Liu et al., 2002). Studies on N-signal trans-
duction suggest essential roles of the tobacco genes EDS1, Rar1, NPR1/
NIM1 in the N-mediated resistance signalling pathway (Liu et al., 2002). 
The recent characterization of NRG1 (a CNL-like protein; Peart et al., 2005) 
shows that CNL proteins function in downstream signalling pathways, in 
addition to their established role in disease resistance. This involvement 
of CNL proteins in downstream signalling was also demonstrated for 
Cf-resistance signal transduction (Gabriels et al., 2006). Even more remark-
able is the recent observation that a TNL-like protein plays a key role in 
the signalling pathway of photomorphogenetic development (Faigon-
Soverna et al., 2006), suggesting roles for this type of proteins in immu-
nity and development and offering an additional explanation for the 
existence of non-resistance conferring alleles of R genes (see above). Other 
novel observations on N gene are the induction of N protein oligomeriza-
tion by its Avr protein (Mestre and Baulcombe, 2006) and the observation 
that the N protein, like the I-2 and Mi proteins (Tameling et al., 2002, 
2006), is capable of ATP hydrolysis (Ueda et al., 2006).

The Tm-2 and Tm-22 resistances

The Tm-2 and Tm-22 resistances differ in two features: their durability and 
the locations of mutations found in the MP protein of virus isolates that 
can break the resistance. One possible explanation for the durability of a 
resistance gene is that the loss of the corresponding Avr gene from the 
pathogen has a significant cost in terms of fitness or pathogenicity (Hulbert 
et al., 2001). While MP is essential for the tobamovirus replication cycle, 
the mutations in the different regions of MP known to be essential for the 
interaction with the Tm-2 and Tm-22 resistance proteins (Calder and 
Palukaitis, 1992; Weber et al., 1993; Weber and Pfiztner, 1998) have differ-
ent effects on the biological function of MP. This is reflected in the differ-
ences in pathogenicity of the Tm-2 and Tm-22 breaker strains, the Tm-2
breaker being as virulent as the wild-type while the Tm-22 breakers are 
impaired in their virulence (Fraser et al., 1989), and this explains the dif-
ferent dur abilities of the Tm-2 and Tm-22 resistances. Therefore, one might 
refine the above explanation for R gene durability to state that an R gene 
may remain durable if amino acid changes in the Avr protein have a signifi-



Endogenous Plant Virus Resistance Genes 409

cant cost in terms of fitness or pathogenicity. As a result of the importance 
of the Tm-22-interacting domain for the function of MP and, consequently, 
for the virulence of the virus, this domain was depicted as the Achilles’ 
heel of the ToMV virus (Lanfermeijer et al., 2003).

Surprisingly, the Tm-22 and the Tm-2 proteins differ by only four amino 
acids (Lanfermeijer et al., 2005). Of these four amino acid differences, two 
are located in the NB-ARC domain (Ile257Phe and Met286Ile [Tm-22 versus 
Tm-2]) whereas the other two are in the LRR domain and only one amino 
acid apart (Tyr767Asn and Ser769Thr). It is likely that the difference in 
virus-specificity of the two alleles is caused by these last two amino acid 
differences (Lanfermeijer et al., 2005). The differences at positions 257 and 
286 are in the Walker B domain and the RNSB-B domain of the NB-ARC 
domain, respectively (Takken et al., 2006; Tameling et al., 2006) and this 
domain is presumably not involved in the specificity of the resistance pro-
teins (Lanfermeijer et al., 2005). It is interesting to speculate that the differ-
ences between the Tm-2 and Tm-22 proteins may have an effect on 
the recently established ATP-hydrolytic activity of this type of proteins 
(Tameling et al., 2002, 2006; Ueda et al., 2006) and, subsequently have an 
effect on the characteristics of the resistances. In light of the recently pro-
posed mechanism for signal amplification through an iterative mechanism, 
the characteristics of ATP hydrolysis have been suggested to affect the char-
acteristics of resistance, for instance, extreme resistance (Rairdan and 
Moffett, 2006). It is possible that the durability of a resistance is related to 
the speed with which an R protein can cycle through its iterative mecha-
nism and, consequently, can strengthen its signal.

As mentioned above, amino acid changes in MP that are necessary to 
overcome the Tm-2 and Tm-22 resistances are located in different parts of 
MP. For the Tm-2 resistance, those changes are located in the N-terminal 
half (Meshi et al., 1989; Calder and Palukaitis, 1992), whereas those nec-
essary to overcome the Tm-22 resistance are located in the C-terminal half 
of MP (Calder and Palukaitis, 1992; Weber et al., 1993, 1998). Different 
regions of MP are also necessary to trigger an HR in the case of the two 
different resistances (Weber et al., 2004), suggesting that the direct or indi-
rect interaction between MP and the two resistance proteins differed in 
topology and nature. However, contrary to these observations, the small 
amino acid difference between the two R genes suggests that the inter-
action between the Tm-2 and Tm-22 proteins and MP or the MP/guardee 
complex is highly similar (Lanfermeijer et al., 2005). It is possible that 
the three-dimensional structure of MP brings the regions in which the 
mutations are located in close proximity of each other. Alternatively, 
the mutations while located in different regions may affect similar (direct 
or indirect) interactions (Lanfermeijer et al., 2005). Further work will be 
required to explain the different durabilities of the two resistances.

As discussed above, viral proteins do not function isolated. They fulfil 
their roles in large protein complexes. Additional proteins may also interact 
with these complexes in a transitory manner and these interactions may 
affect the direct interaction between MP and the R proteins (e.g. through 
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phosphorylation of essential residues) or one of these proteins is the guard ee. 
However, further experimental evidence is required to determine if host 
protein(s) are involved in the interaction between MP and either Tm-2 or 
Tm-22. Some interesting observations have been made that suggest the exist-
ence of such proteins. For example, ToMV can replicate in protoplasts from 
tomato plants containing the Tm-22 resistance gene (Motoyoshi and Oshima, 
1975) while later it was shown that MP is present in the infected protoplasts 
(Heinlein, 2002). Although several other explanations are possible, this 
observation points to a host protein (the guardee?) which is absent in proto-
plasts and which might function in cell-to-cell movement. Also, it has been 
observed that phosphorylation of MP plays an important role in its function 
and a kinase has been shown to interact with MP. Interestingly, one of the 
residues present in a Tm-22 resistance-breaking isolate is a serine, which is 
a target of phosphorylation (Kawakami et al., 1999).

Conclusions and Future Directions

In this chapter, we have discussed major advances in the field of virus 
disease resistance. The mechanisms for the signalling of intracellular R 
proteins (both CNL and TNL proteins) are being deciphered and down-
stream signalling networks are being mapped. However, several major 
issues still need to be resolved. For instance, although the guard hypoth-
esis explains the absence of experimental evidence for direct interaction 
between R proteins and Avr proteins, the nature of the indirect inter-
actions between R proteins, Avr proteins and the guardees needs to be 
determined, especially in the view of the iterative mechanism of signal 
transduction. The observation that CNL and TNL proteins also function 
downstream in signalling pathways places these proteins in a new per-
spective and might also explain the presence of the non-resistance 
conferring alleles.

The study of tobamoviruses can supply a wealth of information on the 
interactions with host proteins, the spatial and temporal behaviour of the 
viral gene products and supply tools to study the putative interaction 
between R proteins, Avr proteins and guardees. It can be envisioned that 
integration of this information in phytopathology will allow the identifi-
cation of putative guardees.

Recently, a study described the artificial evolution of intracellular 
Rx-resistance protein resulting in an expanded recognition spectrum 
(Farnham and Baulcombe, 2006). An in vitro random mutagenesis 
approach provided resistance to a distinct strain of Potato virus X and to 
the distantly related Poplar mosaic virus. This seminal study supports 
many of the observations on resistance, but more importantly hands a 
new tool in the search for resistances against new pathogens or emerging 
virulent isolates of controlled pathogens. In combination with the ‘Holy 
Grail’ of homologous recombination in plants, this technique could result 
in ‘resistance on demand’.
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Abstract
The development of virus-resistant transgenic crops has widened the horizons of 
virus control. A common approach to confer virus resistance relies on the transfer 
and expression of viral genes in susceptible plants. The successful application of 
this strategy is illustrated by the commercialization of virus-resistant transgenic 
squash and papaya in the USA. Since virus-resistant transgenic plants express 
viral sequences, environmental safety issues have been raised, in particular on the 
potential for recombination and creation of new viruses. It is conceivable that 
recombinant viruses can arise from exchange of genetic information as a conse-
quence of RNA recombination between transgene transcripts and the genome of 
challenging viruses. Resulting chimeric RNA may lead to viable recombinant 
viruses with identical biological properties as parental lineages or altered biologic al
properties, including increased pathogenicity, expanded host range and changes 
in vector relationship. The development of recombinant viruses has been exten-
sively documented in transgenic plants expressing viral genes, primarily under 
conditions of high to moderate selective pressure in confined environments. 
Under field conditions with limited, if any, selective pressure, no recombinant 
virus has been found at detectable levels even in transgenic perennial plants estab-
lished in experimental sites over extended periods of time. So far, although the 
potential for recombination is real, extensive research indicates that the creation 
of recombinant viruses in transgenic crops expressing viral genes does not seem to 
exceed baseline events in conventional plants, thus providing valuable insights 
into the safe release of virus-resistant transgenic plants and suggesting a reasona-
ble certainty of limited or no hazard.

Introduction

The development of virus-resistant transgenic crops has been a major 
breakthrough in the successful application of biotechnology to agricul-
ture. Transgenic plants expressing a segment of a plant viral genome 
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display resistance to the cognate virus and to closely related virus strains 
and viruses (Beachy, 1997; Fuchs and Gonsalves, 2002; Voinnet, 2005). 
The potential for creating virus-resistant plants was apparent when expres-
sion of a viral gene within a plant was shown to provide resistance to the 
virus from which the gene was derived. This phenomenon was first 
described with the coat protein (CP) gene of Tobacco mosaic virus (TMV) 
in transgenic Nicotiana tabacum cv. Xanthi (Powell Abel et al., 1986). 
Twenty years after its discovery, pathogen-derived resistance and viral 
genes continue to be used to confer resistance in susceptible plants and 
numerous virus-resistant transgenic plants have been developed around 
the world by using this strategy (Chapter 19, this volume).

Environmental safety issues have been expressed concerning potential 
risks associated with the release of virus-resistant transgenic crops, since 
the constitutive expression of viral genes does not naturally occur in con-
ventional crops, except in a few that are infected by pararetroviruses (Harper 
et al., 2002; Hansen et al., 2005). Of major concern is the possibility of 
recombination between viral transgene transcripts and the genome from 
field viruses, which challenge transgenic plants (Hull, 1989; de Zoeten, 
1991; Falk and Bruening, 1994; Allison et al., 1996; Rissler and Mellon, 
1996; Robinson, 1996; Fuchs and Gonsalves, 1997; Miller et al., 1997; Tepfer 
and Balazs, 1997; Aaziz and Tepfer, 1999; Hammond et al., 1999; Rubio 
et al., 1999; Martelli, 2001; Fuchs and Gonsalves, 2002; Tepfer, 2002). 
Resulting recombinant viruses may have identical biological properties as 
their parental lineages or new biological properties such as changes in vec-
tor specificity, expanded host range and increased pathogenicity. The pres-
ence of constitutively expressed viral genes in transgenic plants has even 
been hypothesized to enhance the rate of plant virus evolution through 
RNA recombination (Hull, 1989; de Zoeten, 1991; Rissler and Mellon, 1996; 
Jakab et al., 1997).

RNA recombination is known to play an important role in virus variabil-
ity, population dynamics and evolution (Garcia-Arenal et al., 2001; Hull, 
2002). It is also known to occur in a wide range of plant DNA and RNA 
viruses upon infection of conventional plants. Therefore, determining base-
line rates of recombination in natural virus populations is paramount to 
determine if transgenic plants expressing viral genes enhance recombin ation 
rates over conventional plants. Addressing this issue is needed to examine 
whether transgenic plants expressing viral genes pose negligible or, in 
contrast, undue risks with regard to the creation of recombinant viruses.

This chapter discusses the potential for RNA recombination in trans-
genic plants expressing viral genes and the creation of recombinant 
viruses. A review of the state-of-the-art knowledge is presented to critic-
ally evaluate risks in light of the emergence of new viruses, contrasting 
differences between risk assessment studies conducted in confined and 
open environments in relation to the level of selective pressure. Finally, 
perceived risks will be put into perspective to balance real risks against 
benefits of the use of transgenic plants expressing viral genes to control 
virus diseases.
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Background

Plant viruses can cause severe damage to crops by substantially reducing 
vigour, yield and product quality. They can also increase susceptibility to 
other pathogens and pests, and increase sensitivity to abiotic factors. 
Detrimental effects of viruses are very costly to agriculture. Losses of over 
$1.5 billion are reported in rice in South-east Asia, $5.5–9.5 million in 
potato in the UK and $2 billion in cassava worldwide (Hull, 2002). Also, 
Grapevine fanleaf virus (GFLV) alone is responsible for losses of over $1.0 
billion in grapevines in France (M. Fuchs, 2005).

Effective control strategies are needed to mitigate the considerable 
losses incited by plant viruses. Conventional virus control approaches are 
designed to limit the introduction of viruses in certain areas, reduce 
sources of infection and limit vector-mediated virus spread by sanitary 
and quarantine measures and by cultural practices, i.e. field isolation, 
removal of weed hosts, rouging, eradication and application of agrochem-
icals to eradicate vectors. These strategies are costly and not always effect-
ive. In addition, the intensive use of agrochemicals to control vector 
populations is undesirable because of hazardous effects on the environ-
ment and concerns for human health.

The use of resistant crop cultivars is the most effective and sustainable 
strategy to control virus diseases. Virus-resistant plants can be developed 
by conventional breeding strategies if useful sources of resistance have 
been identified in appropriate germplasm (Hull, 2002). Major resistance 
genes have been successfully used in numerous crops to restrict virus 
infection to inoculation sites, reduce replication to subliminal levels and 
provide tolerance to virus infection. In many cases, however, host resist-
ance has been difficult to incorporate into agronomically desirable culti-
vars or no host resistance sources have been found against certain viruses.

The concept of pathogen-derived resistance (Sanford and Johnston, 
1985) has opened new avenues for the development of virus-resistant 
transgenic plants. It was first applied to plant viruses in 1986 when trans-
genic tobacco plants expressing the CP gene of TMV were shown to be 
resistant to infection by TMV (Powell Abel et al., 1986). Since this pion-
eering work, the concept of pathogen-derived resistance has been dem-
onstrated in many transgenic plants as a useful and powerful approach to 
control viral diseases (Fuchs and Gonsalves, 2002). Applying the concept 
of pathogen-derived resistance is the most common approach to engineer 
protection against viruses in plants. Viral genes are engineered in trans-
genic plants as full-length, truncated or short segment constructs, and in 
sense, antisense, or invert-repeat orientation. By far, a larger number of 
transgenic plants engineered for virus resistance express the CP gene than 
other viral genes.

Extensive research is ongoing not only to develop virus-resistant 
transgenic crops but also to unravel the mechanisms involved in the engi-
neered protection. Two major mechanisms have been described in associ-
ation with the engineered protection against viruses in transgenic plants 
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expressing viral genes. The first seems to rely on the expression of a viral 
gene at the protein level and the second involves regulation of gene expres-
sion at the transcript level through RNA silencing. In the case of trans-
genic plants expressing a TMV CP, an early event after virus entry into 
cells, maybe blocking of particle disassembly, is involved in resistance 
(Bendahmane and Beachy, 1999). RNA silencing, in particular homology-
dependent post-transcriptional gene silencing (PTGS), is involved in many 
cases of engineered resistance to viruses in transgenic plants (Voinnet, 
2001, 2005; MacDiarmid, 2005). This gene expression regulatory mecha-
nism is triggered by a dsRNA structure derived from the viral transgene, 
which is processed into 21–24 bp long small interfering RNA (siRNA) 
duplexes by the RNase III enzyme Dicer. Upon integration of one of the 
siRNA strands into the multisubunit RNA-induced silencing complex 
(RISC), cellular RNA that is identical in sequence to the siRNA, i.e. RNA 
of a homologous challenge virus, is degraded (Voinnet, 2001, 2005; 
MacDiarmid, 2005).

Environmental safety issues have been expressed on potential risks 
associated with the release of virus-resistant transgenic plants. Based on 
the fact that virus-resistant transgenic plants express viral genes, a major 
issue is RNA recombination and its outcomes (Hull, 1989; de Zoeten, 
1991; Falk and Bruening, 1994; Allison et al., 1996; Rissler and Mellon, 
1996; Robinson, 1996; Fuchs and Gonsalves, 1997; Miller et al., 1997; 
Tepfer and Balazs, 1997; Aaziz and Tepfer, 1999; Hammond et al., 1999; 
Rubio et al., 1999; Martelli, 2001; Fuchs and Gonsalves, 2002; Tepfer, 
2002). We have to keep in mind that RNA recombination is not an issue 
that arose with the development of virus-resistant transgenic plants. RNA 
recombination is known to be a major source of variation and a major 
driving force in the evolution of a number of plant viruses. RNA recom-
bination is thought to occur in most, if not all, RNA viruses (Chare and 
Holmes, 2006) and also in DNA viruses that replicate by reverse transcrip-
tion of an RNA copy of their genome (Froissart et al., 2005). Furthermore, 
in the case of Potato virus Y (PVY) in grapevines, it was shown to trigger 
the incorporation of viral sequences into the plant genome (Tanne and 
Sela, 2005).

RNA recombination refers to the creation of chimeric RNA molecules 
from distinct segments present in different parental molecules, one donor 
and one acceptor (Hull, 2002). One mechanism underlying recombination 
is template switching during RNA replication, in which the synthesis of a 
nascent RNA strand on a donor RNA molecule is halted. As a consequence, 
the RNA-dependent RNA polymerase (RdRp) or the nascent RNA strand 
can interact with the acceptor RNA molecule, leading to template switch-
ing and the creation of a chimeric RNA molecule. The sequence or sec-
ondary structure of the donor RNA and/or nascent RNA could act as 
signals for template switching. Another mechanism for recombination is 
template switching induced by pausing of the RdRp at break points on the 
RNA template. Recombination can be homologous when it occurs between 
two RNA molecules that are identical or very similar at the crossover 
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point. It can also be non-homologous when it occurs between two RNA 
molecules with limited or no obvious homology. Information on natural 
recombination rates in plant virus populations is becoming more abun-
dant. Recent studies have even indicated that the frequency of recombin-
ation can be very high for some viruses (Froissart et al., 2005; Chare and 
Holmes, 2006).

Transgenic plants can provide unique opportunities for RNA recombin-
ation by favouring the exchange of different RNA templates during virus 
replication. As a result, chimeric RNA molecules consisting of a segment 
from the viral genome and another segment from viral transgene tran-
scripts can develop. Chimeric RNA molecules can lead to the creation of 
viable recombinant viruses. Such recombinant viruses may have similar 
biological properties to their parental lineages or new biological proper-
ties, such as changes in vector specificity, expanded host range and 
increased pathogenicity. RNA recombination in transgenic plants express-
ing viral genes has been suggested to enhance the rate of virus evolution 
and facilitate the creation of new virus species (Hull, 1989; de Zoeten, 
1991; Rissler and Mellon, 1996; Jakab et al., 1997). Knowing that the CP 
gene is the preferred viral gene used to engineer resistance, the exchange 
and incorporation of a CP transgene in a recombinant virus could have 
profound effects. For example, in the case of numerous viruses, the CP is 
an important viral determinant of host cell recognition, vector interaction, 
cell-to-cell movement and pathogenicity among other important steps of 
the virus multiplication cycle (Callaway et al., 2001). Thus, recombinant 
viruses with a newly incorporated functional CP gene may express new 
and eventually undesired properties, such as infection of otherwise non-
host plants.

Is RNA recombination in transgenic plants expressing viral genes a 
real or a perceived risk? Although there is strong evidence for recombin-
ation in transgenic plants expressing viral genes, most of the studies 
reporting on the occurrence of recombination have been carried out under 
confined environments, i.e. laboratory and greenhouse conditions. These 
studies are important because they document the occurrence of RNA 
recombination, the frequency of emergence of recombinant viruses and 
some of the factors that influence the rate of recombination. They also 
examine mechanisms underlying the occurrence of RNA recombination. 
Noteworthy, laboratory studies typically utilize heavy to moderate selec-
tive pressure to favour the development of recombinant viruses. For 
example, a function can be restored if recombination occurs between two 
defective RNA molecules because there is a strong selection for the recom-
bination event. These conditions are highly unlikely to occur naturally 
under field conditions where plants are predominantly infected by func-
tional rather than defective viruses.

A more realistic situation to assess the role of transgenic plants 
expressing viral genes in promoting the emergence of recombinant viruses 
is to rely on conditions of reduced or no selective pressure. These condi-
tions are prevalent in the field. Therefore, field studies are very important 
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to determine if risks are real and if experiments conducted in confined 
environments reflect field conditions. Field studies are also important to 
determine if the creation of recombinant viruses in transgenic plants 
expressing viral genes is substantially enhanced beyond background 
recombination events in conventional plants. Also, field data provide 
valuable insights to balance real risks versus benefits of virus-resistant 
transgenic plants. This is especially important after the first decade of 
commercial release of virus-resistant transgenic crops.

The following section reviews the literature on the potential for RNA 
recombination in transgenic plants expressing viral genes and the creation
of new viruses. Emphasis will be placed on recent information from field 
data in order to critically evaluate our knowledge in light of the emer-
gence of recombinant viruses with harmful properties and to discuss real 
risks and benefits of the use of virus-resistant transgenic plants for virus 
disease control.

RNA Recombination and Creation of New Viruses in Transgenic Plants 
Expressing Viral Genes

Historical aspects

Numerous field experiments have shown the efficacy of pathogen-derived 
resistance against plant viruses. The first field test was conducted with 
transgenic tomato plants expressing the CP gene of TMV for resistance 
to TMV (Nelson et al., 1988). Transgenic plants were highly resistant to 
mechanical inoculation by TMV, with only 5% of the plants being sympto-
matic compared to 99% of the control plants. In addition, inoculated 
transgenic and healthy control plants had identical fruit yield (Nelson et al.,
1988), Gonsalves et al. (1992), investigated resistance in relation to vector-
mediated virus infection and showed that transgenic cucumbers expressing 
a Cucumber mosaic virus (CMV) CP gene construct were resistant to infec-
tion by CMV under field conditions with natural challenge inoculations by 
aphids. These studies opened the way to numerous field experiments with 
virus-resistant transgenic vegetable, cereal, ornamental, fruit tree and small 
fruit crops (Fuchs and Gonsalves, 1997, 2002; Tepfer, 2002).

The first virus-resistant transgenic crop, Freedom II, was deregulated 
in the USA in 1994 and commercialized in the spring of 1995. Freedom II, 
a summer squash expressing the CP gene of Zucchini yellow mosaic virus
(ZYMV) and Watermelon mosaic virus (WMV), is highly resistant to single 
and mixed infections by ZYMV and WMV. This was the first vegetable 
crop and first disease-resistant transgenic crop ever released. Thereafter, 
transgenic squash expressing the CP gene of ZYMV, WMV and CMV and 
exhibiting high levels of resistance to these three viruses was deregulated 
in 1996. Growers in major squash producing areas in the USA have 
adopted virus-resistant transgenic squash cultivars, which accounted for 
2–22% of the total acreage, with the highest adoption in Florida, New 
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Jersey and Georgia in 2004 (Shankula et al., 2005). Transgenic papaya 
expressing the CP gene of Papaya ringspot virus (PRSV) was the first fruit 
crop deregulated in the USA in 1997 and subsequently commercialized in 
Hawaii (Gonsalves, 1998). This release saved the Hawaiian papaya indus-
try from an economic disaster caused by a devastating PRSV epidemic. 
Also, virus-resistant transgenic tomato and pepper have been commer-
cialized in the People’s Republic of China (Huang et al., 2002).

In spite of the great potential of transgenic plants expressing virus-
derived genes at controlling virus diseases, several environmental safety 
issues have been raised following their release. Among potential risks, 
transgenic plants expressing viral genes may provide increased opportu-
nities for RNA recombination by favouring the exchange of RNA templates 
during virus replication (Hull, 1989; de Zoeten, 1991; Falk and Bruening, 
1994; Allison et al., 1996; Rissler and Mellon, 1996; Robinson, 1996; Fuchs 
and Gonsalves, 1997, 2002; Miller et al., 1997; Tepfer and Balazs, 1997; 
Aaziz and Tepfer, 1999; Hammond et al., 1999; Rubio et al., 1999; Teycheney 
et al., 2000; Martelli, 2001; Tepfer, 2002). The net result of recombination 
is the development of a recombinant viral RNA derived from two previ-
ously distinct RNA molecules. In the case of transgenic plants constitu-
tively expressing viral genes, part or all of viral transgene transcripts can 
be incorporated into the genome of challenging viruses through RNA 
recombination.

RNA recombination with challenge viruses in transgenic plants expressing viral 
genes under confined environments

Lommel and Xiong (1991) were the first to report on the occurrence of 
recombination in transgenic Nicotiana benthamiana expressing a viral 
gene. An artificial deletion mutant of Red clover necrotic mosaic virus
(RCNMV) RNA1, i.e. transcripts unable to systemically infect conven-
tional plants, was restored by recombination with a RCNMV RNA2 trans-
gene lacking its 5' leader sequence. RCNMV RNA2 recombinants had 
10–17 nucleotides derived from the 5' terminus of RNA1 likely as a result 
of non-homologous recombination.

Gal et al. (1992) detected Cauliflower mosaic virus (CaMV) recom-
binants in transgenic Brassica napus expressing the CaMV open reading 
frame (ORF) VI upon agroinfection with a CaMV isolate lacking ORF VI.

Schoelz and Wintermantel (1993) described the occurrence of recom-
bination in transgenic N. bigelovii expressing the CaMV strain D4 ORF VI 
when challenged with a CaMV strain that is not systemic in solanaceous 
plants. When transgenic N. bigelovii expressing CaMV strain D4 ORF VI 
was inoculated with a CaMV strain that is systemic in solanaceous plants, 
recombinant viruses were detected with a competitive advantage over the 
wild-type virus (Wintermantel and Schoelz, 1996).

Greene and Allison (1994) inoculated transgenic N. benthamiana
expressing a wild-type Cowpea chlorotic mottle virus (CCMV) CP gene, 
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including the 3' non-coding region, with transcripts of an artificial CP dele-
tion mutant and detected recombinants in 3% (4 of 125) of the inoculated 
transgenic plants. Each recombinant resulted from distinct recombination 
events. Interestingly, no recombinant was detected in transgenic lines 
expressing a wild-type CCMV CP for which the 3' non-coding region was 
deleted (Greene and Allison, 1996). Therefore, the 3' non-coding region of 
the CP gene may have recruited transgene transcripts to the viral replica-
tion complex and triggered the creation of viable recombinant viruses.

Jakab et al. (1997) suspected the occurrence of recombination in trans-
genic N. tabacum L. ‘Petit Havana’ expressing a CP gene and flanking 
sequences from a PVY strain N when challenge inoculated with transcripts 
of a CP defective PVY after several passages. Also, PVY recombinants 
were obtained in four of 12 (33%) PVY-N-resistant transgenic plants inocu-
lated simultaneously with a strain of PVY-N and a strain of PVY-O.

Frischmuth and Stanley (1998) reported recombination between an 
African cassava mosaic virus (ACMV) CP transgene in N. benthamiana and 
an agroinoculated ACMV genomic DNA with a deleted CP gene. Similarly 
to the CCMV example above, recombination was observed only if viral non-
coding sequences were flanking both sides of the CP transgene.

Borja et al. (1999) reported on the restoration of a wild-type Tomato 
bushy stunt virus (TBSV) upon inoculation of transgenic N. benthamiana
expressing a TBSV CP gene construct with TBSV transcripts harbouring a 
defective CP gene. Recombinants were detected in 13–20% (5–8 of 40) of 
the inoculated plants of six distinct transgenic lines. Interestingly, the fre-
quency of recombination was significantly reduced if challenge transcripts 
carried a defective CP gene fused to the chloramphenicol acetyl trans-
ferase (CAT) reporter gene (5%, 2 of 40) or a Cucumber necrosis virus
(CNV) CP deletion mutant (0%, 0 of 160).

Adair and Kearney (2000) detected recombinant TMV RNA but no 
recombinant TMV virions in 41% (14 of 34) of the transgenic N. bentha-
miana expressing a non-translatable region of the TMV genome encom-
passing a portion of the RdRp, the movement protein, the CP and a small 
portion of the 3' non-coding region, which was fused to the green fluores-
cent protein (GFP), upon challenge inoculation with transcripts of a CP 
defective TMV mutant. Interestingly, no recombinant RNA or virion was 
found at detectable levels when transgenic plants were inoculated with 
transcripts corresponding to a functional TMV.

Varrelmann et al. (2000) described recombinant wild-type Plum pox 
virus (PPV) in transgenic N. benthamiana expressing a functional PPV CP 
gene upon inoculation with transcripts of CP defective PPV mutants. As 
discussed for several other examples above, recombinant viruses were 
detected only if the transgene construct contained the 3' non-coding 
region. Also, recombinant PPV was obtained by a double recombination 
event upon co-inoculation of a CP defective PPV mutant with a functional 
CP expressed from a plant expression vector.

Teycheney et al. (2000) reported on the synthesis of minus-strand 
RNA molecules from transgene transcripts of the CP gene of Lettuce
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mosaic virus (LMV) or CMV and their 3' non-coding regions in transgenic 
tobacco upon challenge inoculation with several potyviruses and Tomato 
aspermy virus (TAV), respectively. Interestingly, a complementary RNA 
strand transcript was produced from the transgene in a manner that was 
dependent on the presence of the 3' non-coding region. These results indi-
cate that a viral RdRp has the potential to recognize the 3' non-coding 
region of heterologous viruses expressed in transgenic plants and use 
them as transcription promoter.

Altogether, studies conducted under confined environments docu-
mented the occurrence of RNA recombination between viral transgene 
transcripts and challenge viruses mainly under conditions of high select-
ive pressure. In most cases, the incorporation of a 3' non-coding region in 
viral transgenes enhanced the rate of recombination events. This is prob-
ably due to the presence of sequence elements that are recognized by the 
RdRp.

RNA recombination with challenge viruses in transgenic plants expressing viral 
genes under open field conditions

Thomas et al. (1998) analysed more than 65,000 transgenic potato plants 
expressing various constructs of the CP or the RdRp gene of Potato leafroll 
virus (PLRV) under field conditions of PLRV infection over a six-year 
period. New viruses or viruses with altered properties, i.e. atypical host 
range, symptoms and serological features, were not detected in any of the 
field-grown transgenic plants.

Fuchs et al. (1998) investigated the potential of 614 transgenic squash 
and melon plants expressing the CP gene of an aphid transmissible strain 
of CMV to facilitate the spread of the aphid non-transmissible strain C of 
CMV. Transmission of CMV strain C did not occur through recombination 
from challenge inoculated transgenic plants to uninoculated susceptible 
non-transgenic plants over two consecutive field seasons.

Fuchs et al. (1999) examined 3700 transgenic squash plants express-
ing the CP gene of an aphid transmissible strain of WMV for their capacity 
to mediate the spread of the aphid non-transmissible strain MV of ZYMV 
over two consecutive years. A limited extend of ZYMV strain MV trans-
mission (2%, 77 of 3700) was detected from inoculated transgenic to 
uninoculated recipient plants as a result of heterologous encapsidation 
but not recombination. Moreover, no epidemic of ZYMV strain MV devel-
oped despite conditions of high disease pressure and the availability of 
numerous test plants.

Lin et al. (2001) assessed the genetic diversity and biological variation 
of 81 CMV isolates in transgenic squash expressing the CP gene of CMV, 
conventional squash and a melon cultivar with host resistant to CMV. 
Single-stranded conformation polymorphism analysis and sequencing 
indicated no correlation between CMV CP gene variability and host geno-
type, geographic origin of isolates and capacity to overcome transgenic 
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and/or host resistance. Phylogenetic analyses further inferred no recombin-
ation event in CMV isolates from transgenic squash.

Vigne et al. (2004a) used an elegant approach to assess recombination 
in transgenic grapevines under conditions of heavy disease pressure but 
low, if any, selective pressure in favour of recombinant viruses. Test plants 
consisted of conventional scions grafted on to transgenic rootstocks 
expressing a GFLV CP gene construct. Plants were tested in two sites in a 
naturally GFLV-infected vineyard. Three of the 18 transgenic lines tested 
were resistant to GFLV infection over the three-year field trial period while 
the other lines were as susceptible as non-transgenic controls. Analysis of 
the CP gene of 347 GFLV isolates (190 from transgenic and 157 from con-
ventional vines) by immunocapture (IC) reverse transcription (RT) polymer-
ase chain reaction (PCR) restriction fragment length polymorphism (RFLP) 
indicated no detectable recombinants with transgene transcripts. Further 
analysis of the CP gene of 85 variants representing the different RFLP 
groups showed GFLV recombinants in three conventional plants that were 
located outside of the two test sites but not in transgenic plants. A com-
parative analysis of the nucleotide diversity among subsets of GFLV iso-
late populations clearly implied a lack of genetic differentiation according 
to host (transgenic versus conventional) or field site for the majority of the 
haplotypes tested (Vigne et al., 2004b). Therefore, transgenic grapevines 
did not assist the creation of viable GFLV recombinants to detectable lev-
els nor did they affect the molecular diversity of GFLV populations during 
the trial period. Interestingly, and in contrast with studies conducted 
under high selection pressure, the presence of the 3' non-coding GFLV 
RNA2 region in the transgene did not have any effect on the emergence of 
recombinants.

Recently, the potential of transgenic plum trees expressing a PPV CP 
gene to mediate the emergence of recombinant PPV variants has been 
investigated under field conditions of high disease pressure but low, if 
any, selective pressure by IC-RT-PCR (N. Capote and M. Cambra, Valencia, 
Spain, 2006, personal communication; I. Zagrai, Bistrita, Romania, 2006, 
personal communication). Transgenic trees were grown in experimental 
orchards over an 8–10-year period and exposed to PPV infection by graft- 
and/or aphid-mediated inoculation. Most of the transgenic lines tested 
were susceptible to PPV infection, except transgenic line C5. Analysis of 
the CP gene variability of 64 PPV isolates (22 from transgenic and 42 from 
conventional trees) at the serological and molecular levels revealed no 
correlation between variation and plant genotype (transgenic versus con-
ventional) in a field trial in Spain. Also, there was no significant differ-
ence in the number of aphids, aphid species, nor in the number of 
viruliferous aphids that visited transgenic and conventional plums 
(N. Capote and M. Cambra, Valencia, Spain, 2006, personal communi-
cation). A similar analysis of the CP gene variability of 82 PPV isolates (15 
from transgenic and 67 from conventional trees) from Romania revealed 
mixed infections by PPV M and D isolates in conventional but not in trans-
genic plums (I. Zagrai, Bistrita, Romania, 2006, personal communication). 
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Furthermore, no significant difference in nucleotide variability was found 
between PPV isolates from transgenic and conventional trees. Interestingly, 
a few naturally occurring PPV recombinant isolates were found in con-
ventional and in PPV-susceptible but not in PPV-resistant transgenic 
plums (I. Zagrai, Bistrita, Romania, 2006, personal communication). These 
recombinants were M type strains for which the recombination event 
mapped to the RdRp gene but not the CP gene. Therefore, the emergence 
of these PPV recombinants was not influenced by the PPV CP transgene. 
In summary, transgenic plums expressing the PPV CP gene did not affect 
the diversity of viral and aphid populations (N. Capote and M. Cambra,
Valencia, Spain, 2006, personal communication; I. Zagrai, Bistrita, 
Romania, 2006, personal communication).

Altogether, studies conducted under open field conditions did not 
document the occurrence of RNA recombination between viral transgene 
transcripts and challenge viruses to detectable levels. This is probably 
due to the absence of selective pressure in favour of recombinants.

Lessons from RNA recombination studies in transgenic plants expressing viral genes

Numerous studies conducted over the last 15 years or more have provided 
valuable insights into the potential for RNA recombination in transgenic 
plants expressing viral genes. RNA recombination has been described for 
RNA and DNA viruses, primarily in transgenic herbaceous plants grown 
under confined conditions. A number of factors have been identified to 
influence the creation and recovery of viable recombinant viruses.

The stringency of selective pressure is an important factor, if not the 
most prevalent, in the development of recombinant viruses. Across dif-
ferent model systems and viruses, there is clear evidence that high recom-
bination rates can be obtained under conditions of high selective pressure 
(Lommel and Xiong, 1991; Gal et al., 1992; Schoelz and Wintermantel, 
1993; Greene and Allison, 1994; Frischmuth and Stanley, 1998; Borja 
et al., 1999; Adair and Kearney, 2000; Varrelmann et al., 2000). In con-
trast, recombination rates are low under conditions of moderate selective 
pressure (Allison et al., 1996; Wintermantel and Schoelz, 1996) and not 
detectable under conditions of low, if any, selective pressure (Allison 
et al., 1996; Fuchs et al., 1998, 1999; Thomas et al., 1998; Adair and 
Kearney, 2000; Lin et al., 2001; Vigne et al., 2004a,b; N. Capote and 
M. Cambra, Valencia, Spain, 2006, personal communication; I. Zagrai, 
Bistrita, Romania, 2006, personal communication).

Most studies carried out under confined conditions rely on high select-
ive pressure (Lommel and Xiong, 1991; Gal et al., 1992; Schoelz and 
Wintermantel, 1993; Greene and Allison, 1994; Frischmuth and Stanley, 
1998; Borja et al., 1999; Adair and Kearney, 2000; Varrelmann et al., 2000). 
Experiments are designed so that conditions are optimal to recover recom-
binant RNA and/or recombinant viruses. These conditions are suitable to 
assess the occurrence of recombination with a limited number of plants 
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and within a short time frame. They also enhance the likelihood of detec-
tion of a recombination event that is usually rare and, hence, not easy to 
identify. For most of these studies, RNA recombination was assessed by 
the ability of a defective challenge virus to spread systemically in trans-
genic plants expressing a functional gene. Also, PTGS was likely not 
active in the transgenic plants tested because most of them were suscep-
tible to challenge infection.

In contrast, no viable recombinant viruses have been detected in trans-
genic plants expressing viral genes under low or no selective pressure, in 
particular under field conditions. Interestingly, very similar conclusions 
were drawn with different test plants exposed to different indigenous vec-
tor and viral populations in distinct field environments (Fuchs et al.,
1998, 1999; Thomas et al., 1998; Lin et al., 2001; Vigne et al., 2004a,b; 
N. Capote and M. Cambra, Valencia, Spain, 2006, personal communica-
tion; I. Zagrai, Bistrita, Romania, 2006, personal communication). These 
observations suggest that the likelihood of recombinant viruses to emerge 
in transgenic plants under field conditions of no selective pressure is 
extremely low across crops, transgene constructs, challenge viruses, vector
species and environments.

The occurrence of RNA recombination depends on the type of viral 
sequence expressed by transgenic plants. As discussed above, the presence 
of a 3' non-coding region has been shown to enhance the rate of recombina-
tion in many cases (Allison et al., 1996; Greene and Allison, 1996; 
Varrelmann et al., 2000) and favour the synthesis of minus-strand RNA 
(Teycheney et al., 2000). Excluding 3' terminal sequences of a viral trans-
gene, and hence removing RdRp binding sites, can reduce the recombina-
tion rate (Allison et al., 1996; Greene and Allison, 1996; Varrelmann et al.,
2000). It has to be noted, however, that the presence of a viral 3' non-coding 
region had no impact on the creation of recombinant viruses in some trans-
genic plants (Adair and Kearney, 2000; Vigne et al., 2004a,b; N. Capote and 
M. Cambra, Valencia, Spain, 2006, personal communication; I. Zagrai, 
Bistrita, Romania, 2006, personal communication). Similarly, the degree of 
relatedness between the viral transgene and the challenge virus is another 
factor that influences the potential for RNA recombination. Recombination 
is likely to occur at a higher rate as a result of interactions between related 
virus species than between unrelated or less related virus species. As a 
result, RNA recombination can be limited in transgenic plants by reducing 
the extent of sequence homology between the viral transgene and the chal-
lenge virus (Borja et al., 1999).

The challenge virus itself also influences the occurrence of recombin-
ation. Recombination rates ranging from 3% to 20% have been obtained 
with different viruses (ACMV, CaMV, CCMV, PPV, PVY and TBSV) with 
high propensity for recombination, especially PVY (Chare and Holmes, 
2006) and CaMV (Froissart et al., 2005). Restoration of wild-type viruses 
through RNA recombination required a single recombination event in the 
case of RCNMV (Lommel and Xiong, 1991) and CCMV (Greene and 
Allison, 1994, 1996), while a double recombination event was required in 
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the case of TBSV (Borja et al., 1999), PPV (Varrelmann et al., 2000) and 
TMV (Adair and Kearney, 2000). In the studies with DNA viruses, recom-
binant viruses likely arose through template switching events during 
reverse transcription of the viral CaMV RNA (Gal et al., 1992; Schoelz and 
Wintermantel, 1993; Wintermantel and Schoelz, 1996).

Assessing the occurrence of a rare event and identifying viable recom-
binant viruses in transgenic plants expressing viral genes can be chal-
lenging from a technical point of view. Therefore, robust experimental 
conditions are necessary to avoid the detection of artefact chimeric RNA 
molecules. An elegant approach to circumvent some technical difficul-
ties is to target viable recombinant viruses (Fuchs et al., 1998, 1999; Adair 
and Kearney, 2000; Lin et al., 2001; Vigne et al., 2004a,b; N. Capote and 
M. Cambra, Valencia, Spain, 2006, personal communication; I. Zagrai, 
Bistrita, Romania, 2006, personal communication) rather than recom-
binant RNA molecules (Teycheney et al., 2000; Fernandez-Delmond 
et al., 2004; Koenig and Büttner, 2004).

The molecular mechanism underlying virus resistance is also likely 
an important factor for the occurrence of RNA recombination in trans-
genic plants expressing viral genes. Indeed, if RNA silencing is active, the 
steady-state accumulation of viral transgene transcripts is low (Voinnet, 
2001, 2005; MacDiarmid, 2005) and recombinant RNA molecules arising 
in silenced transgenic plants would probably be eliminated by the RISC 
complex. As a consequence, the rate of recombination is expected to be 
very low in virus-resistant silenced transgenic plants because the amount 
of transgene transcripts available for template switching may be subli-
minal. Although direct evidence to substantiate this hypothesis is lack-
ing, it is conceivable that RNA silencing should reduce the potential for 
RNA recombination in transgenic plants expressing viral genes. 
Therefore, RNA recombination with viral transgene transcripts is less 
significant than initially predicted (Hull, 1989; de Zoeten, 1991; Rissler 
and Mellon, 1996; Jakab et al., 1997).

Also, a cascade of events is necessary for a viable recombinant to 
develop in transgenic plants expressing viral genes. First, viruliferous 
vectors need to feed on transgenic plants and consequently transmit virus 
isolates. Second, the genome of challenging isolates needs to replicate and 
further interact with transgene transcripts. Third, template switching 
needs to occur during replication and generate chimeric RNA molecules. 
Fourth, recombinant RNA molecules need to replicate, be encapsidated, 
move from cell to cell and subsequently move through the vascular sys-
tem. There are several constraints attached to each of these steps that will 
reduce their successful occurrence. It is expected that a viable recom-
binant virus will develop only if each of these steps has a relatively rea-
sonable probability of fulfillment. The necessity to accommodate a number 
of successive favourable events substantially reduces the frequency of 
emergence of recombinant viruses, especially if PTGS is active and 
degrades both the transgene transcripts and invading viral genome 
(Voinnet, 2001, 2005; MacDiarmid, 2005).
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Is RNA recombination in transgenic plants expressing viral genes a real risk?

The significance of RNA recombination in transgenic plants expressing 
viral genes must be considered in light of the baseline recombination rate 
in conventional plants. Such comparative analysis is pertinent to deter-
mine if perceived risks are real. Therefore, it is essential to refer to RNA 
recombination in conventional plants subjected to mixed virus infection or 
infection with multiple variants as baseline information in order to assess 
if recombinants in transgenic plants are any different from those in con-
ventional plants. This is especially relevant because hazardous situations 
have been predicted initially in relation to the potential for RNA recombin-
ation in transgenic plants expressing viral genes (Hull, 1989; de Zoeten, 
1991; Rissler and Mellon, 1996; Jakab et al., 1997). For example, if a newly 
developed hybrid virus acquires new transmission characteristics through 
recombination, it could get spread by new vectors and infect new plant 
species, thus creating new epidemics (de Zoeten, 1991). A fundamental 
question relevant to environmental risk assessment is: will transgenic 
plants expressing viral genes increase the likelihood of development of 
recombinant virus species beyond that of natural background events?

Abundant evidence from viral nucleotide sequence analysis indicates 
that RNA recombination is a relatively common phenomenon in some 
plant RNA viruses, notably potyviruses (Chare and Holmes, 2006) and 
DNA viruses (Froissart et al., 2005). RNA recombination is a major driving 
force in plant virus evolution and for the emergence of new variants and 
new virus species (Garcia-Arenal et al., 2001; Hull, 2002; Tepfer, 2002; 
Bonnet et al., 2005). Mixed virus infections are frequently described in 
conventional plants, thus creating ample opportunities for recombinant 
events to occur between distinct viral RNA molecules. Remarkably, RNA 
recombination in transgenic plants expressing viral genes has not been 
shown so far to occur under conditions of high disease pressure and low 
selective pressure, whether in the field or confined environments. Thus, 
RNA recombination in transgenic plants does not seem to occur beyond 
background events in conventional plants.

Relevant to environmental risk assessment is also the outcome of RNA 
recombination, not so much its occurrence. In other words, it is more crit-
ical to assess the creation of viable recombinant viruses rather than the 
development of chimeric RNA molecules. Field studies are crucial to envir-
onmental risk assessment because plants are challenged by functional 
viruses under conditions of low, if any, selective pressure. Noteworthy, 
none of the field studies provided evidence for the creation of recombinant 
viruses at detectable levels (Fuchs et al., 1998, 1999; Thomas et al., 1998; 
Lin et al., 2001) even when perennial plants have been grown in the field 
over extended time (Vigne et al., 2004a,b; N. Capote and M. Cambra, 
Valencia, Spain, 2006, personal communication; I. Zagrai, Bistrita, Romania, 
2006, personal communication). These findings are not unexpected because 
transgenic plants typically express viral transgene transcripts at lower 
levels than viral RNA or DNA in virus-infected conventional plants. The 
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differential expression level can be orders of different magnitude (Vigne 
et al., 2004a). Therefore, it is anticipated that the rate of recombination should 
be substantially lower in transgenic compared to conventional plants.

It is also essential to determine if recombinant viruses have different 
biological properties, including potentially harmful properties, relative to 
parental viruses and non-hybrid viruses. This information is critical to 
evaluate the viability and fitness of recombinant viruses, especially those 
isolated from transgenic plants and to determine if they outcompete wild-
type viruses and show undesirable features. Some recombinant viruses 
have similar properties compared to non-recombinant viruses (Vigne 
et al., 2005) while others can exhibit exacerbated properties. For example, 
an artificial recombinant virus produced in vitro by replacing the 2b gene 
of CMV by the counterpart of TAV was significantly more virulent than 
either of its parents (Ding et al., 1996). Another recombinant between 
CMV and TAV could outcompete the parental viruses in co-infection 
experiments (Fernandez-Cuartero et al., 1994).

Another consideration for risk assessment is the insertion and expres-
sion of viral sequences in plants. This phenomenon is not exclusive to the 
application of the concept of pathogen-derived resistance. Indeed, the inte-
gration of viral sequences, in particular DNA sequences of pararetroviruses 
and geminiviruses, and RNA of retroviruses, into conventional plants has 
been described (Harper et al., 2002; Hansen et al., 2005). Integration of 
viral DNA sequences into host genomes involves recombination, mostly a 
non-homologous recombination event (Harper et al., 2002). Incorporation 
of RNA of retroviruses occurs by reverse transcription and the action of a 
virus-encoded integrase (Hansen et al., 2005). Recently, it has been sug-
gested that RNA recombination between PVY RNA and the RNA of a retro-
transposable element in grapevine can lead to the insertion of viral RNA 
into the plant genome (Tanne and Sela, 2005).

In summary, significant progress has been made over the last 15 years 
in addressing RNA recombination in transgenic plants expressing viral 
RNA. Remarkable advances provided valuable insights into the signifi-
cance of recombination. Extensive research and the commercial release of 
virus-resistant transgenic squash and papaya over one decade (James, 
2005; Shankula et al., 2005) infer a reasonable certainty of limited or no 
hazard in regard to the occurrence and outcome of RNA recombination. 
This indicates that transgenic plants expressing viral genes are unlikely to 
pose undue environmental risk.

Balancing Real Risks of RNA Recombination and Benefits 
of Virus-resistant Transgenic Plants

Field experiments have highlighted the numerous benefits of virus-
resistant transgenic plants to agriculture (Fuchs and Gonsalves, 1997, 
2002; Gonsalves, 1998). First, virus-resistant transgenic plants can be 
developed for crops for which no sources of host resistance is known or 
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can be manipulated by conventional breeding approaches. In that case, 
pathogen-derived resistance is an effective alternative approach to develop 
resistance. Second, pyramiding resistance to multiple viruses can be 
achieved. Third, virus diseases can be managed and their impact miti-
gated with the use of resistant transgenic cultivars. Fourth, commercial 
transgenic plants do not serve as primary virus sources for secondary 
vector-mediated transmission (Klas et al., 2006). Thus, they can reduce 
the impact of virus epidemics in neighbouring susceptible crops. Fifth, 
yield is significantly higher for transgenic plants and fruits are of market-
able quality even when plants are grown under conditions of high disease 
pressure. The commercial use of PRSV-resistant transgenic papaya in 
Hawaii increased production to the level seen prior to the severe PRSV 
epidemic (Gonsalves, 1998). Also, the net benefit of planting virus-
resistant transgenic squash was estimated at $19 million in the USA in 
2004 (Shankula et al., 2005). Altogether, benefits related to the use of 
virus-resistant transgenic plants are of horticultural, epidemiological, 
environmental, social and economical importance (Fuchs and Gonsalves, 
1997, 2002; Gonsalves, 1998).

A comparison of real risks and benefits of the use of virus-resistant 
transgenic plants should be the basis to decide on the safe deployment of 
the technology, especially if risks associated with alternative approaches 
do not outweigh benefits. So far, field evidence does not indicate 
that transgenic plants expressing viral genes increase the frequency of 
viral recombinants and create more severe virus variants than mixed 
infected conventional plants. Similarly, there is little evidence, if any, to 
infer that transgenic plants expressing viral genes favour the creation of 
new viruses that could not arise naturally from mixed infected conven-
tional plants (Falk and Bruening, 1994; Fuchs and Gonsalves, 1997, 2002; 
Miller et al., 1997; Hammond et al., 1999; Rubio et al., 1999; Martelli, 
2001). Thus, one can conclude with confidence that the benefits of using 
virus-resistant transgenic plants by far outweigh the perceived risks of 
recombination in relation to the deployment of viral transgenes to control 
virus diseases.

Conclusions and Future Directions

The likelihood of new viruses with undesired biological properties to 
emerge through recombination in transgenic plants expressing viral 
genes is extremely low. Also, no adverse effect has been reported in rela-
tion to RNA recombination 11 years after the commercialization of virus-
resistant transgenic squash and eight years after the commercialization 
of PRSV-resistant transgenic papaya. Should more research be conducted 
to address the issue of recombination in transgenic plants expressing 
viral genes? Providing additional information on the safe use of trans-
genic plants expressing viral genes could help increase the adoption of 
the technology.
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New research directions could focus on more field research to confirm 
the current trend, especially with transgenic perennial crops that are 
exposed continuously to virus infection over extended time. Such studies 
would be valuable to determine if the likelihood of recombination is higher 
in perennial than in annual crops or in herbaceous plants. Experiments 
could also be carried out in different environments by using viruses with 
different vectors and different transmission modes to assess on a larger scale 
and across different sites the significance of recombination in transgenic 
plants.

Limited information is available on the frequency of successful estab-
lishment of recombinant viruses after their development, although it 
appears that only recombinant viruses that are viable and have a selective 
advantage should outcompete natural populations. Also, little is known on 
the comparative fitness of recombinant viruses and parental lineages. In 
general, survival of a viral population, including recombinant variants, 
depends on the balance between replication fidelity and genomic flexibil-
ity. Maintaining a certain complexity of variants, including recombinants, 
enables a virus population to survive changes in the environment, such as 
replication in different tissues, systemic spread, adaptation to a new host, 
etc. Fitness advantages have been described for certain recombinant viruses 
although it is rare for a viable recombinant to have a selective advantage 
over parental viruses. Most of these areas of desirable progress, however, 
are more of academic relevance than of value to risk assessment.

There seem to be an increasing consensus within the scientific com-
munity that, while initially perceived as a major concern, RNA recombin-
ation in transgenic plants expressing viral genes should not be deemed 
risky. This is due to the fact that extensive research has provided a reason-
able certainty of limited or no hazard.
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Abstract
In Hawaii, transgenic papaya resistant to Papaya ringspot virus (PRSV) was devel-
oped starting in the 1980s and released commercially in 1998 to combat the wide-
spread destruction of Hawaii’s papaya industry. This review describes the proactive 
development of the transgenic papaya and its impact on stemming the destruction 
caused by PRSV in Puna, the main papaya producing area in Hawaii. It also focuses 
on the regulatory issues that were confronted in obtaining approval from the US 
government’s Environmental Protection Agency (EPA), Animal Plant Health 
Inspection Service (APHIS) and Food and Drug Administration (FDA). The per-
formance of the transgenic papaya is traced over the last 8 years following com-
mercial release, with special observations on the issues of environmental impact 
and coexistence with non-transgenic papaya. The latter is quite important since a 
significant part of Hawaii’s papaya is exported to Canada and Japan. Canada has 
approved the transgenic papaya, but efforts to get approval for export of transgenic 
papaya to Japan are still ongoing.

Introduction

Papaya (Carica papaya L.) is an important fruit crop in tropical and sub-
tropical regions due to its economic, nutritional, industrial, pharmaceuti-
cal and medicinal values, for local and export markets. Carica papaya, a 
member of the Caricaceae family, probably originated from the Southern 
part of Mexico and the Northern region of Central America (Badillo, 1993). 
It is relatively easy to grow from seed. The first mature fruits can be har-
vested 9 months after sowing, and fruits are produced year-round. The 
papaya was disseminated into the Asian tropics during the 1600s by seeds 
taken to the Malay Peninsula, India and Philippines. Documents show a 
wide distribution in the Pacific Islands by the 1800s (Nakasone, 1975). 
The Food and Agricultural Organization (FAO) of the United Nations (UN) 
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estimated that about 5.85 million tonnes of fruit were harvested in 2004, 
almost doubling the 1980 harvest. Brazil (21.6%), Mexico (13.1%), Nigeria 
(11.6%), Indonesia (11.1%) and India (10.1%) are the largest producers of 
papaya (FAO, 2004).

A major limiting factor for papaya cultivation worldwide is the disease 
caused by PRSV. Discovered in 1945, PRSV is the most widespread and 
damaging papaya virus. The name of the disease, papaya ringspot, is taken 
from the ringed spots on fruit of infected trees (Jensen, 1949). Trees infected 
with PRSV develop a range of symptoms: mosaic and chlor osis of leaf lam-
ina, water-soaked oily streaks on the petiole and upper part of the trunk, 
distortion of young leaves that resembles mite damage, loss of vigour and 
stunting (Purcifull et al., 1984). Plants infected at the seedling stage or 
within 2 months after planting do not normally produce mature fruit, while 
trees infected at later stages produce few fruits of poor quality, due to the 
presence of ringspots and generally lower sugar concentrations. PRSV is 
transmitted by numerous species of aphids in a non-persistent manner to a 
limited host range of cucurbits and papaya, and also produces local lesions 
on Chenopodium quinoa and C. amaranticolor. Evidence suggests that 
PRSV is not seed transmitted, although there has been a report of seed 
transmission. PRSV is grouped into two types: type P (PRSV-p) infects 
cucurbits and papaya; whereas type W (PRSV-w) formerly referred to as 
WMV-1 infects cucurbits but not papaya (Purcifull et al., 1984).

Much progress has been made in the molecular characterization of 
PRSV. Strains of PRSV-p from Hawaii and Taiwan have been completely 
sequenced (Yeh et al., 1992; Wang and Yeh, 1997). The genomic RNA 
consists of 10,326 nucleotides and has the typical array of genes found in 
potyviruses (Fig. 19.1A). The genome is monocistronic and is expressed 
via a large polyprotein that is subsequently cleaved to functional pro-
teins. There are two possible cleavage sites, 20 amino acids apart, for the 
N-terminus of the coat protein (CP). Both of these sites may be functional; 
the upstream site for producing a functional NIb protein (the RNA-
dependent RNA polymerase), and the other, to produce a CP that is 
capable of functioning in aphid transmission (Quemada et al., 1990; Yeh 
et al., 1992; Wang et al., 1994). It is impossible to segregate PRSV-p and 
PRSV-w types by their CP sequences. Within the p types, however, the CP 
sequences can diverge by as much as 12%.

The Hawaii papaya industry started in the 1940s on the island of Oahu, 
on about 200 ha (Ferreira et al., 1992). By the 1950s, production on Oahu 
was affected by PRSV and the industry moved to the island of Hawaii into 
the area of Puna, which had no PRSV nor commercial papaya production. 
Growing area increased to 263 ha by 1960 and to 911 ha in 1990. In con-
trast, the growing area on Oahu fell to less than 20 ha by 1990 (Ferreira 
et al., 1992). The yellow-fleshed ‘Kapoho’ was the dominant papaya grown 
in Puna, distantly followed by the red-fleshed ‘Sunrise’. In fact, Kapoho 
made up 95% of the state of Hawaii’s papaya production in 1992.

Remarkably, despite the presence of PRSV in Hilo only 30 km away, 
Puna remained free of PRSV for over 30 years, thanks to a surrounding 
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area of sparsely populated lava which served as a physical barrier and to 
diligence by the Hawaii Department of Agriculture (HDOA) in surveying 
and rogueing infected trees in those nearby communities. However, it was 
highly probable that PRSV would someday be found in Puna. In 1978, one 
of the authors (D. Gonsalves) started research towards developing control 
methods for PRSV. The development of virus-resistant transgenic papaya 
was initiated in the mid-1980s following unsuccessful attempts at con-
trolling the disease by non-biotechnological means. In 1992, PRSV was 
indeed discovered in Puna and papaya production there went from 
24,045 t in 1992 to 12,134 t in 1998, the year transgenic papaya was com-
mercialized and seeds were first released.

Fig. 19.1. (A) Organization and proteolytic protein products of the 10,326 base 
monocistonic PRSV genome. The N-terminal sequence of the PRSV HA 5-1 CP is 
shown at the top. Box arrows represent the proteolytic sites producing the mature CP. 
(From Tripathi et al., 2006.) (B) Map of the functional genes of the Agrobacterium
transformation vector pGA482GG/cpPRV-4 used for generating PRSV-resistant papaya. 
The PRSV CP gene cassette consists of the CP structural gene of PRSV HA 5-1 
translationally fused to the N-terminal end of the cucumber mosaic virus CP 
(CMV-PRV) including the translation initiation codon, the CMV 5' untranslated 
sequence (5'UTR) and the Cauliflower Mosaic Virus 35S promoter (35S). The 
CMV-PRV gene cassette is flanked by selectable and visible marker genes, nptII
and uidA (GUS), respectively. BR and BL are the left and right borders of the 
transformation vector T-DNA sequence. (From Ling et al., 1991.)
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In this chapter, we will cover the development of the transgenic 
papaya, the environmental risks and regulatory issues involved in its com-
mercialization and acceptance, and its impact on disease management. 
The readers are also referred to previous publications on the transgenic 
papaya case (Gonsalves, 1998, 2002, 2006; Gonsalves and Ferreira, 2003; 
Fermín et al., 2004; Gonsalves and Fermín, 2004; Gonsalves et al., 2006; 
Tripathi et al., 2006).

Development of Transgenic Papaya

In the mid-1980s, an exciting, yet unproven alternative approach to con-
trol viral diseases was introduced. Transgenic tobacco expressing the CP
gene of Tobacco mosaic virus (TMV) showed significant delay in the 
development of disease symptoms caused by TMV (Powell-Abel et al.,
1986). This approach, which provided protection against the detrimental 
effects of pathogens by expression of genes or sequences of the same or 
related pathogens, was coined ‘Parasite-Derived Resistance’ (now referred 
to as Pathogen-Derived Resistance or PDR) by Sanford and Johnston 
(Sanford and Johnston, 1985; Baulcombe, 1996; Baulcombe et al., 1996; 
Beachy, 1997). Of interest, the resistance was genetically inherited, offer-
ing a potentially effective and feasible way for controlling PRSV in 
papaya.

The mild Hawaiian PRSV strain HA 5-1 was used as the source of the 
CP gene for the transgene construct since the goal was to create papaya 
resistant to Hawaiian strains of the virus (Quemada et al., 1990). The 
transgene was designed to allow the translation of the CP gene, as at that 
time, it was thought that the CP protein was required for PDR. Since the 
PRSV CP is produced by post-translational protease cleavage (Fig. 19.1A), 
there are no native translation signals specific for the CP sequence. 
Therefore, a chimeric gene was designed utilizing the translation signals 
found in the leader sequence of the Cucumber mosaic virus (CMV) CP
gene fused in frame to the structural sequence of the PRSV CP (Fig. 19.1B) 
(Ling et al., 1991). A key point to transforming a papaya plant is the devel-
opment of tissue culture conditions, particularly for regeneration. Efforts 
to develop a papaya regeneration system were unsuccessful until a tech-
nique to produce highly embryogenic tissue starting from immature 
zygotic embryos was developed (Fitch and Manshardt, 1990). The biolis-
tic approach (Sanford et al., 1992) was used to transform papaya with the 
PRSV CP gene construct followed by selection and regeneration of 
kanamycin-resistant clones (Fitch et al., 1990, 1992). The target cultivars 
were the red-fleshed Sunrise, Sunset (a sib selection of Sunrise) and the 
yellow-fleshed Kapoho. A total of 10 papaya plants positive for GUS activ-
ity as well as for the CP gene by polymerase chain reaction (PCR) amplifi-
cation were obtained – five Sunset and five Kapoho (Fitch et al., 1990, 
1992).
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Initial resistance evaluations of R0 tranformants in the greenhouse and field

To determine the functionality of the PDR-based transgene system in 
papaya in a timely manner, screening for resistance was initially per-
formed on the original transformants (R0). Sufficient material for screen-
ing was accomplished through micropropagation to produce R0 clones for 
greenhouse inoculation tests with the severe Hawaiian PRSV isolate HA. 
One CP gene-positive line tested, a transformed Sunset line designated 
55-1, showed excellent resistance to PRSV HA (Fitch et al., 1992).

The research also moved ahead aggressively to determine whether the 
promising line 55-1 (R0 material) would be resistant to PRSV and have 
suitable horticultural characteristics under field conditions (Lius et al.,
1997). The experimental samples included micropropagated 55-1 R0

plants, non-transformed Sunset and a transgenic line lacking the CP gene 
planted in University of Hawaii fields located in Waimanalo, on the island 
of Oahu. Inoculations were performed either manually or by vector trans-
mission using an isolate found on Oahu. All of the non-transgenic plants 
became severely infected within 5 months and were completely deci-
mated by the end of the trial, whereas line 55-1 remained symptomless 
throughout the trial period which lasted from 1992 to 1994.

Comprehensive greenhouse resistance evaluations for progeny (R1) of promising line

R1 progeny of 55-1 were created by crossing a 55-1 R0 plant with non- transgenic 
papaya. Crossing R0 55-1 was necessary since it turned out to be a female 
plant and thus progeny could not be obtained directly from selfing. The 55-1 
R1 seedlings had a 50% segregation ratio for the neomycin phosphotrans-
ferase protein, suggesting that the transgene nptII insert and presumably the 
linked CP gene was present as a single copy in the parental R0 line.

Rl plants were used to screen for resistance to PRSV isolates from Hawaii 
and other regions under greenhouse conditions. Resistance of the 55-1 Rl plants 
was tested against PRSV isolates from Mexico, Florida, Bahamas, Australia, 
Brazil, China, Okinawa, Ecuador, Guam, Thailand, Jamaica and Hawaii 
(Tennant et al., 1994). Isolates from Guam, Brazil, Thailand, Ecuador and 
Okinawa induced severe symptoms on all transgenic plants, although the 
symptoms were not as severe as those observed on non-transgenic plants. 
Isolates from Australia, China and Jamaica induced an attenuated phenotype 
on all transgenic test plants. Excellent resistance was found for Hawaii isolates. 
A fraction of the plants infected with virus strains from the Bahamas, Mexico 
and Florida exhibited severe phenotypes whereas others were symptomless. 
Symptomless plants remained symptomless following reinoculation.

Development of cultivars ‘SunUp and Rainbow’

The R0 transgenic line 55-1 served as a source of germplasm to create 
SunUp and Rainbow, papaya destined to become commercial cultivars. 
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As mentioned previously, the 55-1 R0 plant was a transgenic Sunset, which 
is a commercial red-fleshed cultivar. The SunUp variety, which is 
homozygous (CP/CP) for the transgene, but is otherwise identical to Sunset, 
was created as the R3 generation of the original transformant 55-1. This 
germplasm held the hope for the development of new resistant varieties
since 100% of the progeny from crosses with any other non-transgenic 
variety would be hemizygous for the CP gene (CP/+). In Hawaii, the yel-
low-fleshed Kapoho variety is by far the most popular among farmers and 
consumers and has a pyriform shape and medium size, which are desirable 
commercial characteristics for packing and shipping. Thus, in attempt to 
combine the PRSV resistance and Kapoho characteristics, Rainbow, an F1

hybrid between SunUp and Kapoho, was created (Manshardt, 1999). The 
resulting Rainbow cultivar bore pear-shaped fruit with yellow-orange flesh 
as anticipated and was hemizygous for the transgene (CP/+).

Performance of Transgenic Cultivars

Field trial of SunUp and Rainbow in Puna

By 1994, the complete devastation caused by PRSV in Kapoho, a major 
papaya producing area of Puna, created a critical situation for survival of 
the Hawaii papaya industry. At the same time, the results from the R0 field 
trial on Oahu were quite encouraging. A field trial was conducted in Kapoho 
to determine if the transgenic papaya could be used to rescue the papaya 
industry. By late 1994, an application for a field trial was submitted to 
APHIS. Approval was obtained in early 1995 and the field trial was set up 
in Kapoho in October 1995 (Ferreira et al., 2002). The field trial was allowed 
with the stipulation that (i) the field must be sufficiently isolated from com-
mercial orchards to minimize the chance of transgenic pollen escaping to 
non-transgenic material outside of the field test; (ii) all abandoned papaya 
trees in the area must be monitored for the introgression of the transgene 
into fruits of these trees; and (iii) all fruits had to be buried on site.

The results from the field trial (Fig. 19.2) clearly demonstrated the 
potential value of the transgenic papaya (Gonsalves, 1998; Ferreira et al.,
2002). Except for three plants that showed infection at the beginning of 
the trial, none of the transgenic plants became infected. In contrast, 50% 
of the non-transgenic control plants were infected within 5 months after 
transplanting while all were infected by 7 months. Rainbow averaged 
about 112,082 kg/ha/year of marketable fruit during the trial, a higher 
yield compared to the average production from non-infected Kapoho, 
whereas the non-transgenic plants averaged about 5604 kg/ha/year. In 
addition to evaluating Rainbow for PRSV resistance, it was also critical to 
analyse its fruit for taste, production, colour, size, and packing and ship-
ping qualities as it was targeted as the alternative variety to Kapoho. The 
consensus was that Rainbow is a more than adequate substitute for Kapoho 
even though Rainbow has a slightly larger fruit size.
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Greenhouse evaluation of Rainbow and SunUp: the effect of transgene copy number, 
plant development and coat protein homology

As noted above, earlier greenhouse work revealed that the resistance of R1

plants of line 55-1 was narrow in that they were resistant to PRSV isolates 
from Hawaii but largely susceptible to isolates outside of Hawaii. In fol-
low up greenhouse studies (Tennant et al., 2001), Rainbow showed simi-
lar narrow resistance as R1 plants of line 55-1 (Table 19.1). In contrast, 
SunUp showed resistance to Hawaii isolates and to isolates from Jamaica 
and Brazil. It thus appeared that CP gene dosage affected the broadness of 
resistance since SunUp is homozygous and Rainbow hemizygous for the 
CP gene. Further studies also showed that plant development (age and 
height) made a difference in that Rainbow at a young age showed variable 
resistance to Hawaii isolates but complete resistance as plants were older 
and larger. Likewise, the young SunUp were susceptible to the Thailand 
isolate but older ones were resistant or showed a long delay in symptom 
expression.

Fig. 19.2. Aerial view of the transgenic papaya field trial in Puna, Hawaii. At the 
centre is a block of Rainbow plants surrounded by non-transgenic Sunrise, which are 
stunted due to PRSV infection. Adjacent to the field at the upper right was a similar 
block consisting of a non-transgenic version of Rainbow (F1, Sunset × Kapoho) and a 
transgenic line similar to Rainbow but with a distinct transgene insertion. The open 
area in the lower right foreground is the position of the abandoned, PRSV-infected 
papaya field used as the source of virus inoculum and cleared prior to flowering of the 
experimental field. (From Tripathi et al., 2006.)
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Comparison of the CP gene sequences from the various isolates sug-
gested that resistance is affected by CP homology to the transgene, with the 
resistance being strongest against PRSV isolates with the highest homology 
to the transgene. The CP genes of Hawaiian PRSV isolates showed 97–100% 
homology to the transgene CP, while the CP genes of other isolates (Jamaica, 
Brazil, Thailand) showed 89–93% homology. The CP gene of the Thai PRSV 
isolate had the least homology to the transgene CP. The above observations 
are consistent with a resistance mechanism based on homology-dependent 
post-transcriptional gene silencing (PTGS). Lastly, nuclear run-on experi-
ments confirmed PTGS (Tennant et al., 2001).

Deregulation and Commercialization of SunUp and Rainbow Papaya

In this section, we discuss the steps leading to the deregulation of Rainbow 
and SunUp in the USA, detailing the roles of the various federal agencies 
in this process. The timetable of events is shown in Table 19.2. The USA 
has a coordinated, risked-based system for ensuring that new biotechnol-
ogy products are safe for the environment based on a policy ‘Coordinated 
Framework for Regulation of Biotechnology’, established in 1986 (PEW, 
2004). The policy is carried out by three federal agencies: APHIS, the reg-
ulatory arm of the US Department of Agriculture (USDA); the EPA; and 
the FDA. A new web site with coordinated information from the three 
federal agencies including a database of completed reviews of genetically 
engineered (GE) crops can be found at http://usbiotechreg.nbii.gov/. The 
role of the state in regulation of genetically modified organisms (GMO), in 

Table 19.1. CP nucleotide sequence homologies of PRSV isolates to PRSV HA 5-1 
and summary of reactions of isolates inoculated to Rainbow and SunUp papaya. 
(From Tripathi et al., 2006.) (Modified from Tennant et al., 2001.)

 % Homology to transgene CP Reaction to isolates

PRSV isolates N core C 3' ncr overall Rainbow SunUp

Hawaii-HA 99.3 99.8 100 100 99.8 R R
Hawaii-OA 97.3 98.0 100 95.7 97.9 sR R
Hawaii-KA 95.3 97.1 98.3 93.6 96.7 sR R
Hawaii-KE 95.3 97.1 98.3 93.6 96.7 sR R
Jamaica-JA 89.3 95.0 91.5 69.6 92.5 S R
Brazil-BR 84.4 93.9 98.3 73.3 91.6 S R
Thailand-TH 83.7 90.7 91.5 89.4 89.5 S sR

Rainbow and SunUp are hemizygous (CP/+) and homozygous (CP/CP ), respectively, for 
the PRSV HA 5-1 CP transgene. N = 199 nucleotides of the amino terminus, core = 641 
nucleotides of the core region, C = 59 nucleotides of the carboxy terminus and 3' ncr = 35 
nucleotides of the non-coding regions following the stop codon. R = resistant. sR = susceptible 
at young stages and resistant at older stages. S = susceptible.

http://usbiotechreg.nbii.gov/
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general, parallels that of federal regulations although the specifics differ 
between state to state (Taylor et al., 2004).

APHIS is responsible for most issues relating to environmental safety 
and regulates GE crops as ‘regulated articles’, organisms and products 
known or suspected to be plant pests, or plant pest risks. This regulation is 
currently administered through the Biotechnology Regulatory Service (BRS) 
of APHIS. APHIS regulates the import, handling, interstate movement, 
release into environment including confined experimental use and field 
trials of GE crops under the Plant Protection Act (PPA) of 2000. Evaluation 
is based on: potential environmental impact for plant pest risk; disease and 
pest susceptibilities; the expression of gene products, new enzymes or 
changes to plant metabolism; weediness and impact on sexually compatible 
plants; agricultural or cultivation practices; effects on non-target organisms; 
and the potential for gene transfer to other types of organisms.

Table 19.2. History of development and deregulation of SunUp and Rainbow in the USA. 
(Modified from Tripathi et al., 2006.)

Year Event Reference

1990 PRSV-resistant papaya R0 line 55-1 hemizygous  Fitch et al. (1992)
  for the CP transgene is created by biolistic 
  transformation.
1991 APHIS issues permit for field trial of 55-1 in University 
  of Hawaii’s experimental farm in Waimanalo. 
1992 Greenhouse evaluation of a R1 line hemizygous for  Tennant et al. (1994)
  the CP transgene of 55-1
1992 First field trial of 55-1 transgenic papaya was  Lius et al. (1994, 1997); 
  conducted in Waimanalo on Oahu island. During   Manshardt (1999)
  this time cultivars Rainbow and SunUp hemizygous 
  and homozygous, respectively, for the CP transgene 
  found in 55-1 were developed.
1994 Initial consultation with the FDA 
1995 APHIS issues a permit for a second field trial.  Ferreira et al. (2002)
  Field trial of SunUp and Rainbow began in Puna 
  on Hawaii island
1996 Transgenic line 55-1 and its derivatives were  Gonsalves (1998); Strating
  deregulated by APHIS  (1996)
1997 Submission of safety and nutritional assessment 
  of 55-1 to FDA 
1997 Exemption from EPA was granted Gonsalves (1998)
1997 FDA approval was granted for the transgenic lines Gonsalves (1998)
1998 Bulk seed production of SunUp and Rainbow  Wenslaff and Osgood (1999)
  was completed
1998 License agreements were obtained from all parties  Gonsalves (1998)
  allowing the commercial cultivation of transgenic 
  papaya and its derivatives in Hawaii only. 
  Seeds were released to farmers.
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In reference to evaluation of papaya line 55-1 from which SunUp and 
Rainbow were derived, APHIS was largely concerned with the potential 
risk of heteroencapsidation, recombination, transgene flow to wild rela-
tives and weediness of virus-resistant papaya. These aspects will be dis-
cussed in detail later, in the section on Environmental Risk Issues. In 
November 1996, transgenic line 55-1 and its derivatives were deregulated 
by a decision document and environmental assessment (EA) document 
concluding a ‘Finding of No Significant Impact’ (FONSI) from APHIS 
(Strating, 1996).

EPA, through its Biopesticides and Pollution Prevention Division of 
the Office of Pesticide Programmes, regulates the sale, distribution and 
use of pesticides to protect both human health (food safety) and the envir-
onment from pesticides. Under the Federal Insecticide, Fungicide and 
Rodenticide Act (FIFRA), regulated pesticides include ‘pesticidal sub-
stances’ produced by plants and microbes (products of biotechnology). 
Pesticides produced by GE plants are referred to as biopesticides or plant-
incorporated protectants (PIP) and are regulated by the EPA. However, 
biopesticides or PIPs produced naturally by non-GE organisms are 
exempt. EPA regulates the pesticides but not the plant itself. Use permits 
are issued for field testing. Applicants must register pesticidal products 
prior to their sale and distribution and EPA may establish conditions for 
use as part of the registration. The EPA sets tolerance limits for residues 
of pesticides on and in food and animal feed under the Federal Food, 
Drug and Cosmetic Act (FFDCA). The EPA, through its Office of Prevention 
and Toxic Substances Biotechnology Programme, regulates products of 
biotechnology through its interpretation that organisms are ‘chemical 
substances’ under the Toxic Substances Control Act (TSCA). Developers 
must notify the EPA 90 days prior to manufacture or 60 days prior to field 
testing of a product regulated by TSCA. According to the EPA, the PRSV 
CP transgene is a pesticide because it confers resistance to plant viruses. 
Thus, it was subjected to tolerance-levels evaluation in the plant. In the 
permit application, we petitioned for an exemption from tolerance levels 
of the CP produced by the transgenic plant. We contended that the pesti-
cide (the CP gene) was already present in many fruits consumed by the 
public, since much of the papaya eaten in the tropics is from PRSV-
infected plants. In fact, we had earlier used cross-protection to control 
PRSV and fruits from these trees were sold to consumers. Furthermore, 
there is no evidence to date that the CP of PRSV or other plant viruses is 
allergenic or detrimental to human health in any way. Finally, measured 
amounts of CP RNA or protein in transgenic plants were much lower 
than those of infected plants. An exemption from tolerance to lines 55-1 
was granted in August 1997.

FDA, through its Centre for Food Safety and Nutrition (CFSN), is 
responsible for ensuring the safety and proper labelling of all plant-derived 
foods and feeds, including those developed through bioengineering under 
the FFDCA. However, the true legal responsibility for food safety falls upon 
the developer. The FDA is also concerned with possible ‘food additives’, 
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substances introduced into food that are not pesticides or not generally 
recognized as safe (GRAS). This agency follows a consultative process 
whereby the investigators submit an application with data and statements 
corroborating that the product is not harmful to human health. Evaluation 
by the FDA is based on the idea of ‘substantial equivalence’, meaning the 
nutritional or toxin content of a GE food is within the range normally found 
in conventional varieties. If the GE food is substantially equivalent, then it 
is regulated in the same way as non-GE food. GE foods which are nutrition-
ally different, such as canola or soybeans with altered oil content, require 
labelling. In the evaluation of transgenic papaya 55-1 by the FDA, several 
aspects were considered: the range of concentration of some important 
vitamins, including vitamin C; the presence of uidA and nptII genes; and 
whether transgenic papaya had abnormally high concentrations of benzyl 
isothiocyanate (BITC). This latter compound has been reported in papaya 
(Tang, 1971). FDA approval was granted in September 1997.

Intellectual property rights

In the USA, a transgenic product cannot legally be commercialized unless 
it is fully deregulated and until licenses are obtained for the use of the 
intellectual property rights for processes or components that are part of 
the product or that have been used to develop the product (Gonsalves, 
1998). The processes in question were the gene gun and PDR, in particu-
lar, CP-mediated protection. The components were translational enhance-
ment leader sequences and genes (nptII, uidA and CP). This crucial hurdle 
involved legal and financial considerations beyond our means and exper-
tise. These tasks were taken up by the industry’s Papaya Administrative 
committee (PAC) and its legal counsel, Michael Goldman. The license 
agreements were obtained from all parties in April 1998, allowing the 
commercial cultivation of the papaya or its derivatives in Hawaii only. On 
1 May, 1998 seeds were distributed free to growers who qualified by 
watching an educational video and signing an agreement that restricted 
growing of transgenic papaya only in Hawaii. Fruits can be sold outside 
Hawaii, provided that the importing state or country allows the import-
ation and sale of transgenic papaya (Gonsalves, 1998). Thus, commerciali-
zation of SunUp and Rainbow began in Hawaii in 1998, 8 years after 
transgenic papaya 55-1 was first created. This followed deregulation by 
APHIS, which occurred in 1996, 4 years after the first field trials and 
deregulation by the EPA and FDA in 1997.

Impact of Rainbow on Papaya Production

The impact of the transgenic papaya on the papaya industry can be seen by 
its rapid rate of adoption in Puna, expressed as the percentage of bearing 
(actively producing) area of Rainbow and Kapoho (Table 19.3). In 2000, 
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production in Puna rebounded to 15,399 t from the production low of 
11,617 t in 1999 (Table 19.4). This coincided with the first recorded har-
vests from Rainbow, which comprised 56% of the bearing area that year, 
while Kapoho comprised 38%. In 2001, Puna papaya production peaked at 
18,275 t with a near equal percentage of bearing area of Rainbow and 
Kapoho. In recent years, the percentage of bearing area of Rainbow has 
seen an upward trend to the current high of 66% as of 2005. These data 
indicate that Rainbow has been fully embraced by commercial growers as 
a popular and profitable cultivar. While the production levels for 2004 and 
2005 seem to suggest a downward decline, the actual yields on a per hec-
tare basis have been consistently higher after the introduction of Rainbow 
compared to yields before its introduction in 1998.

The impact of PRSV on papaya production can be observed by 
examining the contribution of Puna to Hawaii’s total fresh papaya pro-
duction. In 1992, Puna produced 24,045 t or 95% of the state’s 25,310 t 
of fresh papaya (Table 19.4). Puna’s production remained high for 2 
years following the discovery of PRSV as a result of massive efforts to 
control the spread of the virus. In the years of total production decline 
caused by PRSV from 1995 to 1999, there was a concomitant sharp 
decrease in the percentage of papaya harvested from Puna. However, 
since the first recorded harvest of Rainbow in 2000, Puna’s contribution 
to production has steadily and continually climbed, reaching 88% of 
the state’s total in 2005. A substantial portion of this increase as noted 
above is due to the contribution of Rainbow to the bearing area. The 
data seem to indicate that acquisition of virus-resistant Rainbow has 
had a stabilizing effect on papaya production in Puna and subsequently 
on the industry as a whole. In 2005, when production in Puna reached 
a recent low of 12,206 t, it still accounted for 88% of Hawaii’s total fresh 

Table 19.3. Production of transgenic papaya in Puna, Hawaii. 
(Modified from Tripathi et al., 2006.)

Year Bearing hectare % Kapoho % Rainbow Production

1998 663.7 100 0 12,134
2000 485.6 38 56 15,399
2001 677.8 45 47 18,275
2002 603.0 53 40 16,275
2003 574.7 45 47 16,209
2004 493.7 35 56 13,606
2005 511.9 22 66 12,206

Bearing area in Puna of non-transgenic Kapoho and transgenic Rainbow in 
hectares (ha) and the relationship to production (× 1000 kg) of fresh fruit 
utilized from the year 2000. Data for 1998 were included for reference. Data 
were compiled from USDA Statistical Reports of Papaya grown in Hawaii 
(www.nass.usda.gov/hi).

www.nass.usda.gov/hi
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papaya production, due to low overall productivity in the entire state. 
This reinforces the important role of Rainbow, since even aside from the 
negative impact of PRSV on papaya production, other variables such as 
the weather, rising costs of maintaining healthy orchards and low prices 
can also profoundly and negatively affect productivity and the health of 
the papaya industry.

Environmental Risk Issues

Rainbow and SunUp papaya are among the few transgenic crops accept-
ed for commercial production that carry the virus-resistance trait. Due 
to their potential impact on the environment and human health, the devel-
opment and release of virus-resistant transgenic plants expressing viral 
genes continues to raise special concerns beyond general contentions 
against transgene technology. The major concerns are heteroencapsida-
tion, recombination, transgene flow to wild relatives and potential weedi-
ness of virus-resistant plants (Fuchs et al., 1998, 1999; Thomas et al., 1998; 
Lin et al., 2003; Vigne et al., 2004; Fuchs and Gonsalves, 2007; Chapter 18, 
this volume). In this section, we will only discuss these concerns as they 
relate to the transgenic papaya in Hawaii.

Table 19.4. Fresh papaya production in the state of Hawaii and in the 
Puna district from 1992–2005a. (Modified from Tripathi et al., 2006.)

 Fresh papaya   
 utilization in Hawaii

Year Total (× 1000 kg) Puna (× 1000 kg) %

(Virus in Puna) 1992 25,310 24,045 95
1993 26,399 25,079 95
1994 25,492 25,186 99
1995 19,006 17,788 94
1996 17,146 15,511 90
1997 16,193 12,614 78
(Transgenic seeds  16,148 12,134 75
released) 1998
1999 17,872 11,617 65
2000 22,793 15,399 68
2001 23,587 18,275 77
2002 19,368 16,275 84
2003 18,507 16,209 87
2004 15,467 13,606 88
2005 13,925 12,206 88

a Data were compiled from USDA Statistical Reports of Papaya grown in Hawaii 
(www.nass.usda.gov/hi).

www.nass.usda.gov/hi
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Heteroencapsidation

Heteroencapsidation refers to the encapsidation of the genome of a chal-
lenge virus by the CP protein subunits expressed in a transgenic plant. 
Heteroencapsidation has been documented in transgenic herbaceous plants 
(Osburne et al., 1990; Holt and Beachy, 1991; Candelier-Harvey and Hull, 
1993; Lecoq et al., 1993; Hammond and Dienelt, 1997; Fuchs et al., 1998; 
Fuchs and Gonsalves, 2007).

Regarding the transgenic papaya in Hawaii, heteroencapsidation is of 
little or no consequence because papayas in Hawaii are infected only by 
PRSV. There have been reports of the tospovirus Tomato spotted wilt virus
in Hawaii, but it is not common. The only other major aphid-transmitted 
potyvirus to infect papaya is Papaya leaf distortion mosaic virus (PLDMV), 
but it does not occur in Hawaii. The PLDMV CP protein is not serologic-
ally related to that of PRSV (although they both belong to the same group) 
which may limit heteroencapsidation in nature. Evidence from our labora-
tory suggests that the mechanism of resistance in Rainbow and SunUp is 
via PTGS, with very low expression of both the transgene CP RNA and 
protein, much lower in fact than that observed upon PRSV infection in a 
non-transgenic plant. Thus, the likelihood of heteroencapsidation and 
increased risk beyond that which occurs during mixed infections in nature 
would presumably be low.

Recombination

Recombination of a viral transgene with an incoming virus can potentially 
lead to a genetic change which might allow the proliferation of novel 
recombinants (AIBS, 1995). Recombination is a potential environmental 
risk issue since it can theoretically result in changes in pathogenicity, such 
as increased virulence or impact on non-target organisms due to possible 
changes in host specificity (Fuchs and Gonsalves, 2007). In relation to the 
transgenic papaya in Hawaii, we have no evidence of recombination occur-
ring under field conditions. A major roadblock to recombination occurring 
in the transgenic papaya grown in Hawaii is that, so far, none of the PRSV 
isolates from Hawaii tested have been able to overcome transgenic papaya 
resistance.

Notwithstanding, the development of a system to produce infectious 
viral transcripts of PRSV in vitro (Chiang and Yeh, 1997) has provided a 
unique opportunity to begin to functionally identify viral gene segments 
involved in various functions including pathogenicity. In practice, this was 
accomplished by construction of in vitro transcription templates that con-
sisted of genetically engineered, chimeric PRSV genomes with the normal 
complement of genes, but composed of segments from two or more parental 
strains. The recombinant PRSV approach was used for the identification of 
gene segments involved in pathological differences between YK, a PRSV 
isolate from Taiwan and the Hawaiian isolate HA on transgenic Rainbow 
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and SunUp papaya. It had been assumed that the YK strain overcame 
resistance of Rainbow and SunUp mainly due to the low homology (89.9%) 
of its CP gene to the HA 5-1 CP transgene. To test this assumption, chi-
meric constructs were made with the HA virus containing all or portions 
of its CP gene and 3' end non-coding region replaced with that of the cor-
responding regions of YK (Chiang et al., 2001). Although recombinants 
with the entire CP gene of YK did indeed cause severe symptoms on 
Rainbow, these were not as severe as the wild type YK genome. Studies 
utilizing recombinant virus composed of segments from severe and mild 
strains of PRSV also indicated that the HC-Pro gene plays an important 
role in viral pathogeni city and acts as suppressor of the gene silencing 
defence mechanism in papaya (Tripathi et al., 2003, 2004; Yeh et al., 2003; 
Bau et al., 2004).

These functional experiments show that the CP is not the sole deter-
minant for pathogenicity, but that pathogenic properties of PRSV are gov-
erned by the collective contribution of multiple viral genes. In cases such 
as viral transmission, the CP gene functions in this process may require 
specific interactions with other gene(s) which must already be present in 
the challenge virus. One interpretation of this data is that should recombi-
nation occur, the CP originating from the transgene would only be expected 
to function in pathogenic processes in the context of closely related or 
near identical viral genomes which would consequently have similar 
properties to PRSV.

Transgene flow to wild relatives

One of the major environmental safety issues over virus-resistant trans-
genic crops is gene flow. Gene flow is not a risk specific to the virus-
resistance trait, but its impact on recipient plants could be affected by 
additional factors, such as plant virus and virus vector prevalence in the 
environment. Wild relatives of cultivated crops can acquire host genes 
and/or transgenes through pollen flow and their progeny resulting from 
gene transfer can exhibit undesired characteristics if the transferred genes 
provide them with a selective advantage (Fuchs and Gonsalves, 2007).

In Hawaii, there are neither wild relatives nor non-domesticated Carica 
papaya. Even if wild relatives (previously classified in the genus Carica but 
now classified in the genus Vasconcellea) were to exist in Hawaii, they are 
not sexually compatible with Carica papaya (Gonsalves et al., 2006). Thus, 
in Hawaii, there is no risk that gene flow will occur between transgenic 
papaya and non-domesticated papaya or wild relatives.

Weediness of virus-resistant papaya in Hawaii

PRSV was discovered in Hawaii in the 1940s. In the Territorial records 
prior to the 1940s, papaya was not listed as a weed. This indicates that 
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even in the absence of disease caused by PRSV, papaya is not nor does it 
become weedy. Similarly, addition of the virus-resistant trait should not 
cause papaya to become weedy. Indeed, observations since release of the 
virus-resistant transgenic papaya in Hawaii confirm that it is not a weed.

Management Issues

In this section, we discuss management issues relating to virus-resistant 
transgenic crops, citing examples directly from the practices employed in 
the commercial production of Rainbow and SunUp papaya in Hawaii. 
The important management issues discussed include understanding, 
guarding and extending the durability of PRSV resistance of transgenic 
papaya, factors and measures allowing the production of non-transgenic 
papaya and maximizing the utility of transgene resistance through culti-
var development. The issue of gene flow is discussed here in the context 
of ‘coexistence’ in the production of Hawaii’s non-transgenic and trans-
genic papaya as a management issue.

Durable resistance

The breakdown of resistance is of concern for any virus-resistant plant, 
whether derived from conventional breeding or through transgenics. It is 
a concern for managing or prolonging the effective period of the trans-
genic papaya to the point that its economic benefits are maximally real-
ized, particularly in light of the energy expended for its deregulation. 
As mentioned above, greenhouse inoculations of transgenic ‘Rainbow’ 
showed that the transgenic papaya was resistant to only some of the 
strains of PRSV collected from outside the USA (Tennant et al., 2001). 
Thus, it is critical to constantly monitor the introduction or emergence of 
viral strains that could overcome the resistance of the transgenic plants, 
and accordingly develop a proactive strategy. This practice is extremely 
important because it takes a long time to develop resistant plants. Since 
the development of Rainbow, personnel in Hawaii have been continually 
testing for the breakdown of resistance by routinely challenging Rainbow 
with locally collected PRSV isolates as well as monitoring Rainbow fields 
for suscep tible plants. In the 8 years since its commercial release, no 
breakdown in resistance to local isolates has been observed (Ferreira and 
Gonsalves, 2006).

Performance studies on SunUp and other transgenic papaya have 
shown that resistance can be broadened to other geographical isolates by 
increasing the transgene dosage (Tennant et al., 2001). Thus, in recent 
years, introgression and doubling of the 55-1 transgene into popular local 
cultivars has been employed as a approach to help sustain disease resist-
ance durability as well as variety in the market (Gonsalves et al., 2006) 
(see also the section ‘Development of new cultivars’). Another important 
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part of our disease management strategy has been to remain proactive and 
ready for the incidence of resistance breakdown by developing new trans-
genic lines that are resistant to PRSV strains from outside of Hawaii in 
addition to local strains (Fermín and Gonsalves, 2003; Gonsalves and 
Ferreira, 2006).

Production of non-transgenic papaya

One of the major contributions that the transgenic papaya has made to 
the Hawaiian papaya industry is that it has revived lucrative production 
of non-transgenic papaya (Gonsalves and Ferreira, 2003). This has 
occurred in several ways. First, the initial large-scale planting of trans-
genic papaya in established farms along with the elimination of aban-
doned virus-infected fields drastically reduced virus inocula and thus 
allowed for strategic planting of non-transgenic papaya in areas that did 
not have infection. As early as 1999, the HDOA instituted a plan to ensure 
the production of non-transgenic papaya in an area known as Kahuawai 
which is physically isolated from established fields in Puna. Kahuawai 
was also protected to some extent from aphid vectors carried over from 
infected fields since the prevailing winds came from the direction of the 
ocean which bordered the field (Gonsalves and Ferreira, 2003). Growers 
who followed the recommended practices of monitoring for and rogueing 
of infected plants were able to economically produce ‘Kapoho’ without 
major losses from PRSV. Second, although definitive experiments have 
not been carried out, it seems that transgenic papaya can provide a buffer 
zone to protect non-transgenic papayas that are planted within the con-
fines of the buffer. Our reasoning is that viruliferous aphids feeding 
on transgenic papaya will be purged of virus before travelling to the non-
transgenic plantings within the buffer. Thus, growing transgenic and 
non-transgenic papaya in relatively close proximity may function in 
management of PRSV infection of non-transgenic papaya. For reasons 
stated above, production of non-transgenic papaya in Hawaii continues 
today, and in fact is lucrative and vital, since Japan, which represents a 
significant share of the Hawaiian papaya export market, has a zero toler-
ance for transgenic papaya.

An ever-present and continual challenge in maintaining non- transgenic
papaya production in Puna is to prevent the significant build-up of virus. 
This is because PRSV is still around and therefore strict attention is 
required in planting non-transgenic papaya fields in locations isolated 
from other non-transgenic fields, and in the timely elimination (rogueing)
of infected trees and non-transgenic plantings that are no longer in pro-
duction to prevent the build-up of virus inoculum. Although important, 
these simple factors are often not practiced when there are no obvious 
signs for resurgence of PRSV. It is hoped that people will not forget the 
tremendous damage that PRSV caused to Hawaii’s papaya industry during 
the period 1992–1998.
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Coexistence

Coexistence, the growing of transgenic and non-transgenic papaya in prac-
tical proximity to each other such that they can be raised with minimal 
transfer of genetic characteristics from transgenic to non-transgenic, is in 
fact, being practiced in the Hawaiian papaya industry today. This situ-
ation has been brought about since both transgenic and non-transgenic 
papayas are necessary for the Hawaiian papaya industry, especially in the 
growing of organic papaya and in maintaining the Japanese market which 
at present does not accept transgenic papaya since the latter has not been 
deregulated in Japan. It should be noted that the USA does not require 
deregulated crops such as Rainbow and SunUp to be grown in specified 
locations within the USA.

One means by which practical tools have been introduced to the 
Hawaiian papaya industry for monitoring and managing non-transgenic 
papaya production is through adoption of an Identity Preservation Protocol 
(IPP) (Camp, 2003). This voluntary programme was established by the 
HDOA at the request of Japanese papaya importers. Documented compli-
ance to the regulations laid out in the IPP allows farmers and shippers to 
receive a certification letter from the HDOA that accompanies each papaya 
shipment. The incentive for participation in the programme is that the IPP 
certification letter allows papaya shipments to be distributed while 
Japanese officials perform tests for possible contaminating transgenic 
papaya from samples of the shipment. Shipments without the certifica-
tion letter must be held until the tests are completed, which may take 
anywhere from a few days to a week, during which time the fruit may lose 
quality and marketability.

In order to obtain an IPP certification letter, the non-transgenic papaya 
must come from papaya orchards approved by the HDOA. Every tree in 
the orchards in question must be derived from seeds produced in 
approved, non-GMO fields and each tree must be tested by the applicant 
and found to be negative for the transgene-linked GUS activity. A papaya-
free zone of at least 4.5 m must also separate the non-transgenic orchard. 
The applicant must subsequently submit detailed records of the trans-
gene detection tests to the HDOA. Prior to final approval of the field by 
the HDOA, the applicant must in addition randomly test one fruit from 
1% of the papaya trees in the field for presence of the transgene. Detailed 
postharvest protocols for minimizing the chance of contamination of 
non-transgenic papaya with transgenic papaya, including procedures 
such as the random testing of papaya prior to packing, must also be sub-
mitted to the HDOA and adhered to. If all criteria are met, the certifica-
tion letter from HDOA will accompany the shipment stating compliance 
with a properly conducted IPP.

In summary, coexistence is being routinely practiced in Hawaii’s 
papaya industry. The scheme of IPP has proved workable and economical 
as papaya is still being shipped routinely to Japan without evidence of 
transgenic fruits.
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Development of new cultivars

The successful control of PRSV by Rainbow papaya has spawned the 
development of new virus-resistant varieties, which have opened new 
market niches and has enabled the expansion of profitable production 
of papaya in other regions of Hawaii (Gonsalves et al., 2004). In addition 
to SunUp and Rainbow, two new cultivars, Poamoho Gold and Laie 
Gold, were developed primarily for growers on the island of Oahu (Fitch 
et al., 2002). In contrast, prior to 1998, Hawaii had only one dominant 
cultivar, the non-transgenic Kapoho and a small areage of Sunrise. 
Today, Hawaii has SunUp, Rainbow, Kapoho, Sunrise, Laie Gold and 
Poamoho Gold.

Efforts to Deregulate Transgenic Papaya in Canada and Japan

Although a major constraint to papaya production in Hawaii has been 
eliminated with the introduction of PRSV-resistant transgenic plants, 
Hawaii’s papaya industry still faces a number of challenges. Some of 
these challenges have been mentioned previously and include maintain-
ing production of non-transgenic papaya, the durability of the resistance 
of transgenic papaya, concerns particularly of organic growers that their 
crops will be contaminated by pollen flow and the general controversy 
over GMOs. In this section, we address the steps that have been and are 
being taken to gain market share of transgenic papaya in Canada and 
Japan.

Canada

Canada accounts for 11% of Hawaii’s papaya export market. Canada consid-
ers foods derived from GMOs as ‘novel foods’ and importation requires 
review and approval by Health Canada (HC), the government organization 
responsible for food safety. The Canadian Food Inspection Agency (CFIA) 
and Environment Canada (EC) are two other agencies involved in other 
aspects of regulation and approval of GMO-derived products. Health Canada 
approved the import of ‘SunUp’ and ‘Rainbow’ transgenic papaya for food 
purposes only in January 2003. Labelling of the approved transgenic papaya 
imported into Canada is not required. The data used for the nutritional 
assessment of the transformant line 55-1 included fruit composition (total 
soluble solids, carotenoids, vitamin C and minerals), which were within the 
range found in fruit of non-transgenic cultivars grown in Hawaii. In the toxi-
cology assessment, PRSV CP was not considered a ‘novel’ protein due to the 
history of human consumption of PRSV-infected fruit without adverse health 
effects (http://www.hc-sc.gc.ca/fn-an/gmf-agm/appro/papaya_e.html).

http://www.hc-sc.gc.ca/fn-an/gmf-agm/appro/papaya_e.html
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Japan

Currently, Japan accounts for 20% of Hawaii’s papaya export market. As 
mentioned above, the application process for sale of transgenic papaya, spe-
cifically derivatives of 55-1, in Japan has not yet been approved, so at present 
Hawaii exports only non-transgenic papaya to Japan. Obviously, approval 
for the sale and shipment of transgenic papaya will circumvent much of the 
concern and consequences of accidental introduction of transgenic papaya 
into Japan. Recently, government agencies such as the US Foreign Agricultural 
Service (FAS) have also expressed enthusiasm in support of this goal because 
of their interests in promoting US biotechnology in other countries. To this 
end, efforts to allow transgenic papaya into Japan were initiated by the then 
Papaya Administrative Committee or PAC (later replaced by the present day 
Hawaii Papaya Industry Association or HPIA) soon after the transgenic 
papaya was commercialized in Hawaii, with the researchers taking the lead 
in developing the petition. For the application to allow import of transgenic 
papaya to Japan, both food for human consumption and environmental 
safety issues are being evaluated. The petition to the Japanese Ministry of 
Agriculture, Forestry and Fisheries (MAFF) was approved in 2000, while a 
petition initially submitted to the Japanese Ministry of Health, Labour and 
Welfare (MHLW) in 2003 has undergone revision and is in the process of 
evaluation. Since the initial petitions were filed, additional information has 
been requested from both Japanese ministries due to subsequent adoption of 
new policies on the regulation of GMOs.

Currently, advisory committees and expert panelists of the Ministry of 
Agriculture, Forestry and Fisheries (MAFF) and the Ministry of the Environ-
ment (MOE) perform environmental risk assessment and safety evalua-
tions. The environmental safety policies follow the Biosafety Protocol 
implemented in 2004 by Japan’s ‘Law Concerning the Conservation and 
Sustainable Use of Biological Diversity through Regulations on the Use of 
Living Modified Organisms’ or ‘Cartagena Law’ (Sato, 2006). Japan’s laws 
and policies on environmental risk assessment follow along the lines of a 
UN agreement called The Cartagena Protocol on Biosafety (CPB) to which it 
is a member state (http://www.biodiv.org/biosafety/default.aspx). The CPB 
itself was adopted in 2000 and put into force in 2003. It is a supplementary 
agreement of the UN Environmental Programme’s (UNEP) Convention on 
Biological Diversity (CBD; http://www.biodiv.org/default.shtml). CBD is 
an international treaty for the development of national strategies for the 
conservation and sustainable use of biological diversity (sustainable devel-
opment) adopted at the UN Conference on Environment and Development 
(Earth Summit) in Rio de Janeiro in 1992 (http://www.un.org/geninfo/bp/
enviro.html). The CPB is based on the ‘precautionary principle’ and covers 
regulations dealing with the management or control of risks associated 
with transfer (particularly across borders), handling, and use of GMOs, 
termed Living Modified Organisms (LMOs), activities that might adversely 
affect the environment.

http://www.biodiv.org/biosafety/default.aspx
http://www.biodiv.org/default.shtml
http://www.un.org/geninfo/bp/enviro.html
http://www.un.org/geninfo/bp/enviro.html
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Some of the information and data requested by the MAFF and MOE 
included alleopathy on plants and soil microbial communities, physi ology
of papaya, aetiology of PRSV, and pollen biology relating to the potential 
for transgene contamination by pollination. One of the additional areas we 
were asked to address was the potential for recombination of transgene 
encoded sequences with other viruses and its possible impact.

An expert panel and committee of the Food Safety Commission (FSC) 
are evaluating issues relating to safety of food for human consumption. 
Their conclusions will be reported to the Ministry of Health, Labour and 
Welfare (MHLW) under Japan’s Food and Sanitation Law. Japan’s 
current policies regarding food safety of GMOs were established in 
2004 and draw upon some of the guidelines presented by the Ad Hoc 
Intergovernmental Task Force on Food Derived from Biotechnology of 
the Codex Alimentarius ‘food code’ Commission (http://www.who.int/
foodsafety/biotech/codex_taskforce/en/index.html) (http://www.fsc.go.jp/
senmon/idensi/gm_kijun_english.pdf). The commission is a subsidiary 
body of the UN Food and Agriculture Organization (FAO) and the World 
Health Organization (WHO).

The FSC requested information to determine substantial equivalence 
between non-transgenic and transgenic papaya for substances including 
BITC and papain, papaya fruit protein profiles, in addition to allergenicity 
related studies including PRSV CP heat stability and stability in simu-
lated intestinal and gastric fluid.

Detailed molecular genetic data including Southern hybridization 
analysis of 55-1 using probes covering the entire transformation plasmid, 
PCR of the insert border regions and sequence of the insertions and flank-
ing genomic DNA were required and prepared for submission to both the 
MHLW/FSC and the MAFF/MOE. In addition, open reading frame (ORF) 
analysis followed by Blast searches to all inclusive and allergen-specific 
databases were performed on the inserts and flanking genomic DNA to 
determine the potential expression of toxic or allergenic proteins. These 
bioinformatic data were submitted to the MHLW/FSC and the MAFF/
MOE. Such detailed molecular analysis of the transgene insertion event 
was not required by the relevant US regulatory agencies.

During review for potential allergenicity of transgene-derived pro-
teins, questions were raised on the potential allergenicity of the PRSV CP. 
According to the FAO/WHO, 2001 discussion (FAO/WHO, 2001), matches 
of six amino acids of a protein to known allergens make it a candidate for 
being an allergen. Using this criterion, Kleter and Peijnenburg (2002) 
determined that there was a single 6 amino acid match of the PRSV CP to 
a proposed allergen ABA 1, a protein of the human parasite Ascaris lum-
bricoides or the pig parasite Ascaris suum. In response, we claimed that 
for several reasons, the amino acid homology between PRSV CP and ABA 
1 is not relevant with regards to allergenicity; the amino acid sequence is 
not repeated in the CP sequence like allergenic epitopes usually are; there-
fore, it would not be expected to trigger the IgE response associated 
with allergens. The ABA 1 proposed allergenic peptide was found to not 

http://www.who.int/foodsafety/biotech/codex_taskforce/en/index.html
http://www.who.int/foodsafety/biotech/codex_taskforce/en/index.html
http://www.fsc.go.jp/senmon/idensi/gm_kijun_english.pdf
http://www.fsc.go.jp/senmon/idensi/gm_kijun_english.pdf
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be inherently allergenic outside the context of other Ascaris proteins 
(Paterson et al., 2002) and indeed, is not among the officially recognized 
allergens found at the International Union of Immunological Societies 
(IUIS) web site (http://www.allergen.org).

If the various agencies approve the Food Safety and Environmental 
Safety submissions, the form of labelling of the transgenic papaya will 
then be decided among subcommittee(s) of the MAFF and MHLW fol-
lowed by notification of the entire approval package to the World Trade 
Organization (WTO).

Receiving approval for the importation of transgenic papaya into Japan 
would have huge benefits to Hawaii’s papaya industry and would also 
advance the case for the acceptance and development of transgenic prod-
ucts outside the USA. Following approval, shippers of non-transgenic 
papaya would likely still have to label their cargo as such, but are also 
likely to be allowed to continue shipments in cases where errors occur 
within certain defined tolerance limits, a situation that contrasts with the 
present day strict zero tolerance policy against transgenic papaya.

The introduction of transgenic papaya fruit to Japan will allow 
consumers to make a personal choice, serving as a real life example for 
consumer acceptance of fresh GMO products outside of the USA. Since 
the transgenic Hawaiian papaya was not developed with support from 
multinational corporations and is not a major commodity transgenic crop, 
consumer acceptance should not be clouded by media hype and senti-
ment against the dominance of multinational corporations or international 
trade issues. Rather, it is hoped and anticipated that product acceptance 
will be influenced by factors such as quality, price, advertising, and phi-
losophy of the individual consumer. In this respect, the transgenic papaya 
will be a ground-breaking biotechnology for the greater, worldwide 
consumer and governmental acceptance of fresh transgenic products.

Conclusions

In this chapter, we have presented practical accounts on the steps taken to 
bring about the commercialization of virus-resistant transgenic papaya 
based on the PDR approach in Hawaii. More than 8 years after its introduc-
tion in 1998, the transgenic virus-resistant papaya continues to play a vital 
role in the Hawaiian papaya industry in the practical and effective manage-
ment of PRSV, which is essential for the economic production of papaya. 
Similarly, the more widespread implementation of virus-resistant transgene 
technology in papaya and other crops, including regional and under-
represented crops, should have a great impact on the management of virus 
diseases as well as on the economies and health of the local communities 
not currently enjoying its benefits. Understanding the actual risks and safety 
issues regarding the implementation of transgene technology under real life 
conditions and acceptance of the concept are important factors in the devel-
opment of sensible regulation and the greater adoption of the technology.

http://www.allergen.org
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Abstract
Complete genomes of at least one species from nearly every genus of plant patho-
genic bacteria have been sequenced, resulting in hundreds of megabases of new 
genetic information in the last decade. Many new virulence genes, often present in 
large pathogenicity islands, have been identified in both gram-negative and gram-
positive pathogens. The genome sequences, combined with functional genetic 
analyses, have allowed researchers to identify plant pathogen-specific virulence 
genes. The products of these virulence genes are attractive targets for disease con-
trol measures since methods targeting plant pathogen-specific mechanisms are 
less likely to endanger human health if bacterial resistance were to develop. 
Progress towards new disease control strategies depends on obtaining additional 
genome sequences; on describing the functions of bacterial proteins, RNAs, other 
polymers and signal molecules during all stages of the bacterial life cycle; and on 
transfer of technologically innovative pathogen detection methods to use with 
plant pathogens.

Introduction

Bacteria cause significant agricultural losses each year in both food and 
ornamental plant production. Bacterial pathogens can cause economic 
damage at all stages of food production, from seed decay diseases at plant-
ing to foliar, fruit and root damage during the growing season; to rots and 
wilts during fruit, vegetable and ornamental plant transport and storage. 
Some bacterial diseases, such as fruit russeting or specks and spots on 
fruit and vegetables, are mainly cosmetic, but are important since they 
reduce the value of the crop. Others, such as fire blight or bacter ial wilt, 
can cause devastating economic losses and even starvation.

When it comes to control of bacterial diseases, all farmers are essen-
tially organic growers because chemical control options are very limited 
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and growers must rely on integrated pest management. Preventative cop-
per sprays or copper seed treatments are one of the few chemical control 
methods available. Copper cannot control a bacterial infection once it has 
been initiated, and many bacteria are resistant to copper. Copper can be 
also phytotoxic, so its usefulness is limited (Cooksey, 1990). Antibiotics 
are used in some fruit orchards, but are not used on most crops due to 
concerns about development and spread of antibiotic resistance among 
bacterial pathogens (McManus et al., 2002). Plant resistance, pathogen 
indexing, sanitation, environmental control in greenhouses and use of 
healthy plant propagules are currently the only other widely used control 
measures available for bacterial pathogens (Daughtrey and Benson, 2005).

Biocontrol and plant disease resistance activators have been exam-
ined for many pathosystems. In fact, the first biocontrol microbe 
described for a plant pathogen was Agrobacterium radiobacter, which 
produces a nucleotide analogue that is imported by nopaline-producing 
Agrobacterium tumefaciens strains via agrocinopine permease (Farrand 
and Wang, 1992). A. radiobacter has been successfully used commercially 
to control crown gall for over 25 years, demonstrating that effective bio-
control of bacterial plant pathogens is possible. Among the reasons that 
this microbe is such an effective biocontrol are that it colonizes the same 
site as the pathogen, it competes directly with A. tumefaciens for nutri-
ents, and the nucleotide analogues that it produces do not affect most 
bacterial species, so it specifically inhibits the target pathogen. Direct 
competition for colonization sites also appears to be an important mecha-
nism for how Pseudomonas fluorescens 506 (BlightBan506) controls fire 
blight and russeting on fruit crops (Stockwell and Stack, 2007). Because 
this biocontrol agent does not kill the target pathogen, it is critical that it 
be applied at proper times so that it can colonize infection courts, such as 
newly opened blossoms, before the pathogen. Unfortunately, effective bio-
control methods are not available for most bacterial diseases.

Amazing advances in technology over the past few decades have 
opened the door to many new possibilities for control of bacterial dis-
eases. In the last 25 years, the first bacterial virulence genes were cloned 
and sequenced, mutagenesis methods and useful plasmids have been 
developed for most bacterial pathogens, the epidemiology of most import-
ant bacterial pathogens has been elucidated and genome sequences for at 
least one representative from nearly every genus of plant pathogenic bac-
teria have been decoded (Table 20.1). Probably the biggest advances in 
disease control that can be directly traced to genome sequencing are the 
many new pathogen detection methods available that can be used to con-
tain emerging pathogens and index seed prior to planting to eliminate 
pathogen-infested seed lots. In addition, multiple strategies for construct-
ing transgenic plants resistant against bacterial pathogens have been 
devised and tested, ranging from plant expression of insect antimicrobial 
peptides (Ohshima et al., 1999; Chapter 13, this volume), to plant resist-
ance proteins (Tu et al., 2000), to expression of bacterial enzymes that 
degrade pathogen signal molecules (Dong et al., 2001). Unfortunately, in 
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Table 20.1. Sequenced genomes of bacterial plant pathogens.

  Genome (circular unless noted) 

Pathogen Disease Chromosomes Plasmids Reference

GRAM-NEGATIVE    
Alphaproteobacteria    
Rhizobiales    
Agrobacterium    
A. tumefaciens C58 Crown gall 2.84 Mb 214 kb Wood et al. (2001)
  2.08 Mb (linear) 543 kb Goodner et al. (2001)
A. vitus S4  3.72 Mb 631 kb http://depts.washington.
     edu/agro/
  1.28 Mb (linear) 259 kb 
   212 kb 
   130 kb 
   79 kb 
Betaproteobacteria    
Burkholderiales    
Acidovorax    
A. avenae   5.3 Mb No  http://www.jgi.doe.gov/
 subsp. citrulli    plasmids  sequencing/why/
     CSP2006/
     Acidovorax.html
Burkholderia    
B. cenocepacia  3.870 Mb 92.7 kb http://www.sanger.
 J2315  3.217 Mb   ac.uk/Projects/
  0.876 Mb   B_cenocepacia/
Ralstonia    
R. solanacearum  Tomato wilt 3.7 Mb  Salanoubat et al. (2002)
 GMI1000  2.1 Mb
R. solanacearum  Brown rot of ~6 kb  Gabriel et al. (2006)
 UW551  potato 
R. solanacearum  Moko disease ~6 kb  http://www.cns.fr/
 MolK2  of banana    externe/English/
     Projets/Projet_
     Y/Y.html
R. solanacearum  Brown rot ~6 kb
 1609  of potato No genome  
Xylophilus   sequence 
   available  
Gammaproteobacteria    
Enterobacterales    
Dickeya    
D. dadantii 3937 Soft rot  4.9 Mb No  http://www.ahabs.wisc.
  and wilt   plasmids  edu/~pernalab/
     projects.html
Erwinia    
E. amylovora  Fire blight 3.8 Mb 71 kb http://www.sanger.
 Ea273     ac.uk/Projects/
     E_amylovora/
   28 kb 

Continued
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Table 20.1. Continued

  Genome (circular unless noted) 

Pathogen Disease Chromosomes Plasmids Reference

Pectobacterium
P. atrosepticum  Soft rot and   Bell et al. (2004)
 SCRI1043  blackleg of 
  potato   
P. carotovorum  Soft rot and ~5 Mb No  http://www.ahabs.wisc.
 WPP14  wilt   plasmids  edu/~pernalab/
     projects.html
P. brasiliensis  Soft rot and ~5 Mb No  http://www.ahabs.wisc.
 1692  blackleg of    plasmids  edu/~pernalab/
  potato    projects.html
Pantoea    
P. stewartii Stewart’s wilt ~5 Mb Numerous  http://www.
 of maize   plasmids  hgsc.bcm.tmc.
     edu/projects/
     microbial/Pstewartii/
Serratia  No genome sequence 
Pseudomonadales    
Pseudomonas    
P. syringae  Bacterial speck 6.40 Mb  74 kb Buell et al. (2003)
 pv. tomato  of tomato   67 kb
DC3000
P. syringae  Halo blight 5.93 Mb 132 kb Joardar et al. (2005)
 pv. phaseolicola  of bean   52 kb
1448A
P. syringae  Bacterial brown 6.09 Mb No plasmids Feil et al. (2005)
 pv. syringae  spot of bean
B728a    
Xanthomonadales    
Xanthomonas    
X. axonopodis  Citrus canker 5.17 Mb  33 kb da Silva et al. (2002)
 pv. citri 306    65 kb
X. campestris pv.  Black rot 5.08 Mb No plasmids da Silva et al. (2002)
 campestris   of crucifer
ATCC33913  
X. campestris  Bacterial spot 5.17 Mb  1.8 kb Thieme et al. (2005)
 pv. vesicatoria  of pepper 
  and tomato
85-10    38 kb
   183 kb
    19 kb
X. oryzae  Bacterial blight 4.94 Mb No plasmids Lee et al. (2005)
 pv. oryzae  of rice
KACC10331    
Xylella    
X. fastidiosa  Citrus  2.73 Mb  51 kb Simpson et al. (2000)
 pv. citrus 9a5c  variegated
  chlorosis   1.2 kb 

Continued
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Table 20.1. Continued

  Genome (circular unless noted) 

Pathogen Disease Chromosomes Plasmids Reference

X. fastidiosa  Almond leaf 2.43 Mb 51 kb Bhattacharyya et al.
 pv. almond  scorch    (2002b)
Dixon    
X. fastidiosa  Oleander leaf 2.63 Mb 30kb Bhattacharyya et al.
 pv. oleander  scorch    (2002b)
Ann-I    
GRAM-POSITIVE    
Actinobacteria    
Actinomycetales    
Clavibacter    
C. michiganenesis  Bacterial ring  In progress
 subsp.  rot of potato   
Sepedonicus    
C. michiganensis  Bacterial  In progress
 subsp.  canker   
Michiganensis    
Curtobacterium  No genome sequence available 
Leifsonia    
L. xyli subsp. xyli  Ratoon stunting 2.58 Mb No  Monteiro-Vitorello
 CTCB07  of sugar cane   plasmids   et al. (2004)
Rathayibacter  No genome sequence available 
Rhodococcus  No genome sequence available 
Streptomyces    
S. scabies 87.22 Common scab 10.1 Mb  No http://www.sanger.
   (linear)  plasmids  ac.uk/Projects/
     S_scabies/
Clostridia    
Clostridiales    
Clostridium  No genome sequence available
   for plant pathogenic Clostridium
Mollicutes    
Acholeplasmatales    
Phytoplasma    
Aster Yellows- Aster Yellows 707 kb 4.0 kb http://www.oardc.
 Witches Broom  and Witches    ohio-state.edu/
  Broom     phytoplasma/
     genome.htm
   4.0 kb 
   5.1 kb 
   4.3 kb 
Entoplasmatales    
Spiroplasma    
Spiroplasma Corn stunt In progress  http://www.oardc.
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     spiroplasma/
     genome.htm
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most cases, genetically modified plants resistant against bacterial patho-
gens have not been widely accepted by consumers. Even if transgenic 
plants became widely accepted, with current plant transformation tech-
nologies, transgenic plants are not a practical option for many areas of 
agriculture. For example, with ornamental crops, where multiple varieties 
of a myriad of species are produced, transformation of every variety is not 
feasible or economical (Daughtrey and Benson, 2005). Conventional plant 
breeding has also benefited from the genomic revolution and genomic 
tools have contributed to the development of new disease resistant plant 
varieties.

Unfortunately, with the exception of molecular tools that aid in plant 
breeding and the development of new detection methods, very little of the 
knowledge gained over the last decades has resulted in improved control 
of bacterial diseases, in great part due to limitations in the use of trans-
genic plants. However, our knowledge of bacterial genomics is only recently
gained and it is likely that great strides in control of bacterial diseases will 
be made in the coming decades.

Background

Bacteria are the most successful life form on earth, and by their ubiquity, 
define where life can exist and what biochemistry can do. Bacteria also 
define variability, with strains considered to be within a single species if 
they are only 70% genetically identical. Bacterial cell size ranges from 0.3 µm
to 0.75 mm in diameter, with cell volumes among species differing by over a 
million-fold. The genome sizes of free-living bacteria also vary, ranging from 
580 kb to over 13 Mb. There are viruses that are larger than some bacteria and 
protozoa that are smaller than other bacteria. Bacteria can have circular and/
or linear chromosomes and plasmids and exchange genetic material across 
species, allowing them to adapt to many environments.

Many bacteria have symbiotic relationships with plants. The aerial 
surfaces of plants are harsh environments, laden with antimicrobial com-
pounds and exposed to high daily doses of ultraviolet light, yet this sur-
face can be colonized by multiple bacterial pathogens. Plant roots exist in 
soils with complex and competitive microbial communities that are 
dependent on nutrients released by root cells, and some plant pathogens 
can compete effectively in this niche as well. These pathogenic gram-negative
and gram-positive bacterial genera parasitize plants and cause diseases 
such as wilts, rots, spots, specks and tumours. Related genera cause ani-
mal disease, often using homologous virulence genes. The similarity 
between plant and animal bacterial pathogens is part of the difficulty in 
controlling plant pathogenic bacteria. Antibiotics work in both animal 
and plant hosts, but are restricted, in most cases, from use on plant patho-
gens in order to reduce the spread of antibiotic resistance genes among 
bacteria (McManus et al., 2002).
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Bacterial genome sequencing and functional genetics of plant patho-
genic bacteria bring the hope of new disease control methods to assuage 
losses from bacterial diseases. However, unless control measures are 
developed for which resistance cannot develop or plant pathogen-specific 
control measures are found, there will be similar concerns with the spread 
of resistance among bacterial human pathogens and control measures for 
bacterial plant pathogens will remain limited.

Currently, control of bacterial plant pathogens is limited to plant 
resistance, sanitation, pathogen indexing, preventative copper sprays, 
heat or copper treatment of seeds, and for a limited number of crops, anti-
biotics. With the exception of transgenic plants, there has been almost no 
progress in devising new control methods, as clearly illustrated by a 
review written by Bonde (1937), which describes control methods for bac-
terial ring rot, a highly contagious and devastating potato disease caused 
by Clavibacter michiganensis subsp. sepedonicus. The methods, such as a 
zero tolerance for this disease in seed potatoes and sanitation, have not 
changed since the review written almost 70 years ago. Pathogen detection 
assays are the only addition to the toolbox used to control this pathogen. 
Unfortunately, the routine use of detection assays is resisted by some 
growers and regulatory officials in the USA, which produces over $2.4 
billion in potatoes annually, since the regulatory consequences of a 
C. michiganensis subsp. sepedonicus pathogen detection are costly to 
farmers.

The deployment and usefulness of plant resistance against bacterial 
pathogens varies greatly across pathosystems. Plant resistance has proven 
effective in some cases for foliar pathogens, such as Pseudomonas and 
Xanthomonas. In other cases, such as the soft rot pathogens Pectobacterium
and Dickeya, the wilt pathogens Ralstonia solanacearum or Clavibacter
michiganensis subsp. michiganensis, no truly resistant cultivars are avail-
able. Plant resistance is actually discouraged in the case of the potato 
pathogen, C. michiganensis subsp. sepedonicus, which causes bacterial 
ring rot. Routine inspections of seed potato crops are an important part of 
controlling this contagious plant pathogen. Seed potato growers found 
several decades ago that potato cultivars with some resistance to bacterial 
ring rot could harbour the pathogen asymptomatically and cause it to 
become widespread in susceptible cultivars grown on the same farm. 
Therefore, production and certification of cultivars that do not express 
foliar symptoms of bacterial ring rot, which includes stunting, leaf curling 
and wilting, is limited in the USA and Canada.

Current control measures for bacterial diseases are not sufficient, par-
ticularly in tropical regions where farmers suffer devastating losses from 
bacterial pathogens, such as R. solanacearum, a soil and water borne path-
ogen that can attack nearly every vegetable and cash crop grown. Even in 
agricultural systems where good plant resistance is available, such as with 
Xanthomonas on rice (Leach and White, 1996), bacterial pathogens con-
tinue to evolve resistance, so a continuous investment in plant breeding to 
develop new resistant lines is required. Transgenic plants resistant to 
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bacterial diseases have not been accepted by consumers, so are not in 
widespread use.

Despite the limitations for control of bacterial plant pathogens imposed 
by concerns over spread of antibiotic resistance among human pathogens 
and genetically modified plants, advances in genome sequencing have 
made this a propitious time to discover new disease control measures. In 
the last decade, representatives from nearly all genera of plant pathogenic 
bacteria have been sequenced, resulting in hundreds of megabases of new 
genomic information, providing researchers with new functional genom-
ics methods that have hinted at new possibilities for disease control.

The plethora of genome sequences has allowed progress in functional 
genomics of plant pathogens. The currently published genome sequences 
are listed in Table 20.1. This list will grow exponentially in the next few 
years due to advances in sequencing technologies that allow genome 
sequences to be decoded in a few hours with relatively little expense 
(Margulies et al., 2005). Indeed, the challenges of the coming decade are 
not in obtaining genome sequences, but rather in devising methods to effi-
ciently and accurately annotate genomes and in developing scientific and 
bioinformatic tools to determine the roles of the many newly discovered 
genes. An even greater challenge is in determining the functions of these 
genes in the changing natural environment of microbial communities 
associated with plants and devising new control methods based on this 
knowledge.

Development of New Technologies for Disease Control

What will new control methods be?

This chapter focuses on targets for disease control revealed by functional 
genomics. The actual control mechanisms developed could range from 
chemical to biological control to transgenic plants, or a combination of 
these, and other new methods and possible methods are not discussed in 
depth. In many cases, the use of ‘inhibitors’ for disease control targets is 
mentioned; this is meant to refer to anything from a chemical inhibitor to 
a biological agent interfering with an aspect of bacterial virulence. The 
most suitable targets were defined as those that are present in plant patho-
gens and important for virulence, but lacking in animal pathogens and 
environmental bacteria. If specific inhibitors for these plant pathogen-
specific targets can be found, hopefully they will have a lower environ-
mental impact than copper or antibiotic sprays and the many types of 
broad-spectrum pesticides currently used to control fungi, insects and 
weeds in agriculture.

These criteria were used because the numerous enzymes required for 
all bacteria to grow and survive should be reserved for disease control 
measures that directly impact human disease. Widespread use of new 
antibiotics or similar new broad-spectrum control measures is likely to 



470 A.O. Charkowski

result in a faster acquisition of resistance by bacterial pathogens and 
reduce the usefulness of new drugs for deadly bacterial diseases. Concerns 
about resistance acquisition are particularly true for plant pathogens since 
many spend part of their life cycle in soils, which are reservoirs for new 
resistance mechanisms due to the complex and competitive microbial 
communities present in soil (D’Costa et al., 2006).

What will the future of bacterial plant disease control look like? 
Numerous potential targets have been identified by functional genomics, 
but it is not likely that a chemical silver bullet for bacterial plant patho-
gens will be found since these pathogens are so diverse. Rather, it seems 
more likely that a combination of resistant plants developed with the 
assistance of marker-assisted breeding, plant resistance activators and 
inhibitors of multiple plant pathogen-specific virulence genes designed 
for the local bacterial population infecting the crop, will be used. Growers 
will also probably use sophisticated pathogen detection methods capable 
of detecting known and emerging pathogens to test seed prior to planting 
and to describe microbial soil and water communities so that appropriate 
control measures can be used. Pathogen indexing of fields in combination 
with GPS information would allow growers to avoid planting or to use 
targeted biocontrol measures on areas of a field with high or highly virulent
pathogen populations. Growers will also still need to take every reasonable 
sanitation measure with their equipment, perhaps with new methods 
designed to combat bacterial biofilms.

How will targets be identified?

Few genes in bacterial pathogens are required for pathogenicity, rather 
most provide subtle and overlapping contributions to fitness on plant 
hosts. Sometimes the contribution to virulence can only be seen on some 
hosts or under some conditions. Therefore, it is difficult to identify new 
bacterial virulence genes through mutagenesis screens coupled with viru-
lence assays since the number of mutants multiplied by the number of 
hosts and conditions is tremendous. In addition, some bacterial patho-
gens are difficult to grow and genetically manipulate, so traditional muta-
genesis screens are not possible. Many researchers have successfully 
identified new virulence genes by taking advantage of genomics data that 
allows identification of virulence genes by location in a pathogenicity 
island or upregulation in plants or in response to a plant-induced regula-
tor. It is likely that new control targets will be found in similar ways.

Analysis of bacterial genomes has clearly shown that virulence genes, 
even those with unrelated functions, are often clustered in horizontally 
transferable pathogenicity islands, and sometimes multiple pathogenicity 
islands have been inserted into a single genetic locus. These gene islands 
may be identified by comparing genomes of closely related species to find 
clusters of genes present in only the species of interest. If no closely related 
genome sequences are available, putative gene islands can be identified 
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by the many hallmarks of horizontally transferred regions, including dif-
ferences in GC content, codon usage, adjacent phage, insertion element or 
plasmid sequences. In addition, in gram-negative bacteria, virulence gene 
islands are often inserted adjacent to individually encoded tRNAs, making 
these loci a fruitful place to search for virulence genes.

One of the clearest examples of a mobile pathogenicity island is in the 
660 kb island in the plant pathogenic Streptomyces sp. (Loria et al., 2006). 
These pathogens produce a necrosis-inducing toxin, Thaxtomin A, which 
is required for disease. During a screen designed to find the toxin synthe-
sis genes, a gene encoding a necrosis-inducing peptide, Nec1, was found. 
Nec1 is only produced by some pathogenic Streptomyces sp. and does not 
appear to play a large role in virulence. However, it is in the midst of a 
large horizontally transferable pathogenicity island and examination of 
the genes adjacent to Nec1 allowed identification of several other import-
ant virulence genes that may be targets for control of common scab. 
Similarly, the hecA gene, which is an adhesin important for the initial 
interactions between the soft rot pathogen Dickeya and host plants, was 
first identified because of its insertion adjacent to other Dickeya virulence 
genes in a large pathogenicity island (Rojas et al., 2002).

New control methods identified by high throughput screens

Numerous new drugs and antimicrobials have recently been identified by 
taking advantage of in vitro assays amenable to high throughput screens of 
compound libraries. Generally, development of new antimicrobials based 
on genomic data is found by the following process (Mills, 2003): (i) a con-
served enzyme target is identified by sequence analysis; (ii) the gene is 
proven to be essential for in vitro or in vivo growth or pathogenicity; 
(iii) an in vitro assay with purified protein or a in vivo reporter assay is 
developed; (iv) multiple isozymes of the protein product are tested with 
numerous compounds; and (v) the active compounds are characterized 
for potency, mechanism and spectrum. This type of approach has resulted 
in the identification of new antimicrobials that target essential genes, such 
as peptide deformylase (Clements et al., 2001), UDP-NAG enolpyruvyl 
transferase (Baum et al., 2001), 3-ketoacyl acyl carrier protein synthase III 
(He et al., 2004) and methionyl tRNA synthetase (Jarvest et al., 2002). Two 
of the main difficulties in converting an enzyme inhibitor into a useful 
antimicrobial are finding compounds that can pass through the bacterial 
cell membrane(s) and finding compounds that are not exported out of the 
cell via an efflux pump (Mills, 2003).

Recently, inhibitors that affect the type III secretion system (T3SS) or 
its substrates have been identified. For example, the activity of Pseudomonas
aeruginosa ExoU, a T3SS-secreted phospholipase that kills host cells, can 
be inhibited by several compounds known to inhibit phospholipases 
(Phillips et al., 2003) and these compounds also reduced pathogen viru-
lence in animal cell models. Excitingly, acetylated hydrazones that inhibit 
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the Yersinia pseudotuberculosis T3SS (Kauppi et al., 2003; Nordfelth et
al., 2005) reduced Yersinia virulence in animal cell models and also dis-
rupted the life cycle of the obligate animal pathogen Chlamydia trachom-
atis (Muschiol et al., 2006). Thus, it is possible that small molecules 
discovered to be active against plant pathogens amenable to culturing and 
high throughput screens may aid in the study of plant pathogens that are 
difficult or impossible to grow outside of plants.

New chemical inhibitors need not only be synthetic compounds in 
commercial libraries. Natural compounds produced by cells expressing 
heterologous genes isolated directly from complex environmental sam-
ples or by cells expressing genes modified in vitro to produce novel com-
pounds can also be potent antimicrobials (Clardy et al., 2006). The functional
genomic revolution has just begun to explore the diversity of natural prod-
ucts useful for disease control and many exciting findings are likely. With 
either synthetic or natural compounds, uptake into plants and distribu-
tion into xylem and other reservoirs of bacterial pathogens in plants, will 
be critical for the successful use of virulence inhibitors.

The first step: turning off bacterial defences

Plants produce both preformed and induced antimicrobials, which can 
interfere with the establishment of an initial population of bacteria in host 
tissues. Consequently, microbial pathogens have evolved mechanisms to 
counteract the presence of toxic substances, of which multidrug resist-
ance (MDR) efflux pumps are the most important for cell detoxification. 
Genes encoding MDRs are ubiquitous among bacteria, constituting on 
average more than 10% of the transporters in an organism. The specificity 
and importance of most of these MDRs to specific plant pathogens is 
unknown, although when the individual MDRs have been examined, they 
have been found to play critical roles in exporting plant antimicrobial 
compounds (Maggiorani Valecillos et al., 2006).

At least some plants counteract the action of MDRs, which extrude 
toxins out of cells, by inhibiting the MDRs. For example, the model plant 
Berberis fremontii produces berberine, a cationic alkaloid that can be 
transported out of bacterial cells, making it essentially ineffective in com-
bating bacterial pathogens (Stermitz et al., 2000). However, this plant spe-
cies also produces an MDR inhibitor, 5'-methoxyhydnocarpin (5'-MHC). 
Although 5'-MHC had no antimicrobial activity alone, it potentiated the 
action of berberine and other efflux pumps substrates, resulting in an 
accumulation of berberine in cells.

Inhibition of specific bacterial resistance MDRs by small molecules, 
either sprayed on to plants or produced by plants, may be suitable for 
control of bacterial pathogens in ornamental and vegetable plant protec-
tion, particularly if plant pathogen-specific MDRs can be identified. As 
more is learned about how naturally produced plant molecules affect bac-
terial pathogens, the coupling of potent plant-produced MDR inhibitors 



Genome Sequencing and Functional Genetics 473

with plant-produced antimicrobial compounds could prove valuable tar-
gets for breeding programmes. MDRs have already proven amenable to 
high throughput screens for inhibitors with animal pathogens; thus, the 
strategy of identifying either natural products or new compounds that 
inhibit efflux of antimicrobial compounds is also likely to work with plant 
pathogens (Pages et al., 2005). Importantly, combining MDR inhibitors 
with the strategies discussed below is likely to make many of these strat-
egies more effective as disease control measures.

Deregulation: gram-negative pathogens

Some bacterial species thrive in environments that are considered hostile 
or competitive, such as a leaf surface exposed to dry conditions and harsh 
ultraviolet light or a rhizosphere colonized by thousands of diverse spe-
cies competing for the same resources. To survive in these complex envir-
onments, bacteria are able to quickly modulate gene expression in response 
to changes caused by their hosts, competitor microbes or the environment. 
Modulation of these responses to cause bacterial pathogens to respond 
inappropriately to their hosts can be used to control bacterial diseases. 
Interference with bacterial responses to competitors or environmental
stresses could also provide a mechanism to reduce bacterial populations in 
soil, water or on plant surfaces.

Bacteria have numerous classes of gene regulators that vary in abun-
dance and diversity within a cell, species and genus. Some of these regu-
latory systems consist of a membrane-bound sensor and a DNA-binding 
response regulator, such as the two-component systems. Others are cyto-
plasmic proteins that bind substrates transported into the cell. Some regu-
lators are more commonly associated with laterally transferred gene 
islands, such as the LysR family, while others are well conserved across 
species and even genera, such as two-component systems.

Methods to disrupt regulatory cascades depend on the type of regula-
tor targeted and the desired specificity of the effect. Genome analysis has 
provided useful targets that could be plant pathogen-specific. For ex ample,
the HrpXY two-component system is found in most enterobacterial plant 
pathogens, but is lacking from all related animal pathogens. It controls 
expression of the T3SS, which encodes a molecular syringe that injects 
virulence proteins into host cells. This secretion system is required for 
pathogenicity of some enterobacterial plant pathogens, such as the fire 
blight pathogen Erwinia amylovora, and is therefore a useful target for 
control measures. Other regulators likely to be important for virulence in 
some enterobacterial pathogens, such as the LysR homologue adjacent to 
the cfa genes in the blackleg pathogen Pectobacterium atrosepticum, are 
not as widespread and are therefore less useful targets for control meas-
ures (Bell et al., 2004). Although the signals that most of the critical viru-
lence regulators respond to are unknown, the ease with which gene 
expression reporters dependent upon the action of these regulators can be 
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developed into high throughput screens should facilitate identification of 
virulence regulatory protein inhibitors.

Multiple small molecules are used by bacterial pathogens for cell–cell 
communication and virulence gene regulation (Visick and Fuqua, 2005). 
Some, such as the AI-2 system, are widespread in both gram-positive and 
gram-negative pathogens, and because of this, are probably not useful targets 
for plant pathogen-specific control measures (Abraham, 2006). Interference 
with a well-conserved regulatory system that affects expression of virulence 
genes in many gram-negative pathogens, the acyl-homoserine lactose (AHL) 
quorum sensing system, has proven effective in controlling bacterial dis-
eases in laboratory assays. Bacteria produce diffusible AHLs as a mecha-
nism to sense bacterial density (Chapter 2, this volume). Once a threshold 
is reached, pathogens may induce virulence gene expression. For example, 
the soft rot pathogen P. carotovorum induces expression of pectate lyases 
when AHL concentrations reach a threshold level (Andersson et al., 2000). 
Transgenic plants that degrade AHLs are resistant to soft rot symptoms 
caused by P. carotovorum (Dong et al., 2001). Plants that overproduce AHLs 
are also resistant, perhaps because the plants cause the pathogen to inap-
propriately express virulence genes, triggering plant defences (Mäe et al., 
2001).

It is unclear how useful these plants would be in commercial produc-
tion. Some soft rot pathogens, such as Dickeya sp., which is closely related 
to P. carotovorum, also produce AHLs, but only regulate a subset of plant 
cell wall degrading enzymes in response to AHL concentration, and 
mutants unable to produce AHLs are not affected in virulence in labora-
tory assays. Since both Pectobacterium and Dickeya sp. coexist in many 
regions of the world, genetically modified plants that interfere with AHL 
signalling may not significantly reduce the incidence of soft rot disease. 
Plants that inhibited AHL signalling are also able to be colonized to high 
levels by Pectobacterium in the absence of symptoms (Smadja et al., 2004). 
If cell wall degrading enzymes can then be triggered by alternate signals, 
this could lead to devastating crop losses; thus, the usefulness of this 
strategy is unclear. In addition, since AHL signalling is used by many ani-
mal pathogens, and intensive searches are under way for antagonists for 
use in medicine, this may be an inappropriate target for plant pathogens 
since resistance mechanisms could affect the efficacy of drugs used to 
treat human diseases.

Deregulation: gram-positive pathogens

Although the first small signalling molecules, the γ-butyrolactones, were 
identified in Streptomyces sp., very little is known about how these sig-
nals affect the virulence of gram-positive pathogens. The structure of 
these signal molecules is very similar to AHLs, and as with AHLs, 
γ-butyrolactones, produced by different species differ in side chain 
length and structure (Takano, 2006). Homologues of the γ-butyrolactone 



Genome Sequencing and Functional Genetics 475

receptor and a zinc metalloprotease involved in the synthesis of an 
Enterococcus faecalis signalling molecule were identified in the Leifsonia
xyli subsp. xyli genome (Monteiro-Vitorello et al., 2004). L. xyli subsp. 
xyli, which causes ratoon stunting of sugarcane, has among the smallest 
genomes of plant pathogens and the fewest virulence genes, yet the genes 
required for production and/or sensing of signal molecules have been 
retained. Therefore, although little or nothing is known about signal 
molecules produced by most gram-negative plant pathogens, it is likely 
that these or other signalling molecules are produced and are important 
for virulence.

In the soil bacterium Streptomyces griseus, γ-butyrolactones control 
antibiotic production and sporulation. If this or similar molecules affect 
production of secondary metabolites or sporulation in the plant patho-
genic Streptomyces, this could be a target for control of common scab. 
However, due to the widespread nature of Streptomyces in the soil and 
the important role that it plays in the soil microbial community, disrupt-
ing signalling molecules that are not specific to plant pathogenic species 
may be detrimental to beneficial microbes as well. Considering that the 
Streptomyces genomes are between 8 and 10 Mb, it is likely that many 
additional signal molecules important for virulence, perhaps specific to 
plant pathogenic Streptomyces, will be identified.

Other small targets: C-di-GMP and iron

Many other small molecules are important for bacterial signalling and 
nutrition and two important molecules are highlighted here. However, the 
importance of many of these small molecules and nutrients tends to be 
widespread among bacterial species. Thus, interfering with the roles or 
uptake of molecules required for life by most bacteria or which are import-
ant as secondary messengers in diverse species is not likely to result in 
plant pathogen-specific control measures.

Cyclic di-GMP was recently revealed as an important intracellular 
bacterial signal molecule. Concentration of cyclic di-GMP in cells is 
increased by proteins with GGDEF domains and reduced by proteins with 
either EAL or HD-GYP domains (Camilli and Bassler, 2006; Ryan et al.,
2006). Proteins may contain combinations of these three domains along 
with domains likely to sense environmental conditions. It is unclear if 
and how proteins with both GGDEF and EAL domains regulate, whether 
production or degradation of cyclic di-GMP is occurring. However, genetic 
experiments have shown that these proteins regulate important develop-
mental and virulence processes in bacteria, most likely through as yet 
unknown post-transcriptional processes. Since GGDEF, EAL and HD-GYP 
proteins are only found in bacteria and not eukaryotes, it may be possible 
to identify compounds that interfere with the action of these proteins, but 
that have no effect on eukaryotic host cells. However, because these pro-
teins are also present in environmental bacterial and animal pathogens 
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and it is possible that resistance to inhibitors could develop, inhibitors of 
these proteins should be reserved for treatment of human diseases.

Iron transport is important for all cells and iron is required for cell 
function. Iron uptake mechanisms are both heterogeneous within species 
and redundant within cells. These systems are also necessary for benefi-
cial bacteria and may also play a role in plant health since plant cells may 
also be able to absorb bacterial iron-siderophore complexes (Wang et al.,
1993; Masalha et al., 2000). In fact, production of siderophores by plant 
growth-promoting bacteria has been suggested as one mechanism by 
which these beneficial species improve plant health. Therefore, because 
of the importance of iron acquisition to human pathogens and beneficial 
microbes and the redundant and heterogeneous iron transport systems 
used by bacterial pathogens, chemical inhibition of iron transport does 
not seem likely to lead to useful control measures for plant diseases. 
However, it is likely to continue to be an important component of biocon-
trol measures used for bacterial pathogens.

Tell them where to go: interference with taxis

To cause disease, phytopathogenic bacteria must adhere to plants and 
then grow in or on plant tissue. After a period of growth, and possibly 
spread throughout the plant, symptoms may develop. Finally, these path-
ogens must be able to survive in plant debris, insect vectors or elsewhere 
in the environment until another plant host is encountered. Bacteria that 
are able to sense and move towards locations conducive to each step of 
this life cycle are likely to have a survival advantage. These chemosensory 
(taxis) signals are sensed by methyl-accepting chemotaxis proteins (MCPs) 
and the signals from these proteins ultimately feed into the flagella appar-
atus and affect the rotational direction of the bacterial flagella. Since mul-
tiple signals are present in the environment, bacteria need to have a 
balanced response to various attractants so they do not respond by mov-
ing toward an attractant present in a location that is poorer for energy gen-
eration than the environment that they currently inhabit. For motile 
pathogens, taxis towards nutrients or away from repellents are likely to be 
important for transitioning between these life cycle steps and a potential 
avenue for interference in pathogen life cycles.

One of the most striking differences between gram-negative animal 
and plant pathogens found through genomics is the abundance of MCPs 
in plant pathogens. For example, the soft rot pathogen P. atrosepticum
SCRI1043 has 36 MCPs, compared to 5–12 usually found in animal patho-
gens. Similarly, the leaf pathogen Pseudomonas syringae DC3000 has 49 
MCP genes, while the related animal pathogen P. aeruginosa has only 20.

It is possible that the multiple MCPs are present not only because they 
allow recognition of a greater variety of attractants, but because they also 
allow the plant pathogens to more finely tune taxis responses in different 
environments. This could be accomplished by encoding multiple MCPs 
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that each respond to the same attractants and repellants, but each of which 
is also differentially regulated and/or has a different level of transducer 
activity. This sensitivity to compounds in the environment may also affect 
how the plant pathogens interact with other bacteria in the environment 
since they may be attracted or repelled by a wider variety of bacterial 
and fungal metabolites in microbial communities than related animal 
pathogens.

Although the MCPs vary greatly among the plant pathogens, if a set of 
signals important for taxis towards hosts or for virulence could be identi-
fied, it may be possible to design antagonists of this signal that would 
blind bacterial pathogens to the presence of host plants. Since MCPs 
important for plant pathogenesis are likely to be lacking in animal patho-
gens, as evidenced by the paucity of MCPs in many animal pathogens, this 
proposed control mechanism might be plant pathogen-specific. MCPs can 
also sense repellents, although this has been little studied in plant pathogens.
It may also be possible to identify compounds that repel plant patho-
gens away from host plants, thereby making disease less likely to occur. 
This strategy is not likely to work with most gram-positive plant patho-
gens since only a handful of them, such as the soft rot Clostridium, are 
motile via flagella.

Inhibition of structure and function

Most conventional antibiotics and recently discovered chemical inhibi-
tors do not interfere with gene regulation or taxis. Rather, they disrupt the 
function of structural genes required for cell growth or bacterial patho-
genicity. For plant pathogens, inhibitors of structural virulence proteins 
are attractive targets because many of these virulence proteins are only 
found in plant pathogens; thus, it may be possible to develop plant patho-
gen-specific control methods that will not compromise human health. 
Functional genomics has revealed numerous targets, some of which are 
discussed below.

Bacterial syringes: type III secretion system inhibitors

The T3SS is a molecular syringe encoded by many gram-negative plant 
pathogens that delivers effector proteins directly into host cells, where the 
effector proteins disrupt plant defences and promote bacterial growth (Grant 
et al., 2006). At least two classes of T3SS important for pathogenicity are 
present in bacterial plant pathogens (Alfano and Collmer, 1997). These 
T3SS differ in gene organization, regulation and types of secreted effector 
proteins. The importance of the T3SS for virulence varies among patho-
gens. For example, P. syringae is dependent on this secretion system for 
growth in leaves, while in contrast, the T3SS makes only a small contribu-
tion to the virulence of soft rot enterobacteria. Animal pathogens also 
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encode T3SSs, but the structure of the outer part of the secretion system 
differs from those encoded by plant pathogens, and most of the secreted 
proteins also differ; thus, it should be possible to identify inhibitors of the 
plant-associated T3SSs and effectors. Some beneficial bacteria also encode 
T3SSs (Preston et al., 2001), but how widespread these T3SS are and their 
substrates and functions are unknown. Nor is it clear if and how T3SS 
inhibitors would affect beneficial bacteria on leaves or in the soil. The func-
tion and structure of plant pathogen T3SSs and their substrates are reviewed 
extensively in Chapter 2 in this book and will not be reviewed here.

Two characteristics of the T3SS make it amenable to high throughput 
assays for inhibitors. Similar to the flagella secretion system, the T3SS 
appears to be subject to negative regulation when it is not functioning 
properly (Preston et al., 1998). Therefore, it might be possible to use gene 
expression reporters to find structural inhibitors since inhibition of T3SS 
machinery assembly might result in lower expression of genes encoding 
either T3SS structural or secreted proteins. Second, in the soft rot patho-
gen D. dadantii, the T3SS is required for biofilm formation (Yap et al.,
2005); thus, a simple biofilm assay might be useful as a fast and inexpen-
sive screen for T3SS inhibitors.

Pat-1 inhibitors

Analysis of virulence factors on C. michiganensis plasmids led to the 
identification of Pat-1, a secreted protein with homology to serine pro-
teases. Pat-1 is required by C. michiganensis subsp. michiganensis for 
pathogenicity and confers pathogenicity to a non-pathogenic C. michigan-
ensis subsp. michganensis strain lacking the virulence plasmids (Dreier 
et al., 1997). Homologous genes are found in other gram-positive and 
gram-negative plant pathogens, including L. xyli subsp. xyli (Monteiro-
Vitorello et al., 2004) and Xanthomonas oryzae pv. oryzae (Thieme et al.,
2005). In the other plant pathogens, it is not clear if these homologues 
contribute to virulence. A disrupted homologue is also present in 
Xanthomonas campestris pv. vesicatoria, but not in either of the other two 
sequenced Xanthomonas strains (Thieme et al., 2005).

The importance of Pat-1 to pathogenicity in Clavibacter, and possibly in 
other pathogens, makes it an attractive target for control measures. To date, 
no serine protease activity has been demonstrated for this protein, although 
a C. michiganensis subsp. michiganensis strain with a mutation of a conserved 
motif required for protease activity in related proteins was non-pathogenic. 
It will be difficult to develop control measures aimed at this virulence factor 
until an in vitro activity assay can be developed for this protein.

No colonization without degradation? Enzyme inhibitors

Genome sequences of plant pathogenic bacteria have revealed that many 
plant pathogens, including those that do not cause plant maceration, such 
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as A. tumefaciens and P. syringae, encode numerous plant cell wall degrad-
ing enzymes, such as pectinases, cellulases, xylanases and proteases. Of 
these, proteases are secreted through type I secretion systems and the 
other cell wall degrading enzymes are secreted through type II secretion 
systems (T2SS). Most bacteria encode multiple type I secretion systems 
and one or two T2SSs. Proteins in addition to degradative enzymes are 
secreted via T2SS and the presence of multiple T2SS is not correlated 
with pectolytic ability. For example, P. atrosepticum, a soft rot pathogen, 
encodes only one T2SS, while P. syringae pv. phaseolicola, the bean 
halo blight pathogen, encodes two T2SS (Bell et al., 2004; Joardar et al.,
2005).

The contribution of these enzymes to pathogenicity has been mainly 
studied in pectolytic pathogens where mutation of T2SS or mutation of 
multiple genes encoding pectolytic enzymes, generally results in a reduc-
tion or elimination of virulence (Ray et al., 2000). Enzyme inhibitors 
would likely be able to control the soft rot pathogens that rely on these 
enzymes for pathogenicity. High throughput assays have already been 
developed for proteases, pectinases, cellulases and xylanases; thus, it 
should be possible to screen for inhibitors of these enzymes. Inhibition of 
these enzymes may be a plant pathogen-specific strategy for controlling 
bacterial diseases since these enzymes are not present in most animal 
pathogens.

Detoxifying toxins

There is evidence for production of multiple toxins in many plant patho-
genic bacteria. For example, X. oryzae pv. oryzae encodes genes homolo-
gous to those required for production of RTX toxin, which may act as 
inhibitors of ethylene biosynthesis, as well as producing several toxic 
organic acids (Lee et al., 2005). RTX toxins are also encoded by Xylella
fastidiosa and P. atrosepticum (Bell et al., 2004). Xanthomonas albiline-
ans produces the DNA replication inhibitor albicidins, which blocks plas-
tid replication as well as growth of competitor microbes (Birch and Patil, 
1985, 1987).

P. syringae produces several broad host range toxins, some of which 
play important roles in pathogenicity (Bender et al., 1999). These toxins 
have a wide range of targets. For example, coronatine, a chlorosis-inducing 
phytotoxin, appears to act as a methyl jasmonate mimic and interferes with 
plant defences. Tabtoxin, which is produced by P. syringae pv. tabaci,
inhibits glutamine synthetase, which results in a lethal build-up of ammo-
nia in plant cells. Phaseolotoxin acts by irreversibly inhibiting ornithine 
carbamoylphosphate transferase, a required enzyme in the urea cycle, 
resulting in an accumulation of ornithine and a lack of arginine and pseu-
domycin. Peptide and polyketide synthetases with unknown functions are 
present in many bacterial plant pathogen genomes and some of these genes 
may produce phytotoxins. Similar toxin-producing genes are rare in ani-
mal pathogens; thus, these are possible targets for plant pathogen-specific 
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control methods. Anzai et al. (1989) demonstrated that transgenic plants 
able to detoxify tabtoxin were resistant to symptoms caused by P. syringae,
but this approach has not been pursued further.

Interference with toxin function or production may also be useful for 
controlling gram-positive plant pathogens. Plant pathogenic Streptomyces
spp., which cause common scab on root and tuber crops, produce a toxin 
(thaxtomin A), which is required for pathogenicity. This toxin has a very 
broad host range and is able to inhibit cellulose synthesis on all plant spe-
cies tested (Loria et al., 2006). It also induces necrosis on plant tissue and 
inhibits seedling growth, probably due to its inhibition of cytokinesis. 
Because of its broad host range, it seems unlikely that plant resistance to 
thaxtomin A will be found. Due to its important role in Streptomyces
pathogenicity, toxin synthesis inhibitors, enzymes that degrade this toxin 
or other mechanisms of resistance against thaxtomin A would likely 
provide resistance to common scab.

Primary colours: pigment production inhibitors

Both gram-negative and gram-positive pathogens produce pigments, such 
as the carotenoids lycopene, spirilloxanthin, β-carotene, cryptoxanthine 
and canthaxanthin produced by some C. michiganensis subsp., which 
gives these strains yellow, orange and even red hues (Saperstein and Starr, 
1954; Saperstein et al., 1954), as well as the yellow xanthomonadins pro-
duced by Xanthomonas sp. and the blue and red indigiodine pigments 
produced by Dickeya sp. One C. michiganensis subsp. is also capable of 
producing indigoidine (Starr, 1958). These pigments function to protect 
cells from ultraviolet light and oxidative damage and are important for 
epiphytic colonization and/or pathogenicity (Jacobs et al., 2005). Interference 
with pigment production of bacteria on leaf surfaces could reduce bacte-
rial populations, and thus, reduce the probability that foliar symptoms 
will develop. The importance and diversity of pigments within plant and 
animal pathogenic bacterial species has been little studied, so it is diffi-
cult to predict the efficacy of interfering with pigment production for dis-
ease control.

Shedding their coats: biofilm degradation and inhibition

Biofilms are aggregates of bacterial cells held together by an extracellular 
matrix produced by the bacteria. These aggregates may be adhered to a 
surface, such as a root or tractor tire or they may be free-floating in irriga-
tion water. Generally, the structural components of these aggregates con-
sist of at least one type of protein filament and at least one type of 
polysaccharide. Bacterial biofilm formation was only recently widely rec-
ognized to be important for plant pathogens, although there were many 
hints of its importance for decades prior to the widespread use of the term 
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biofilm. Biofilms are likely to be important for bacterial survival on and 
colonization of plants as well as for survival of pathogens outside of hosts. 
Since sanitation is an important part of management of bacterial diseases, 
it is important to determine the degree of resistance of plant pathogens 
which are protected by biofilm matrices to sanitizers. In at least some 
cases, such as with D. dadantii biofilms, bacterial cells can survive high 
levels of bleach and would not be killed by conventional sanitation meas-
ures (C. Jahn, Wisconsin, 2006, personal communication). Thus, disrup-
tion of bacterial biofilms is likely to be an important step to enhance the 
efficacy of sanitation protocols.

Many gram-negative bacterial plant pathogens produce cellulose as an 
important part of their extracellular matrix. This was first found in 
A. tumefaciens, where bacterial cellulose production was shown to be 
important for root infection (Matthysse, 1983). Since then, cellulose syn-
thesis has also been reported in other plant pathogens (Yap et al., 2005), 
and has even been shown to be important for colonization of plants by 
human pathogens (J. Barak et al., 2007). For those pathogens that use bac-
terial cellulose as part of their infection strategy, bacterial cellulose syn-
thesis inhibitors may reduce the ability of these pathogens to adhere to 
host plants and to form protective biofilms on farm equipment, green-
house surfaces or plant debris. Cellulases, which can dissolve bacterial 
biofilms (Yap et al., 2005) could also be used in conjunction with sanitiz-
ers to clean agricultural equipment.

Recently, a dramatic example of specific adhesion to plant structures 
was demonstrated with Pantoea stewartii, which colonizes corn xylem 
(Koutsoudis et al., 2006). In this case, the wild-type cells mainly colo-
nized the annular rings of the xylem. However, a strain that overproduced 
extracellular polysaccharide (EPS) only diffusely adhered to the xylem 
and was not localized to the annular rings. It does not seem that this is 
simply due to EPS masking other adhesin molecules.

Other extracellular carbohydrates, such as colanic acid, alginate and 
β(1–6) N-acetylglucosamine contribute to bacterial biofilm formation in 
gram-negative and gram-positive bacterial species. Enzymes that degrade 
these carbohydrates are effective at degrading or even inhibiting biofilm 
formation (Ramasubbu et al., 2005) and several enzymes have been pat-
ented for just this purpose (e.g. see US Patent 6,100,080). However, since 
individual bacterial strains can form multiple types of genetically and 
chemically distinct biofilms (Yap et al., 2005), and the differences in bio-
film matrices within and across species are still not well understood, more 
work needs to be done to identify biofilm disruption and dispersion meth-
ods appropriate for each pathogen. Even closely related species that cause 
similar diseases may differ significantly in biofilm formation. For exam-
ple, although the soft rot enterobacterial pathogen D. dadantii produces 
copious amounts of cellulose in culture, the closely related P. atrosepti-
cum does not and examination of its genome revealed that a premature 
stop codon was present in one of the cellulose synthesis operons in 
P. atrosepticum (Bell et al., 2004).
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Protein filaments employed by bacteria for biofilm formation vary 
widely and can include structures such as fimbriae and hemagglutin-
ens. Some of these adhesins are used to attach to host cells and play 
important roles in pathogenicity. The roles of adhesins have been more 
thoroughly examined in animal pathogens, but genome sequences have 
revealed that adhesion homologues are abundant in plant pathogens, 
suggesting that these surface appendages also play an important role in 
plant disease.

Protein adhesins have been shown to be important for plant patho-
gens with diverse lifestyles. For example, in the opportunistic soft rot 
pathogen Dickeya, a gene encoding a filamentous hemagglutinen homo-
logue, hecA, is required for adhesion of Dickeya AC4150 to plant tissue 
and for subsequent disease progression (Rojas et al., 2002). Genome 
sequencing projects have subsequently revealed that Dickeya, as well as 
many other plant pathogens encode multiple orthologous hemagglutinens 
(Bell et al., 2004; Joardar et al., 2005; J. Glasner, Wisconsin, 2006, personal 
communication).

Necrogenic pathogens are also likely to rely on adhesins for initial 
plant interactions. The four sequenced Xanthomonas genomes all encode 
type IV pili, which vary across these species, perhaps reflecting the differ-
ent plant hosts of these four Xanthomonas sp. X. campestris pv. hyacinthi
type IV pili adhere to stomatal cells, supporting a role for these structures 
in attachment to and invasion of plants (Van Doorn et al., 1994). Type IV 
pili are also important for P. syringae colonization of leaf surfaces (Roine 
et al., 1998). Much more needs to be learned about bacterial adhesion to 
plants before strategies targeted at adhesins can be tested, including 
which, if any, adhesins are specific to plant pathogens, as well as develop-
ment of high throughput assays for specific plant pathogen adhesins.

O, NO: inhibition of active oxygen and nitric oxide resistance

Plants generate active oxygen and nitric oxide as a part of their defence 
response against invading microbes (Klessig et al., 2000) and increasing 
the production of these molecules by genetic modification of plants can 
provide resistance against bacterial pathogens (Wu et al., 1995). Multiple 
antioxidant defences, such as superoxide dismutases, which convert 
superoxide to hydrogen peroxide, and catalases, which convert hydrogen 
peroxide to water, are present in many plant pathogen genomes, presum-
ably to protect the cells against active oxygen produced by host cells. In 
addition, flavohaemoglobins, which catalyse a denitrosylase reaction, can 
protect cells against nitric oxide (Boccara et al., 2005). These enzymes 
have been shown to play a role in pathogenicity in multiple pathogens. In 
addition, protein oxidative damage repair systems are also present and 
are, at least in some cases, important for pathogenicity (El Hassouni et al.,
1999). In addition to enzymes, pigments may also provide defences against 
active oxygen. For example, the blue pigment indigoidine, which issynthesized
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by D. dadantii, may be a radical scavenger and confers resistance to oxida-
tive stress (Reverchon et al., 2002). The indigoidine synthesis genes are 
in a large D. dadantii-specific gene cluster involved in virulence and are 
not present in the closely related Pectobacterium genomes. Indeed, 
Pectobacterium is not known to produce any pigments, but perhaps one 
of the many gene clusters with unknown function will be revealed through 
a functional screen to encode analogous radical scavengers. As discussed 
above, pigments may be appropriate targets for inhibitors, but enzymes 
that protect against oxidative damage are widespread in bacteria; thus, 
they are not ideal targets for plant pathogen-specific control strategies.

Ice nucleation and frost damage

In addition to causing necrotic spots on leaves and fruit and seed decay, 
some plant pathogens such as P. syringae can cause frost damage to plants 
by nucleating ice on a cell surface protein array. These ice-nucleating 
strains are probably responsible for frost damage on crops when tempera-
tures are between 0°C and −5°C (Hirano and Upper, 2000). If methods 
could be found to interfere with bacterial ice nucleation, this could amel-
iorate crop damage caused by freezing. The ice nucleation protein is a 
good target for control strategies because it is a surface protein for which 
the structure is known and for which there is a very simple and inexpen-
sive high throughput assay available, namely freezing water. Many bacte-
ria, plants and animals encode antifreeze proteins and P. syringae itself 
encodes a homologue of a secreted antifreeze protein of unknown activity 
(Feil et al., 2005). Most bacterial antifreeze proteins reduce the size of ice 
crystals rather than inhibit freezing, but recently a bacterial antifreeze 
protein capable of depressing the freezing point of water by over 2°C was 
discovered in an Antarctic lake-dwelling species (Gilbert et al., 2005), 
opening up new possibilities for control of frost damage on crops.

Disease control through modification of host biochemistry and physiology

Functional genomics studies with bacterial pathogens have begun to 
unlock the secrets of how bacteria manipulate plant cells. Induction of 
plant resistance upon recognition of bacterial pathogens is already an 
important control measure and the current state of knowledge on how this 
induction occurs is described elsewhere in this book. In essence, resist-
ance depends on recognition of pathogen molecules or their effects by 
plant proteins. Some pathogen proteins, such as flagella fragments, are 
probably recognized when they are on the outside of the host cell. Genomic 
analysis of bacterial pathogens has allowed us to predict additional 
secreted proteins produced by pathogens that could be used as targets for 
engineered resistance genes. However, how to engineer resistance pro-
teins to specifically recognize new bacterial targets is still unknown.
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Basic characteristics of plant physiology can also affect the host range 
of some pathogens. For example, expression of some Pectobacterium viru-
lence genes is affected by host pH and a better understanding of how pH 
affects soft rot pathogen virulence genes could lead to new controls for 
this broad host range pathogen (Llama-Palacios et al., 2003). In addition, 
plant nutrition can also affect bacterial diseases. One of the clearest 
examples of this is the differential expression of a Pectobacterium viru-
lence gene in response to calcium concentrations in host leaves (Flego 
et al., 1997). Calcium content can be altered in plants both genetically and 
through nutrition, and addition of calcium to soils is currently used as a 
method to reduce soft rot disease in potato. Bacterial responses to other 
aspects of plant nutrition are important to understand how plant physi-
ology affects disease progression and how plant nutrition and physiology 
can be manipulated to better control bacterial diseases.

Phage and predators

Bacteria exist as members of complex communities that include bacterial 
parasites and predators and both types of organisms have been examined 
as potential controls for bacterial diseases. Phages were recently tested in 
combination with systemic acquired resistance inducers and in various 
formulations for control of bacterial spot on tomato and were found to 
provide effective control of X. campestris on inoculated plants under field 
and greenhouse conditions (Balogh et al., 2003; Obradovic et al., 2005). 
Although these results are very promising, much still remains to be done, 
from determining if phage is as effective on natural infestations with 
diverse X. campestris populations to perfecting the formulations used to 
prepare and deliver the phage. Because there are numerous types of phage 
and because bacterial resistance to phage infection can develop, this type 
of biocontrol is likely to benefit from bacterial genomics. For example, 
pathogen populations in a region or associated with a seed lot could be 
typed for phage susceptibility using genomics methods, then appropriate 
phage mixtures could be applied in conjunction with systemic acquired 
resistance inducers to control foliar bacterial pathogens.

Bdellovibrio bacteriovorus and related species are obligate preda-
tory bacteria that feast on a broad range of gram-negative bacterial cells. 
They are ubiquitous in soil and water and have been examined as a bio-
control method for plant diseases (Scherff, 1973; Uematsu, 1980). Unlike 
some other control measures, predatory bacteria, which are often asso-
ciated with natural biofilms, can penetrate and kill bacteria which are 
protected by biofilms (Kadouri and O’Toole, 2005). The B. bacteriovorus
genome was recently sequenced and found to contain an arsenal of 
hydrolytic enzymes used to enter prey cells and digest them from 
within. Interestingly, this predator is unable to synthesize only 11 amino 
acids; thus, it can probably only produce proteins when it is preying on 
bacterial cells.
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B. bacteriovorus quickly reduces bacterial populations, decimating 
P.  carotovorum numbers in culture from 108 CFU/ml to less than 104 CFU/
ml within 20 h (Shemesh and Jurkevitch, 2004). However, over the course 
of this interaction, a resistant population of enlarged P. carotovorum cells 
remains and this resistant population is able to multiply in the presence 
of predatory bacteria. The resistance is transient; once the predators are 
removed, P. carotovorum quickly becomes susceptible to B. bacteriovorus
predation again. Since with some pathogens, such as P. syringae and 
P. carotovorum, high numbers of pathogen cells are required to cause plant 
disease, perhaps B. bacteriovorus could be used as a biocontrol agent 
directly after conditions occur that favor bacterial growth and disease, 
such as rainfall, to prevent pathogens from reaching high enough levels to 
cause disease. However, since predatory bacteria are common in the envi-
ronment, it is possible that the resistance to predation observed in labora-
tory assays is the normal state for bacteria in nature and that predatory 
bacteria will not be effective biocontrol organisms.

Detection methods developed from genomics data

Accurate, fast and inexpensive detection of bacterial pathogens is crucial 
for quality control of planting materials and for excluding quarantine 
pathogens. Bacterial genomics has made several new pathogen detection 
methods possible. Many of these methods were first developed to detect 
animal pathogens in medical samples or food, but all are adaptable to 
plant pathogens. However, regardless of the ease, sensitivity and accuracy 
of the pathogen detection method used, detecting quarantine pathogens 
that are present at a low incidence in large shipments or fields of plants is 
still a difficult problem, since the labour involved in sampling thousands 
or millions of plants is cost-prohibitive. Even if every plant is sampled, 
pathogens may not be evenly distributed throughout the plant; thus, dis-
eased plants may still test negative for pathogens. Therefore, it should be 
recognized that importing plant materials from locations with quarantine 
pathogens will eventually result in the import of the pathogen. Abstinence 
from importation is the only sure method for exclusion of quarantine 
pathogens; testing is only a mechanism to lengthen the time it takes for 
importers to spread pathogens to new areas. A few examples of new detec-
tion methods are discussed below and in more detail in Chapter 14 in this 
book. Innovations in detection technologies are occurring rapidly, so these 
examples are far from an exhaustive review.

PCR-based methods
Ideally, multiple targets are used for PCR-based detection of bacterial 
pathogens since reliance on single targets has resulted in misidentifica-
tion of pathogens and in some cases these misidentifications have resulted 
in costly consequences for growers or importers. In the past, species-specific
DNA fragments used for development of PCR-based detection assays were 
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generally found by subtractive hybridization (Mills et al., 1997). Genome 
sequence comparisons have provided numerous genus, species and strain-
specific targets for development of more accurate multiplex PCR assays 
for detection and identification of bacterial pathogens.

Array-based methods
Multiplex PCR methods can generally detect, at most, four or five different 
pathogens and require a substantial amount of knowledge about the patho-
gen genome sequence to develop useful primers. DNA array methods, 
although more time-consuming and expensive, have the advantage of being 
able to detect hundreds of bacterial species at once and of detecting and 
categorizing new pathogens. For arrays, pathogen DNA is PCR-amplified, 
then hybridized on to DNA oligos spotted on to nylon or glass supports. 
Purified, non-amplified DNA or RNA can also be used, but the sensitivity 
of the assay is greatly reduced. These assays would be most useful for iden-
tification of pathogens in samples with unusual symptoms or for identifi-
cation of emerging pathogens. The power of arrays for identification of an 
emerging pathogen was demonstrated during the severe acute respiratory 
syndrome (SARS) outbreak of 2003, when arrays were used to identify the 
pathogen as a coronavirus (Wang et al., 2003).

Genomics has revealed detection targets that provide layers of identi-
fication for bacterial pathogens. For example, rRNA operons and internal 
transcribed spacer regions, which have highly conserved regions suitable 
for PCR amplification and variable regions suitable for hybridization to 
pathogen-specific oligos, allow genus and sometimes species-level identi-
fication (Fessehaie et al., 2003). Virulence genes common to many patho-
gens, such as T3SS genes, can also be used as targets. For finer discrimination
among species or subspecies, primer sets can be designed to amplify 
genus-specific virulence genes. Our laboratory has developed a single 
PCR primer set that can amplify a small fragment of the T3SS from both 
enterobacterial and pseudomonad pathogens and a variable region in the 
middle of this fragment can be used to discriminate among species (R. Reedy, 
personal communication). These T3SS primers successfully detected a 
pectolytic Pseudomonas sp., for which no previous sequence information 
was available (R. Reedy, Wisconsin, 2007 personal communication), dem-
onstrating the power of this method for simultaneous identification and 
virulence gene characterization of new bacterial pathogens.

Immunoassay methods
Enzyme-Linked Immunosorbent Assays (ELISA) and similar immu-
noassays, such as lateral flow devices, have been the detection method of 
choice for most plant pathogens in the 1980s since they are simple, inex-
pensive and in some cases, these assays can be completed in the field. A 
recent innovation in cell-based sensors based on B lymphocytes, CANARY 
(cellular analysis and notification of antigen risks and yields) may pro-
vide diagnosticians with a very fast method for identification of bacterial 
pathogens in plant samples (Rider et al., 2003). For this assay, B cells 
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were constructed to express aequorin, a calcium-sensitive bioluminescent
protein and membrane-bound pathogen-specific antibodies. When the 
antibodies bind to pathogen antigens, the B cell intracellular calcium 
level elevates, the cells luminesce, and the emitted light is detected by a 
luminometer. Very low levels of antigen can be detected and generation of 
light takes only seconds, so this method is both fast, and apart from devel-
opment of the engineered B cell line specific for the pathogen antigen, is 
inexpensive. Importantly, CANARY can detect pathogens in samples with 
very minimal sample preparation, which results in a considerable reduc-
tion in the cost and time associated with pathogen detection. Like many 
other technologically advanced detection methods, the CANARY method 
has not yet become widely used; thus, it is difficult to assess its strengths 
and weaknesses for real-world pathogen detection.

Mass spectrometry methods
Recently, matrix-assisted laser desorption ionization-time of flight (MALDI-
TOF) mass spectrometry has been developed to identify human pathogens 
(Claydon et al., 1996; Mazzeo et al., 2006). Briefly, ionized bacterial mole-
cules are separated and detected based on the ratio of molecular weight to 
charge. A broad molecular weight to charge ratio can be detected; thus, 
signature ions can be detected when intact bacterial cells are ionized and 
different bacterial species have different MALDI-TOF fingerprints. 
Although this method is rapid and promising, it is not yet widely used. 
One of the main reasons this method is not widespread is that unlike PCR 
or hybridization methods, MALDI-TOF equipment is expensive and there-
fore not common in microbiology laboratories. In addition, the reproduci-
bility of this method, particularly for larger ions, is affected by many 
experimental conditions, ranging from culture medium to sample prepa-
ration. Finally, unlike other methods, such as PCR and immunoassays, 
it has not yet been adapted for detection of pathogens directly from 
plant samples. However, if a subset of signature ions present in a patho-
gen under numerous growth conditions are identified, it may be possible 
to develop this method to quickly detect pathogens in enrichment 
cultures.

Conclusions and Future Directions

Genus sequencing projects

Currently, genome sequences are not available for all plant pathogenic bac-
terial species. However, new relatively inexpensive genome sequencing 
methods should greatly expand the number of plant pathogen genome 
sequences that are decoded in the next decade (Margulies et al., 2005). 
Obtaining these sequences is among the highest priority steps in moving 
forward towards a better understanding of bacterial pathogenesis and even-
tually, towards new control methods. In order to gain a full understanding 
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of pathogen evolution, the next generation of bacterial genomics needs to 
include genus sequencing, rather than genome sequencing projects, and 
sequencing of closely related non-pathogens also needs to be supported.

The rest of the cycle

There are still many conserved genes in bacterial pathogens for which 
there is no known function and this is clearly one of the largest research 
needs since some of these genes are likely to lead to new possibilities for 
control of bacterial pathogens. Many bacterial pathogens spend a substan-
tial time in soil, water or in relative stasis on plant debris or adhered to 
agricultural equipment. Creative new ways to disrupt these parts of the 
pathogen life cycle are likely to lead to control measures that are effective 
against bacterial pathogens. Creativity will also be required to develop 
assays to both determine what these genes are doing and to find inhibitors 
for the important processes throughout a pathogen’s life cycle. Finally, 
more work is needed to determine how plant secondary metabolites, 
potential biocontrol organisms, and variations in plant nutrition and 
physiology can be used to control bacterial diseases.

Better, cheaper, faster detection

Bacterial genomics has provided a much clearer picture of which bacterial 
pathogen species are diverse, such as Pectobacterium and Pseudomonas,
and which are not, such as L. xyli subsp. xyli, and where in the genome 
this diversity is found. It has also illuminated which genes are conserved 
within each pathogenic species, highlighting targets for more accurate 
and less expensive detection assays. For example, comparative analysis of 
three X. fastidiosa subsp. revealed 38 protein clusters present in these 
X. fastidiosa strains that do not have homologues in other bacterial spe-
cies and which are therefore useful targets for Xylella detection assays 
(Bhattacharyya et al., 2002a).

Rules and regulations

Ideally, work in bacterial functional genomics will lead to a day when a 
genome sequence can be examined and the response of the bacterial cell 
to various conditions, such as a host plant cell or insect vector, can be pre-
dicted. This would allow us to better gauge the risk of newly introduced 
pathogens and to better adapt control measures. However, before this dis-
tant goal can be reached, we need to be able to build quantitative models 
of gene regulation so that the expression of various systems can be pre-
dicted. Over the last few years, it has become clear through functional 
genetics that regulatory pathways in bacterial pathogens are a complex 



Genome Sequencing and Functional Genetics 489

and interwoven network, which include multiple layers of post-transcriptional
and post-translational modifications with dozens of types of regulatory 
proteins and RNAs. In most cases, we still do not know which signals the 
most important global regulators, such as GacS/GacA, are monitoring. To 
complicate the study of gene regulation further, the quantitative effect of 
particular regulators on gene expression often differs depending on which 
type of assay is used, making quantitative and predictive models of gene 
regulation difficult to build, although some attempts have been made 
(Sepulchre et al., 2006). Investments in examining the same regulatory 
cascade with multiple methods to determine which methods best support 
predictions of cell responses need to be made.

Software for wetlabs

Although it seems that we have been inundated with data in the last few 
years, it is only the first trickle of an immense flood. To organize and inter-
pret the genome sequence and functional data that we will have access to 
over the next decades, we need to invest in developing and maintaining 
freely available genome sequence and functional genomics databases. In 
particular, consistent annotation of the genomes is necessary for global 
comparisons, yet this remains a difficult and time-consuming process. 
The greatest problem is that the software and interfaces for genome projects 
are almost as diverse as the genomes themselves, making it difficult to 
compare data across genomes. Unfortunately, genome annotations are 
often not efficiently updated when new information is revealed through 
experimentation or by subsequent genome projects. Adding to these prob-
lems are the incorrect annotations that have propagated through genomes 
and the difficulty in determining what, if any, experimental  evidence is 
tied to the proposed function of a gene.

The free web-based database ASAP (A Systematic Annotation Package for 
Community Analysis of Genomes) solves many of these problems. ASAP was 
developed so that the D. dadantii 3937 research community could annotate 
this genome as it was being sequenced. This database now includes numerous 
full and partial annotated genome sequences, including all publicly available 
enterobacterial genome sequences. Users are allowed various levels of access 
to ASAP, ranging from guest users, who can view a limited number of anno-
tated genome sequences, to administrators, who can modify all aspects of the 
database. This has allowed research groups to tailor database access to their 
projects, which has ranged from the open access and large community annota-
tion of the D. dadantii genome to projects where the genome data and annota-
tion was restricted to a small group prior to publication.

ASAP is a curated database, meaning that a research group can assign 
one or more people to review and accept or reject each annotation added 
to a genome, thereby reducing the number of annotation errors that propa-
gate through genomes, and also insure that all annotations are linked to 
appropriate experimental or sequence analysis evidence. ASAP is also 
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capable of storing a variety of data, such as microarray gene expression 
results, mutant phenotypes, gene ontology (GO) terms and protein motifs 
associated with each gene.

Each gene in each genome entered into ASAP has an annotation page 
that can accept annotations ranging from links to journal articles and pro-
tein motif definitions to descriptions of mutant phenotypes. Each annota-
tion page can also be linked to the annotation pages of orthologous genes in 
other genomes, allowing users to quickly determine what is known about 
orthologues in other species. The annotation pages also have many other 
tools, including Basic Local Alignment Search Tool (BLAST) searches of 
nucleotide and protein sequences in the NCBI database as well as within 
ASAP. Each annotation page in ASAP also links to a map showing the gene 
context, a feature that allows users to view the likely operon structure of the 
gene, to compare the context of orthologous genes from different genomes, 
and to link to annotation pages for surrounding genes. Because each gene 
has a unique feature ID in addition to its gene name, users can annotate 
fragmentary draft genomes and transfer the annotations to updated versions 
of the genome as additional sequence information is acquired and genome 
gaps are closed. Genomes may be annotated very quickly if a related genome 
has already been sequenced by automatically transferring annotations from 
orthologous genes in related species. The linking of annotations for each 
orthologue, the evidence required for each annotation, the use of GO terms, 
and the transfer of annotations across genomes both speeds the process of 
annotation and provides consistency that allows large-scale comparisons. 
Ideally, as many plant pathogen genome sequences as possible would be 
entered into ASAP or a similar database and consistently annotated so that 
we can all more efficiently access and interpret genomics data.

Stepping through the threshold

A little over two decades ago, the first virulence genes were cloned and less 
than a decade ago, plant pathologists were meeting to discuss which few 
bacterial genomes were most important to sequence. Even now, scientific 
societies develop high priority lists yearly for bacterial genomes that should 
be decoded. With the advent of new genomics technologies, these discus-
sions will quickly become a relic of the past. With creativity, and a bit of 
luck, this revolution in functional genomics will be followed by a revolution 
in intelligently designed, environmentally friendly disease control methods 
that will increase agricultural productivity and reduce hunger.
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Abstract
It is known that soil microbial communities, in part, determine the level of disease 
suppressiveness of soil. However, because of the very high complexity of soil 
microbial communities, it has been extremely difficult to understand which organ-
isms, or combinations of organisms, cause disease suppression and which mech-
anisms might be involved in such suppression. In this chapter, currently available 
modern and advanced molecular techniques that can be used to unravel the struc-
ture and function of soil microbial communities are briefly described, and then 
evaluated for their potential application in research to elucidate and understand 
the suppressive status of soil. Although these techniques offer clear and indisput-
able advances over the more traditional methods, there are still caveats and pit-
falls that need to be taken into account when interpreting the data. These caveats 
relate to the level of representativeness of the nucleic acids obtained from soil and 
to the possible biases of the subsequent amplification, fingerprinting, cloning and 
sequencing methods. The advanced molecular techniques are thus set in a critical 
perspective and avenues are explored that may lead to their improvement.

Introduction

Disease suppression

Plant diseases often, although not always, originate from the soil. However, 
even in the presence of a phytopathogen, soils can be more or less condu-
cive to disease development, leading to the concept of conducive versus 
suppressive soils. Disease-suppressive soils can be defined as soils where 
the incidence and severity of certain plant diseases is low or reduced, in 
spite of the presence of the pathogen(s), susceptible host(s) and climatic 
conditions that favor disease development (Haas and Défago, 2005; 
Steinberg et al., 2006). On the other hand, disease-conducive soils are 
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those in which a given plant disease prospers and persists. From a func-
tional viewpoint, these soils are considered to be the opposite of suppres-
sive soils. Plant diseases induced by bacterial and fungal pathogens, as 
well as by nematodes, have been shown to be regulated by the level of 
suppressiveness of soils (Weller et al., 2002). Commonly, soil suppressive-
ness is specific to a given type of disease (Haas and Défago, 2005), but the 
occurrence of ‘general’ suppressive soils has also been reported, giving 
rise to proposals for different classification systems for suppressive soils 
(Baker and Cook, 1974; Cook and Baker, 1983; Steinberg et al., 2006).

The simple observation that soils lose their disease suppressiveness 
when subjected to autoclaving or gamma irradiation clearly indicates that 
the capacity of soils to antagonize the action of phytopathogens is 
encrypted in the soil microbiota, and may bear a relationship to the struc-
ture and function of the soil bacterial and fungal communities (Steinberg 
et al., 2006). We will address the biological basis for disease suppressive-
ness in this chapter. Recently, molecular studies of biocontrol Pseudomonas
spp. have resulted in major breakthroughs in the search for traits, genes 
and modes of interaction that are involved, in specific cases, in soil sup-
pressiveness and biological control of plant diseases (Keel et al., 1992; 
Walsh et al., 2001; Haas and Défago, 2005; Mark et al., 2005) (Fig. 21.1). 
Nevertheless, we still do not have a clear understanding of the types of 
organisms or genes that are involved in the suppression of most plant dis-
eases, nor of the soil conditions (i.e. mineral composition and physico-
chemical parameters) that affect disease suppression. Given the fact that 
the microbiota of most soils is incredibly complex (Torsvik et al., 1990; 
Gans et al., 2005), it is of primary importance that we develop and apply 
tools that allow us to unravel the soil microbial communities and at the 
same time attempt to pinpoint those organisms that are responsible for 
disease suppression.

Microbial diversity and community structure

The study of soil microbiology and of the role of the soil microbiota in soil 
functioning is now over 100 years old, and a great wealth of information 
has been obtained during this time. Using cultivation-based approaches, 
such as direct dilution plating and enrichment culture, numerous research-
ers have unraveled the enormous metabolic and phylogenetic diversity 
that is present in virtually any soil (Van Elsas et al., 2006). However, inves-
tigators also discovered that cultivation-based approaches are often prone 
to so-called cultivation bias, i.e. an apparent distortion of the abundance of 
specific groups of microorganisms as a result of the cultivation step. Hence, 
there has been a consistent interest in approaches that would reduce this 
bias, i.e. that would provide a picture of soil microbial communities closer 
to the in situ actuality. In this context, it has been repeatedly found – for a 
range of soils as well as of aquatic habitats – that often less than 1% of the 
extant microbial community is recovered by cultivation on agar plates or 
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Fig. 21.1. Suppression of the fungal phytopathogen Rhizoctonia solani AG1-LB in 
lettuce provided by the biocontrol agent Pseudomonas jensenii strain RU47 in pot 
experiments. Disease severity caused by R. solani (a, treatment containing only the 
pathogen) is significantly reduced by previous seed inoculation with the biocontrol 
strain (b, treatment containing both pathogen and biocontrol agent) prior to sowing. 
Yields observed in (b) are comparable to that of the control (c, non-infested lettuce 
plants). Photos were taken 7 weeks after sowing. (Courtesy of Modupe Adesina and 
Kornelia Smalla with permission.)
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in liquid culture. This phenomenon has been denoted ‘The Great Plate 
Count Anomaly’ by Staley and Konopka (1985). Moreover, to pave the way 
towards a more comprehensive understanding of key triggers of soil sup-
pressiveness, a major shift of thinking on soil microbiology was necessary, 
namely, the realization that the rhizosphere (the narrow zone of soil affected 
by plant roots) (Hiltner, 1904; Lynch, 1984), rather than the bulk soil, is the 
key microhabitat (a hot spot of microbial abundance and activity) to look 
at when organisms, metabolites and genes involved in microbe–microbe 
and plant–microbe interactions are the objects of interest (Haas and Défago, 
2005). This is in particular true since a major input of bound carbon enters 
the soil via the rhizosphere (Sørensen, 1997; Pinton et al., 2001). Recent 
rhizosphere research – reviewed in a series of papers in FEMS Microbiology 
Ecology (vol. 56, 2006) – has allowed novel insights into the phenomenon 
of soil suppressiveness which will be addressed in this chapter.

Given the aforementioned Great Plate Count Anomaly, there has been 
a continuous search for approaches that would overcome the non-culturability
of many soil microorganisms and thus unravel the nature of this major 
part of the microbial community. The idea behind such approaches has 
been to assess soil microbial communities on the basis of typical cellular 
constituents (macromolecules) that serve as biomarkers. Two such 
approaches, either based on nucleic acids or on phospholipid fatty acids 
(PLFA), have been developed and are currently being applied on a wide 
scale. In this chapter, we will only address the soil nucleic acid-based 
methods, as these truly offer the highest resolution. Directly extracted soil 
DNA as well as RNA lie at the basis of a large suite of detection/analysis 
methods that have developed into routine methods for many laboratories 
involved in: (i) fundamental research on soil quality/health; (ii) assess-
ment of soil remediation; (iii) assessment of soil pathogens; and (iv) ana-
lysis of soil microbial diversity issues.

In the following sections, we will examine the current status of the 
soil nucleic acid-based methodologies. We will extrapolate this know-
ledge to a critical assessment of attempts to link the structure of microbial 
communities and/or the prevalence of specific genes in soil to disease 
suppression.

Extraction of Soil Microbial DNA and/or RNA: the Basis for Soil 
‘Total Community’ Analyses

Historical development

Over 25 years have passed since the inception of nucleic acid-based direct 
approaches to the analysis of soil microbial populations and communities 
(Torsvik, 1980). However, only following the publication of two key papers 
in the late 1980s (Ogram et al., 1987; Holben et al., 1988) and with the 
advent of PCR did nucleic acid-based methods (at that time, DNA) receive 
due appreciation in soil microbiology. Since the early times, a very broad 
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range of techniques with ever-increasing levels of sophistication have 
been put forward and employed to unravel the secrets of microbial life 
underfoot. In particular, the last decade has seen the implementation of a 
multitude of different techniques that have in common that they all 
describe microbial communities on the basis of DNA or RNA and in terms 
of their molecular attributes (Table 21.1).

All currently used ‘total community’ (TC) nucleic acid extraction meth-
ods can be divided into two types of approaches: (i) direct extraction proto-
cols; and (ii) indirect (cell extraction first) extraction protocols. The two 
approaches find their origin in, respectively, the studies by Holben et al.
(1988) and Ogram et al. (1987), as indicated above. Numerous extraction 
protocols have been published in the 1990s after these original publications 
appeared. The sheer number of protocols either mirrors the number of dif-
ferent requirements posed by different soil types or the eagerness of research-
ers to publish their pet protocols, or both. Recently many authors have 
based their protocols on that of Zhou et al. (1996), even though a protocol 
of the early 1990s (Smalla et al., 1993) has long been preferred by many 
workers. At the same time, the development of protocols for the extraction 
of RNA from soils took place in diverse laboratories (Tsai et al., 1991; Moran 

Table 21.1. Molecular methods used to assess soil microbial communities.

Method Purpose of method Remarks References

Clone libraries  Inventories of copies  Fine-tuned, in-depth Van Elsas et al.
 and sequencing  of a given gene   assessment of the  (2002)
  sampled in the  diversity of a target 
  environment  gene, often the 16S 
   rRNA gene 
DGGE, T-RFLP,  Molecular finger- Suitable for comparative Oros-Sichler et al.
 SSCP, (A)RISA,   printing of microbial  analysis of microbial  (2006)
 LH-PCR  communities  community structure 
   and diversity  
Real-time  Quantification of Allows estimation of Garbeva et al.
 (q)-PCR  abundance of   gene copy numbers   (2004c)
  target genes in soil  in a sample  
  Fundamental for  
   (m-RNA) analysis of 
   gene expression 
Microarrays Multiplex detection of  High-throughput Wu et al. (2001); 
  genes or gene   hybridization technology.   Loy et al. (2002)
  expression  Enormous potential for 
   comparative studies 
FISH and derived  Visualization of Studies of spatial  Schmid et al.
 methods  organisms at cell   distribution of  (2006)
  level on the basis   organisms in a
  of signal from   system.
  bound probe
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et al., 1993; Felske et al., 1996; Duarte et al., 1998). Van Elsas et al. (1999) 
reviewed the state-of-the-art soil nucleic acid extraction and indicated a 
trend towards polyphasic approaches, i.e. focusing on DNA as well as RNA 
at the same time.

As bacterial species often vary their ribosome numbers in accordance 
with their cellular activities (Wagner, 1994), the investigation of soil 
microbial communities by RNA-based procedures is generally assumed to 
be a means of assessing the metabolically active microbial fraction in soils 
(Duarte et al., 1998; Costa et al., 2004). However, given the fact that ribo-
some numbers in certain species do not seem to relate to growth or activ-
ity rate, this contention has been repeatedly criticized in recent times. In 
any case, methods for the simultaneous extraction of DNA and RNA from 
soils were felt to be needed and so several improved methods were pub-
lished in the first years of the 21st century (Griffiths et al., 2000; Hurt 
et al., 2001; Gomes et al., 2004).

Current nucleic acid extraction methods

For purely practical reasons, virtually all current soil nucleic acid extrac-
tion work is based on methods, available since the turn of the century or 
so, that utilize easy-to-use commercially available kits. Suppliers of soil 
DNA extraction kits such as Q Biogene (Carlsbad, California, USA) and 
MO BIO Laboratories Inc. (Carlsbad, California, USA) provide customers 
with readily available chemicals, buffers, plasticware and quick protocols 
that are supposed to enhance the efficiency of DNA recovery and reduce 
the time spent in the laboratory. Recently, a kit provided by QIAGEN has 
become available (RNA/DNA Mini Kit – QIAGEN GmbH, Hilden, Germany) 
that can be used to simultaneously purify DNA and RNA from soil. In 
general terms, the strategy behind most kit-based protocols for DNA 
extraction rely on: (i) efficient detachment of microbial cells from soil 
particles (normally achieved by mechanical means but sonication may 
also be used); (ii) optimal cell lysis through a combination of chemical 
(e.g. SDS and/or lysozyme treatment) and mechanical (e.g. bead beating or 
intense vortexing) means; (iii) removal of PCR inhibitors present in soil 
such as humic acids; (iv) efficient protein and debris precipitation; 
(v) binding of DNA to a silica membrane in the presence of high salt con-
centrations; (vi) washing of the silica-bound DNA with ethanol; (vii) 
recovery of contaminant-free DNA from the silica membrane by using a 
salt-free elution buffer.

As can be seen, the handling of hazardous organic solvents, such as 
phenol and chloroform, very common in previous laboratory protocols, is 
normally not necessary in currently available ‘kit-based protocols’, an 
obvious advantage for users. Also, stepping into the ‘kit era’ of nucleic 
acid extraction protocols has led to an unavoidable miniaturization of the 
whole process, another clear ‘plus’ in practical terms. Nowadays, DNA 
extractions can be performed that make use of as little as 0.1 g of soil (wet 



504 J.D. van Elsas and R. Costa

weight) as the starting point. ‘Scaling down’, however, might not neces-
sarily be the best choice for some studies. Microbial ecologists, for instance, 
like to extrapolate their data into major considerations regarding ecosys-
tem structure and functioning. However, cautious consideration must be 
given to the significance of a 0.25 g soil sample. Another note of caution 
concerns the possible bias introduced by the kit-based approaches com-
pared to the older and more laborious approaches. Although untested, it 
is felt that as a result of reliance on quick lysis and column purification 
methods, the rapid, kit-based approaches are more prone to under sampling
of the soil microbial community than the older laboratory-based methods. 
This potential problem should be borne in mind when considering the 
data obtained from the nucleic acid-based overall soil analyses.

Irrespective of the approach chosen (i.e. direct or indirect methods; 
laboratory- or kit-based protocols), robust and reliable procedures designed 
to extract nucleic acids from soil must ideally provide the researcher with 
the following features: (i) yield of nucleic acids representative for the 
microbial community present in soil; (ii) purity and integrity, which allow 
further reverse transcription (in case of RNA extraction), PCR amplifica-
tion, community analyses as well as, for instance, metagenomic studies; 
(iii) rapid processing of a high number of samples; and (iv) application of 
the method to a broad range of soil types and sediments.

Nucleic Acid-based Tools for Analysing Soil Microbial Communities

Following the preparation of extracts containing the total soil nucleic 
acids, a range of analysis/detection methods can be used. These are all 
based on molecular tools, such as amplification by PCR, hybridization, 
fragment or gene cloning and sequencing and molecular fingerprintings of 
different kinds (Table 21.1). The second edition of the Molecular Microbial 
Ecology Manual (Kowalchuk et al., 2004) contains a collection of cur-
rently used nucleic acid-based protocols. Furthermore, the use of such 
techniques has been reviewed by Nybroe et al. (2006), and subsequent 
analysis methods by fingerprinting tools and/or metagenomics by Oros-
Sichler et al. (2006) and Sjoling et al. (2006), respectively. Below, we 
briefly discuss what can be achieved using some of these methods.

Nucleic acid-based fingerprinting techniques

Fingerprinting techniques of nucleic acids are a means to provide snap-
shots of the structure and diversity of microbial communities in soil and 
other environments (Fig. 21.2). Their suitability for quick processing of 
large sample numbers, a feature essential in most ecological studies, 
makes comparisons between multiple environments or treatments a 
fairly achievable task (Costa et al., 2006). Shortly after their inception 
(Muyzer et al., 1993; Lee et al., 1996; Liu et al., 1997; Schwieger and 
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Tebbe, 1998), the wide-scale use of fingerprinting techniques by modern 
microbial ecologists led to enormous advances in our understanding of 
the dynamics of complex and diverse microbial communities in soil 
(Oros-Sichler et al., 2006). Genes most commonly used as targets to fin-
gerprint microbial communities in soil are phylogenetic marker genes, 
such as those encoding the ribosomal small subunit RNAs, ie. the 16S 
and 18S ribosomal RNA genes of bacteria and fungi, respectively. 
Fingerprinting of rRNA genes has been extensively used to assess the 
‘response’ of microbial communities to a plethora of environmental or 
anthropogenic factors or impacts (Kowalchuk et al., 1997; Peters et al., 
2000; Reiter et al., 2002; Schmalenberger and Tebbe, 2002; Garbeva et al., 
2003, 2004a,b,c, 2006; Milling et al., 2004; Girvan et al., 2005; Costa 
et al., 2006). Given the fact that the 16S rRNA operon numbers vary per 
species (range 1–15), there are recent attempts to use alternative marker 
genes which occur as single copies, e.g. the rpoB gene (Oros-Sichler 
et al., 2006). Also, as more attention is being paid to soil functioning and 
to the role microbes play in nature, the assessment of the diversity of 
‘functional genes’ (e.g. the nifH gene involved in nitrogen fix ation) by 
fingerprinting methods has increased considerably (Rosado et al., 1997; 
Avrahami et al., 2002; Galand et al., 2002; Wolsing and Prieme, 2004; 

GA

(a) (b)

A GOilseed Strawberry Strawberry OilseedBulk

Fig. 21.2. Pseudomonas-specific DGGE fingerprints of 16S rRNA (a) and gacA (b) 
gene fragments PCR-amplified from TC-rhizosphere DNA of oilseed rape (‘Oilseed’) 
and strawberry (‘Strawberry’) samples collected at a field site in Germany. Mixtures of 
16S rRNA gene and gacA gene (‘G’ lanes in b) fragments amplified from genomic 
DNA of culturable Pseudomonas spp. antagonistic towards the fungal pathogen 
Verticillium dahliae Kleb. are shown (‘A’ and lanes in picture a and ‘G’ lanes in picture 
b, respectively). The diversity of uncultured Pseudomonas spp. might be better 
reflected by gacA gene fingerprinting as compared to 16S rRNA gene-based analysis 
(Costa et al., 2007). (Reproduced with permission from Blackwell Publishing.)
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Wertz et al., 2006). One interesting example of a target gene that might 
be involved in directing soil suppressiveness and whose diversity in soil 
has been recently assessed by fingerprinting techniques (Costa et al., 
2007; Fig. 21.2) is the gacA gene of Pseudomonas spp, which is not only 
involved in the regulation of many secondary metabolites produced by 
beneficial and plant-pathogenic Pseudomonas species (Haas and Keel, 
2003; Haas and Défago, 2005) but also functions as a suitable phyloge-
netic marker within this genus (De Souza et al., 2003a). Exploring gacA
gene variability results in a less biased assessment of the diversity within 
members of this extremely relevant group of rhizobacteria as compared 
to 16S rRNA gene-based analysis (Costa et al., 2007; Fig. 21.2).

In principle, fingerprints can be obtained by analysis of the melting 
curve, folding (terminal) restriction site and/or length difference of DNA 
molecules generated by PCR amplification. Hence, fingerprinting tech-
niques such as denaturing gradient gel electrophoresis (DGGE) (Fig. 
21.2), single-strand conformational polymorphism (SSCP), terminal 
restriction fragment length polymorphism (T-RFLP), length heterogene-
ity PCR (LH-PCR) and automated ribosomal intergenic spacer analysis 
(ARISA) make use of these different potentials to separate a mix of PCR 
products with divergent sequences that are amplified from whole-
community environmental DNA/RNA (Table 21.1). The literature 
abounds with examples of the successful use of such techniques to 
describe the microbial community structures in bulk and rhizosphere 
soils. The use of molecular fingerprinting techniques to characterize soil 
communities has been recently reviewed by Oros-Sichler et al. (2006) 
and the reader is referred to this compilation for a review of pioneering 
studies, comparative analysis, applications, technical progress and 
future perspectives of fingerprinting methods. One should bear in mind, 
however, that all of these techniques only describe, in a snapshot fash-
ion, the diversity and composition of microbial communities that are 
locally present, without shedding light on the in situ functionalities of 
the members of these communities.

Quantitative PCR

PCR is a very sensitive method for the detection of specific genes in the 
soil microbial community. While PCR has for a long time been used only 
in a qualitative manner, recent work has shown that the technique can be 
made quantitative by two divergent approaches, i.e. competitive PCR and 
real-time PCR (Nybroe et al., 2006). The Molecular Microbial Ecology 
Manual (Kowalchuk et al., 2004) contains up-to-date protocols for PCR-
based detection and enumeration of specific genes in soil.

Competitive PCR, which relies on the addition of an internal standard 
to the PCR mix that is co-amplified with the environmental target DNA 
sequence, has been used in a limited number of laboratories (Nybroe et al.,
2006), but it has now been largely superseded by real-time PCR. Hence, 
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we will further focus on real-time PCR, which truly constitutes the cur-
rently preferred protocol for the quantification of specific nucleic acids in 
soil. Real-time PCR monitors the formation of amplicons during PCR 
amplification and is not based solely on end point detection. Formation of 
the product (amplicon) is proportional to a fluorescence signal that is 
detected during each amplification cycle. In contrast to conventional PCR, 
real-time PCR requires a specialized thermocycler equipped with a fluor-
escence detector. The fluorescence can be produced from fluorescent dyes 
such as SYBR green (Nybroe et al., 2006) which binds to the newly formed 
amplicons. PCR specificity is crucial when relying on SYBR green detec-
tion, as lack of specificity may yield non-target (next to target) products 
which distorts the quantification.

An approach that is currently widely in use is based on so-called Taqman 
probes. These are non-extendable dual-labelled fluorogenic hybridization 
probes, which bind to the target sequence in a manner similar to the primers. 
A reporter dye (e.g. 6-carboxyfluorescein – FAM) is coupled to one end of 
the probe and a quencher dye (e.g. 6-carboxy-tetramethyl-rhodamine – 
TAMRA) to the other end. As long as the probe is intact, the fluorescence of 
the reporter is quenched by the quencher, so no fluorescence signal is 
detected. During PCR, the 5'-nuclease activity of the Taq polymerase causes 
probe degradation, releasing (now unquenched) reporter dye into solution, 
and hence the fluorescence signal increases along with product formation. 
The signal intensity is automatically recorded by the thermal cycler, and a 
cycle number at which the amplification curve crosses an arbitrary thresh-
old line (defined as CT) is used to estimate the number of targets by compari-
son to a calibration curve.

Real-time PCR was first applied to soil systems in 2001 (Hermansson 
and Lindgren, 2001) to assess the abundance in soil of ammonia oxidiz-
ers, and the method is increasingly being used to study the abundance of 
different groups of bacteria in soil at both the phylogenetic and functional 
gene levels. For application to soil, calibration of the signals obtained is 
based on internal standards consisting of additions of known quantities 
of cells containing the target gene to soil. In this way, the amplification 
from the target to be quantified and the internal standard will be sub-
jected to similar PCR background conditions. We discuss below, the use 
of real-time PCR for the quantification of the prnD gene, one of the genes 
involved in the biosynthesis of pyrrolnitrin, in soils subjected to different 
treatments.

DNA microarrays

DNA microarrays (also called ‘DNA chips’ or ‘gene arrays’) contain 
nucleic acids as probes attached to solid surfaces (e.g. glass slides) and 
represent a further development of conventional membrane-based tech-
nologies (e.g. Southern hybridization). Microarrays allow the multiplex 
detection of thousands of genes and represent one of the latest advances 
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in molecular detection technology (Oros-Sichler et al., 2006). The sheer 
high-throughput power provided by DNA microarray technology allows 
expression profiling of microbial genomes in a fashion which was unim-
aginable even two decades ago. Several landmark studies that applied 
DNA microarrays to assess gene expression of individual microorgan-
isms have emerged in the second half of the 1990s (Schena et al., 1995; 
DeRisi et al., 1997) and represent a major breakthrough in gene expression 
research. The simultaneous analysis of thousands of genes which may 
turn on and off in response to environmental triggers, stress or artificial 
treatments could, for the first time, be performed on a large scale. Shortly 
thereafter, the application of simple microarray strategies to complex 
environmental DNA samples has been attempted (Guschin et al., 1997; 
Small et al., 2001). Because of their intrinsic features, DNA microarrays 
are being considered to represent the ‘fashionable tools’ for ideal high- 
throughput studies of the sequence diversity of rRNA genes as well as 
of functional genes in soil or other environmental samples. Recently, so-
called functional gene arrays (FGAs; Wu et al., 2001), community gene 
arrays (CGAs) and phylogenetic oligonucleotide arrays (POAs) have been 
developed to profile nucleic acids extracted directly from environmental 
nucleic acid samples (Tiquia et al., 2004). A comprehensive overview 
of the potential and limitations of such recent technologies is provided 
by Zhou (2003). As pointed out by this author, while successful for the 
analysis of gene expression in pure culture, major problems still need 
to be overcome to adapt microarray hybridization methods to environ-
mental studies. For instance, in the study conducted by Wu et al. (2001), 
an FGA containing approximately 120 functional genes was used to 
systematically study the specificity and sensitivity of detection of such 
genes in DNA isolated from marine sediments. The lack of sensitivity of 
direct hybridization-based detection was found to be the most limiting 
factor. The limit of detection of direct microarray hybridization turned 
out to be at least 103–104-fold higher than that of detection following 
PCR amplification. Other sources of technical restrictions also constitute 
an impediment for microarray hybridization to be fully employed for 
in situ expression profiling of microbial communities, such as specifi-
city of gene detection and construction of comprehensive arrays (Zhou, 
2003). An example of the use of POA for environmental DNA samples 
is the study of Loy et al. (2002), where an array consisting of 132 16S 
rRNA gene probes specific for all known lineages of sulphate-reducing 
prokaryotes was successfully tested and employed. In this study, 16S 
rRNA gene and dissimilatory bisulphite reductase PCR amplicons were 
fluorescently labelled and used for hybridization. Such an approach 
holds promise for future applications in analyses of soil microbial com-
munities (Oros-Sichler et al., 2006). At present, there is a need for further 
development of random (instead of targeted) preamplification technol-
ogy. Novel approaches, in which random primers of any kind are applied, 
have shown promise in improving the detectability of targets from soil 
by microarray hybridization.



Molecular Assessment of Soil Microbial Communities 509

Fluorescence in situ hybridization

Fluorescence in situ hybridization (FISH), also called whole cell hybrid-
ization, allows the visualization of specific target bacterial or fungal cells 
in a natural setting. In this way, a picture of the occurrence and prevalence 
of target cells can be obtained. The application of FISH to soil microhabi-
tats was recently reviewed by Schmid et al. (2006). This review describes 
‘full-cycle rRNA approach’, in which, starting from soil DNA, a picture is 
obtained of the bacterial community that is locally present. To detect key 
bacteria in their natural habitat, specific, labelled probes are generated on 
the basis of the 16S rRNA sequences identified, and applied to whole cells 
within the system. A range of probes with different levels of specificity 
have been developed (reviewed in Schmid et al., 2006). Thus, information 
at the cell level is obtained about the occurrence and dominance of spe-
cific organisms.

When applied to rhizospheres or mycospheres of different kinds, FISH 
has allowed researchers to track specific plant-growth-promoting, biocon-
trol, fungal-interactive and/or pathogen strains. By localization of specific 
microorganisms in a system, interactions between microorganisms and 
interaction with plant roots can be studied (Schmid et al., 2006).

FISH-based detection, however, does not seem to provide a powerful 
method that would allow all aspects of disease or phytopathogen suppres-
siveness of a soil to be predicted. It should be used in conjunction with 
other cultivation-based as well as cultivation-independent methods to 
shed additional light on microbial abundance, spatial relationships and 
functioning.

What Do the Nucleic Acid-based Methods Tell Us About Soil 
Suppressiveness Potential?

Use of microbial diversity assessments

Soils are largely resilient systems that can quickly recover from adverse 
situations due to: (i) the extreme functional redundancy that exists within 
its microbial inhabitants and (ii) the intrinsic life strategies of microbes, 
which allow them to cope with disturbances or environmental changes of 
any kind by promoting evolutionary novelties that eventually persist in 
the community as adaptive traits.

Both the functional redundancy in, and adaptability of microbial com-
munities to, changing conditions are intrinsically linked to the issue of 
diversity. Indeed, a higher microbial diversity may lead to a higher resili-
ence and stability of communities in soils affected by perturbations 
(Girvan et al., 2005). Soil functioning is, in fact, largely dependent on the 
activity of microbial communities, as microbes mediate the vast majority 
of the biogeochemical processes and interactions that take place in this 
complex habitat. With regard to soil suppressiveness, maintenance of soil 
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microbial diversity would be desirable to guarantee the natural capability 
of soil to ‘regulate’ plant disease. Very interestingly, as a relationship 
between ‘above-ground’ and ‘below-ground’ diversity is being reported as 
a trend in bulk (Garbeva et al., 2006) and rhizosphere (Kowalchuk et al.,
2002; Garbeva et al., 2004a, 2006) soils of agroecosystems, organic farmers 
are investing in agricultural strategies that promote higher ‘above-ground 
diversity’ to sustain soil fertility and minimize outbreaks of plant dis-
eases. However, few reports have been published so far which were delib-
erately designed to link soil community diversity to suppressiveness. One 
approach to linking molecular data on microbial communities to disease 
suppression was represented by attempts to correlate microbial diversity 
measurements on the basis of the 16S rRNA gene with levels of disease 
suppression. In a series of recent publications, Garbeva et al. (2003, 2004a, 
2006) have set out to use DNA-based fingerprinting methods to character-
ize the microbial communities of soils with different histories and land 
use, namely: (i) species-rich permanent grassland; (ii) grassland turned 
into arable land – short-term arable land; and (iii) long-term arable land.

Diversity indices were determined for each soil treatment and linked 
to data on the strength of suppressiveness of each soil towards the fungal 
pathogen Rhizoctonia solani AG3, causal agent of potato root disease 
(Garbeva et al., 2004a). The highest suppression of the pathogen was 
observed for the ‘short-term arable land’ treatment. In addition, higher 
numbers of culturable bacteria which antagonized the growth of R. solani 
in vitro were found in this soil and in soil under permanent grassland. As 
higher microbial diversities were measured for these two soils as com-
pared to long-term arable land, the hypothesis of a positive correlation 
between microbial diversity and disease suppressiveness of soils was 
supported by these authors (Garbeva et al., 2004b).

Use of specific (functional) gene detection

One of the clearest relationships between the specific activity of a given 
group of microbes and the extent of soil suppressiveness is the involve-
ment of 2,4-diacetylphoroglucinol (2,4-DAPG) production by fluorescent 
Pseudomonas spp. in take-all decline (TAD) soils. Studies conducted by 
Raaijmakers et al. (1997, 1999) and Raaijmakers and Weller (1998) have 
made use of specific primers and probes targeting the biosynthetic gene 
locus phlD, involved in the production of 2,4-DAPG, to evaluate the occur-
rence of this gene in natural environments and the role of 2,4-DAPG pro-
ducers in TAD soils located in the USA. First, it was demonstrated that 
2,4-DAPG producers had their densities enriched in TAD soils as com-
pared to conducive soils (Raaijmakers et al., 1997). Second, the elimin-
ation of these organisms led to the loss of suppressiveness in TAD soils 
(Raaijmakers and Weller, 1998). Third, soils conducive to take-all were 
made suppressive by the introduction of a 2,4-DAPG producing strain via 
inoculation of wheat, a natural host of Gaeumannomyces graminis var. 
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tritici, the causative agent of take-all (Raaijmakers and Weller, 1999). The 
observation that suppressiveness is a transferable trait highlights the role 
of the soil microbiota as a fundamental driving force in suppressiveness 
(Haas and Défago, 2005). Moreover, a follow-up study by de Souza et al. 
(2003b) with Dutch TAD soils confirmed the previous results obtained for 
the American TAD soils (American and Dutch TAD soils differ with regard 
to their physicochemical characteristics), with one additional and crucial 
‘upgrade’. A mutant of strain SSB17, deficient in 2,4-DAPG production, 
was unable to control take-all disease of wheat, whereas its corresponding 
wild type effectively controlled the disease. This demonstrated that 2,4-
DAPG was a key factor leading to TAD on its own. Comparisons of wild 
type and mutant strains are a nice example of how modern genetic engin-
eering technology is helpful in providing clear evidence for the role that 
microbes play in situ. Such studies have relied on robust, cultivation-
dependent approaches to sampling target microbes prior to using molecu-
lar tools of gene detection and gene silencing. Although such studies 
represent major advances in our understanding of specific soil suppres-
siveness, means of directly detecting and quantifying populations and/or 
genes which drive soil suppressiveness without prior cultivation of 
microbes are highly desirable and urgently needed. An example of such 
an approach is the study performed by Garbeva et al. (2004c) that con-
sisted of quantifying genes by real-time PCR for production of the anti-
biotic pyrrolnitrin (i.e. the prnD gene locus) and correlating the gene 
numbers with suppressiveness levels (Fig. 21.3). The working hypothesis 
in this study was that enhanced numbers of the key gene targeted (prnD) 
would coincide with enhanced levels of microbial populations involved 
in the suppressiveness and enhanced suppressiveness of the fungal patho-
gen Rhizoctonia solani AG3. It thus took gene numbers to indicate potential 
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activity. The soil treatments under study were the same as those described 
previously, i.e. grassland, short-term and long-term arable land. A strongly 
enhanced abundance of prnD genes was detected in the soil treatments of 
higher levels of suppressiveness aginst R. solani AG3, which turned out to 
be the soils for which the highest microbial diversity values were meas-
ured (Fig. 21.3) (Garbeva et al., 2006).

Avenues Towards Future Improved Methods

At present, there is a clear need to define and establish key biological indi-
cators that will allow us to quickly interrogate soil systems as to their status 
as either disease suppressive or conducive (Steinberg et al., 2006). For the 
microbially determined suppressiveness, we in principle dispose of the 
appropriate molecular tools that may allow us to achieve this goal. The 
in situ detection, quantification and assessment of abundance and diversity 
of genes involved in disease suppression and of their expression can be 
realistically performed using available molecular tools that microbial ecolo-
gists master (Kowalchuk et al., 2004; Nybroe et al., 2006). Nevertheless, the 
accumulation of meaningful empirical data that can irrefutably link a gene’s 
activity to disease suppression is still lacking for most of the cases in which 
soil suppressiveness has been reported. One of the underlying reasons for 
this may be the ephemeral character of gene expression in soil, which may 
be high at one moment and low or absent just a moment later. As intelli-
gently designed experimental approaches to addressing this question are 
still scarce, knowledge of their importance in applied biotechnology is 
being achieved at a low pace, despite the considerable research in this area. 
For example, in most cases, we are still unable to clearly define which genes 
or organisms are most likely involved in general and specific disease sup-
pression. Also, an understanding of how the expression of a multitude of 
genes involved in soil suppressiveness may be triggered/repressed in a 
multifactorial and spatially constrained world such as the rhizosphere or 
soil environment is still very limited. In addition, as scientists need to sim-
plify nature to first understand it at a first glance, our comprehension of soil 
suppressiveness is restricted to studies where bilateral interactions between 
natural enemies are approached, whereas soil suppressiveness per se may 
arise as an outcome of the concerted action of microbes in a ‘neural’ net-
work context, involving multitrophic interactions and other organisms not 
considered here, such as varied fungi, including mycorrhizae. All con-
straints indicated above are critical issues when ‘ecologically friendly’ soil 
management to improving crop protection is required. Thus, to strike a new 
path in soil suppressiveness research, we urgently need to develop the tar-
geting systems that will allow us to quickly detect, quantify and assess the 
abundance and diversity of ‘suppressiveness-associated’ organisms and 
their respective genes by cultivation-independent means (Fig. 21.4). We 
will also need to address their localization in the system by, for instance, 
FISH-based approaches. This obviously also applies to the study of the 
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phyto pathogenic organisms and their defence mechanisms against inhibi-
tory substances from the plant and their natural enemies in the rhizosphere. 
Extending our capabilities of ‘domesticating’ root-associated microbes will 
provide a means to look into their extraordinary features at both the meta-
bolic and genotypic levels and facilitate the construction of specific gene-
based targeting systems. Within this framework, the use of high-throughput 
technologies such as DNA microarrays holds great promise in unraveling 
the functioning and diversity of genes and/or organisms most associated 
with disease suppression in a variety of situations where the expression of 
a multitude of genes can be simultaneously analysed. In addition to this, 
genes which play key roles in soil suppressiveness should be specifically 
addressed. The occurrence (PCR-hybridization), diversity (clone libraries 
and fingerprints), abundance (quantitative PCR), expression (FISH, mRNA 
gene-based analysis) and functional relevance (genetic engineering assays 
in microcosms) of such genes in suppressive soils must be assessed in 
 cutting-edge, robust, polyphasic nucleic acid-based experiments (Fig. 21.4).
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Abstract
Classical biological control of fungal plant diseases by yeasts and yeast-like organ-
isms has been amply described in the literature, yet few commercial products 
have arisen out of those research efforts. It is generally agreed that a better under-
standing of: (i) the ecological conditions affecting the activity of a biocontrol agent 
(BCA); and (ii) the mode(s) of action conferring to a BCA its properties will greatly 
help improve its efficacy. In this context, the recent advances in biotechnology are 
providing scientists with new tools to study and improve BCAs. Coincidently, 
yeasts and yeast-like fungi are particularly amenable to genetic transformation and 
thus biotechnology techniques. While improving the efficacy of BCAs through 
techniques affecting gene expression is a promising endeavour, other technologies 
such as Green Fluorescent Protein (GFP) expression have allowed precise ecologi-
cal studies of plant–pathogen interactions, and recently, that of BCAs with the 
host plant and fungal pathogen. These studies can be extremely useful to elucidate 
the mode of action and determine the ecological fate of the BCAs, as in the case of 
Pseudozyma flocculosa, the registered yeast-like BCA of powdery mildews. Other 
tools such as reverse genetics approaches based on data from genomic sequencing 
using RNA interference (RNAi) or gene knockout have the potential to identify key 
genes involved in biocontrol activity and thus help achieve the improvement of 
biocontrol efficacy of yeasts through biotechnology.

Introduction

Practical implementation of biological control of plant diseases has lagged 
behind general expectations and prognostics. Many reasons, including 
scientific, legal and commercial, can explain this situation (Paulitz and 
Bélanger, 2001; Fravel, 2005), but in most instances, our inability to prop-
erly exploit the intrinsic properties of a BCA accounts for this limited 
success. In many cases, scientists may have oversimplified or misunder-
stood the interaction between a plant pathogen and a BCA. In other cases, 
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a BCA may simply not be potent enough to achieve acceptable control of 
a given plant pathogen in spite of promising performances in vitro (Burr 
et al., 1996; Milus and Rothrock, 1997). These considerations have cre-
ated a general trend towards deciphering in greater detail how a BCA 
interacted with a plant pathogen and its environment in order to improve 
its efficacy. In addition, new technological advances have been developed 
in recent years (Lorang et al., 2001; Weld et al., 2006) and can be exploited 
to better understand the ecological behaviour of a BCA and its ensuing 
impact on both target and non-target organisms. As a result, scientists 
now have access to a variety of powerful tools, opening the door to appli-
cations that were inconceivable only a few years ago. While it is uncertain 
whether these new technologies will indeed generate a direct increase in 
the number of BCAs becoming available, they offer unique opportunities 
to improve their efficacy and facilitate their registration with the proper 
authorities.

Among BCAs of plant pathogens, yeasts and yeast-like organisms 
occupy a preponderant place because of their intrinsic properties to interact 
in the same ecological niche as the one occupied by many parasites (Punja 
and Utkhede, 2003). At the same time, these organisms are usually amen-
able to genetic manipulations because of their rather simple structures and 
life cycle (Fincham, 1989; Ruiz-Díez, 2002). They are thus perfectly suited 
to be exploited in biotechnology programmes. In this chapter, we will 
review some of the relevant biotechnology applications that are available 
for enhancing the properties and our understanding of yeast and yeast-like 
BCAs, and whenever appropriate, illustrate their benefits through specific 
examples namely in the context of P. flocculosa, a yeast-like epiphyte well 
known for its antagonistic properties against powdery mildews.

Background

Most BCAs identified to date have been categorized as exerting their 
activity through the manifestation of one or more of four modes of action: 
competition, parasitism, antibiosis and induced resistance (Whipps, 
2000; Bélanger and Avis, 2002). Genetic enhancement and manipulation 
of these modes of action require a precise understanding of the gene(s) 
conferring the specific activity, a feat that has remained elusive in most 
systems. In fact, most attempts to date to genetically modify biocontrol 
agents in an effort to improve their efficiency have not yielded the 
expected levels of success. Many factors can explain these apparent fail-
ures but manipulation of ‘biocontrol’ genes is evidently a more challeng-
ing endeavour than originally anticipated. This also probably betrays our 
ambition to reduce a complex interaction to a simple phenomenon. 
However, the latest developments and availability of biotechnological 
tools (Lorang et al., 2001; Tierney and Lamour, 2005) have opened up 
opportunities to finely dissect the modus operandi of BCAs. These tools 
have a wide array of applications, extending from studies of a given BCA 
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in a complex ecological interaction, to manipulation of specific genes 
involved in biocontrol activity.

Ecological Studies

One area of research that has too often been overlooked is the ecological 
behaviour of a prospective BCA when exposed to fluctuating conditions in 
a given agricultural system (Huang et al., 2000; Paulitz and Bélanger, 2001; 
Larkin and Fravel, 2002; Lübeck et al., 2002). It is often believed that our 
failure to properly understand how a BCA can establish itself in a specific 
ecological niche is partly responsible for the limited success of biological 
control on the commercial front. Because biological control of plant dis-
eases typically involves three protagonists – the BCA, the pathogen and the 
plant itself – the fate of each organism is interdependent. However, very 
few studies have described the events characterizing this form of tritrophic 
interaction in situ (Lu et al., 2004). In most instances, the interactions 
involving plant–pathogen or pathogen–BCA have been observed and 
described by means of electron microscopy (transmission and scanning) 
and immunocytochemistry techniques (Benhamou and Nicole, 1999; Avis 
and Bélanger, 2002; Gao et al., 2005; Soylu et al., 2005). Though powerful, 
these techniques are limited in their scope as they can only offer a punc-
tual appreciation, both in time and space, of the interactions.

In some recent reviews, Errampalli et al. (1999), Lorang et al. (2001), 
Leveau and Lindow (2002), Jannson (2003) and Larrainzar et al. (2005) 
have highlighted how studies of plant–pathogen and microbial inter-
actions can be facilitated by using the GFP from Aequorea victoria (Tsien, 
1998). The great advantage of this reporter protein, once expressed by the 
microorganism under study, is the immediate visualization under fluores-
cence microscopy of the latter without any further step. This technique, 
gaining quickly in popularity, has been particularly exploited to study 
plant–pathogen interactions (Spellig et al., 1996; Vanden Wymelenberg 
et al., 1997; Maor et al., 1998; Chen et al., 2003; Si-Ammour et al., 2003; 
Lu et al., 2004; Skadsen and Hohn, 2004; Bolwerk et al., 2005; Eckert 
et al., 2005; Spinelli et al., 2005) since it provides an elegant way to exam-
ine the progression of the pathogen within plant tissues. So far, plant 
pathologists have used the GFP transformation technology to study the 
spatio-temporal behaviour of plant pathogens in systems where fungi are 
amenable to genetic transformation, such as Ustilago maydis in sweet corn
(Spellig et al., 1996), Cochliobolus heterostrophus in maize (Maor et al.,
1998), and Ophiostoma piceae in wood (Lee et al., 2002).

As described by Leveau and Lindow (2002) and Larrainzar et al.
(2005), GFP technology can offer tremendous insights into microbial func-
tion and behaviour in natural environments. Because very few BCAs have 
been manipulated genetically (Zeilinger et al., 1999; Lübeck et al., 2002; 
Lu et al., 2004; Bolwerk et al., 2005), this technology has yet to be exploited 
fully for the study of complex plant–pathogen–BCA interactions.
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Mode of Action

Understanding precisely how BCAs kill their target has always been per-
ceived as the key to maximize the efficacy of BCAs in the field. From a 
theoretical point of view, if the mode of action can indeed be reduced 
down to a single trait, this greatly facilitates manipulation and over-
expression of the trait in key situations for a BCA to eliminate a plant 
pathogen. As a matter of fact, this strategy has been tried with a few sys-
tems with mitigated results. For instance, in cases where parasitism 
appeared to be the predominant mode of action, several attempts have 
been made to increase production of lytic enzymes, such as chitinases and 
glucanases (Kubicek et al., 2001; Lorito et al., 2001). The approach con-
templated either the selection of BCA strains with superior ability to pro-
duce such enzymes or the direct cloning of relevant genes conferring 
better substrate degrading properties. While conceptually sound, these 
initiatives failed to deliver BCAs with notable increased activity. In retro-
spect, it was generally agreed that parasitism, or at least the enzymes asso-
ciated with this mode of action, was not the key factor in the biocontrol 
activity of some fungi, notably in the case of Trichoderma spp. (Woo et al.,
2006). These results have highlighted the difficulty inherent to ascribing 
the activity of a BCA to a single factor. In most cases, the genetic analyses 
employed to study phenotypic variations in an attempt to single out the 
key factor gene have been termed forward genetics (Tierney and Lamour, 
2005). With the advent of rapid advances in genomics and genome 
sequencing, scientists are now in a position to use a completely different 
approach, called reverse genetics, where disruption of a gene or gene 
product is used to study the resulting phenotypes. The objective in reverse 
genetics is to alter a specific gene and thus infer gene function. Considering 
the difficulties encountered in identifying ‘biocontrol genes’, this approach 
offers new avenues to discover and target with precision those elusive 
genes involved in the interactions among plant pathogens and BCAs.

Among the many approaches now available, gene silencing via RNAi 
is being expanded to many organisms since its initial observation in 
Caenorhabditis elegans (Fire et al., 1998). In C. elegans, genome-wide 
RNAi screens against libraries of predicted genes have allowed the study 
of a variety of biological processes (Kuttenkeuler and Boutros, 2004). 
Targeted gene disruption by homologous recombination is another strat-
egy being exploited in reverse genetics (Woo et al., 1999; Grevesse et al.,
2003). For instance, homologous recombination has been used in embry-
onic cells in mice and has led to the construction of precise mutations in 
nearly every gene (Adams et al., 2004). Other approaches being used or 
developed for the study of specific gene functions include: insertional 
mutagenesis/transposon-mediated mutagenesis (Vidan and Snyder, 2001), 
Targeting-Induced Local Lesions in Genomes (TILLING) (McCallum et al.,
2000) and Virus-Induced Gene Silencing (VIGS) (Baulcombe, 1999).

While gene function analysis in BCAs is still in its infancy, it is clear 
that the new biotechnology tools will provide valuable assistance towards 
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that endeavour. Yeasts and yeast-like organisms, having rather small and 
simple genomes, are likely to be the first fungal BCAs to serve as models 
for understanding what triggers biocontrol activity.

Studying the Ecology and Mode of Action of BCAs Through 
Biotechnology: Examples with Pseudozyma flocculosa

P. flocculosa (Traquair, L. A. Shaw et Jarvis) Boekhout et Traquair (syn: 
Sporothrix flocculosa Traquair, Shaw et Jarvis) is a yeast-like epiphyte 
that is found naturally on the surface of leaves (Fig. 22.1). It has been dis-
covered and described by Traquair et al. (1988) but its potential as a BCA 
has generated a lot of research aimed at understanding its ecology and 
mode of action (Bélanger and Avis, 2002).

From the time of its discovery, P. flocculosa has been described almost 
exclusively as an antagonist of the biotrophic powdery mildews (Fig. 22.2). 

Fig. 22.1. Conidiophores of the biocontrol agent Pseudozyma flocculosa on the 
surface of a cucumber leaf as visualized by scanning electron microscopy. 
(Reproduced from Bélanger [2006] with permission from the publisher.)
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Several papers have related its efficacy at controlling powdery mildews on 
different hosts (Hajlaoui and Bélanger, 1993; Bélanger et al., 1994; Dik et al., 
1998) but most importantly, efforts at understanding its mode of action have 
shed some light on the ecology of the organism in relation with optimizing 
its use as a biocontrol agent. From the very beginning, it was quite clear that 
P. flocculosa was neither a strong competitor in the phyllosphere nor a direct 
hyperparasite. All observations pointed to a manifestation of antibiosis. The 
fungus was never seen to penetrate its host but killed it within a few hours 
of interaction. Microscopic studies confirmed that test fungi exposed to 
P. flocculosa were plasmolyzed very rapidly (Hajlaoui et al., 1992). These 
results prompted investigations into the active principles that conferred 
P. flocculosa its activity (Avis et al., 2000). In an effort to confirm the role of 
antibiosis as the predominant mode of action of P. flocculosa and to properly 
understand how it related to its ecology, a genetic transformation system 
specifically adapted for P. flocculosa was developed (Cheng et al., 2001).

Ecological studies with GFP

With the recent strides in genetically manipulating P. flocculosa, it became 
possible to exploit GFP technology for the benefit of this BCA in areas of 

Fig. 22.2. Interaction of the biocontrol agent Pseudozyma flocculosa with powdery 
mildew of cucumber (Podosphaera xanthii) on the surface of a cucumber leaf as 
visualized by scanning electron microscopy. Thin hyphae of P. flocculosa cause the 
collapse of the P. xanthii conidial chains.
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fungal ecology and tritrophic interactions that were inaccessible a few 
years ago (Fig. 22.3A and B). Previously, plant pathologists and microbial 
ecologists have used GFP technology almost exclusively for the study of 
plant–pathogen interactions in an effort to understand the infection pro-
cess (Spellig et al., 1996; Maor et al., 1998; Lee et al., 2002). The addition 
of the BCA component in a foliar system allowed direct observation of the 
relative influence of one component over the others in a habitat representa-
tive of the main biological interacting elements following application of a 
BCA. Following inundative applications on different plant species or 
plant–powdery mildew interactions, the growth of a P. flocculosa trans-
formed with GFP was closely associated with the presence of powdery 
mildew colonies regardless of the species or the host plant (Neveu et al.,
2007). Development of P. flocculosa on control leaves alone was extremely 
limited 24 h after application and appeared typical of the epiphytic growth 
characterizing this type of yeast-like fungus. Based on the strong correla-
tion between the colonization pattern of the different powdery mildew 
species tested and the presence of P. flocculosa, as determined by its fluor-
escence, it seems that growth of the BCA is dependent on the presence of 
powdery mildews (Fig. 22.3C and D). These results demonstrate that the 
GFP technology can be used to study plant–pathogen–BCA interactions 
and fulfil a wide array of purposes, ranging from fundamental observa-
tions of the biocontrol behaviour of a BCA to very applied ones serving 
some of the requirements for the registration of BCAs. In context of require-
ments for registration of BCAs, one can readily appreciate how GFP tech-
nology could provide valuable information regarding, among other 
specifications, environmental fate. For this purpose, P. flocculosa, as the 
active ingredient of the biofungicide Sporodex, is a good model since it 
has received temporary registration in Canada and the USA but is still 
under review in Europe. From the outset, results can alleviate concerns 
one may have about unrestrained spread of the BCA following mass appli-
cations. GFP technology could also help reduce costs of repetitious evalu-
ations on different hosts since multiple host–pathogen combinations can 
be tested in limited space and time. In addition, corroboration of similar 
behaviour regardless of the host, as observed, could facilitate requests for 
data from ecotoxicological studies. Other practical information, for 
instance residue data and persistence in the environment, could also be 
obtained in a speedy yet accurate manner, at least initially, by observa-
tions of GFP transformants in a specified field. For example, the study of 
splash dispersal of sporangia of Phytophthora infestans generated by rain-
drop impaction on plants was largely facilitated by the use of GFP express-
ing transformants (Saint-Jean et al., 2005).

Genes Involved in the Mode of Action

Following the genetic transformation of P. flocculosa, Cheng et al. (2003) 
were able, through insertional mutagenesis, to create mutants that 
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lacked the ability to produce the antibiotics. When the same mutants 
were tested against other fungi, they were unable to stop their progres-
sion in confrontation tests, and more importantly, they had lost all their 
biocontrol activity against powdery mildews. These results strongly 
suggested that antibiotic production was an intrinsic property in P. floc-
culosa that played an important part in the life cycle of this epiphyte. 
However, comparative analysis of the culture filtrates of control and 
negative mutants revealed that the active ingredient was more complex 
than originally suspected. The active molecule was in fact a cellobiose 
lipid, a rather unusual occurrence in the fungal kingdom. In fact, this 
glycolipid, named flocculosin, was closely related to a particular fungal 
metabolite, ustilagic acid, produced by U. maydis (Lemieux et al., 1951) 
(Fig. 22.4).

The link between the production of a ustilagic acid by U. maydis 
and the glycolipid flocculosin by P. flocculosa is intriguing because the 
close taxonomic relationship between these two fungi has been veri-
fied by molecular biology studies. Boekhout (1995) has shown the 
closeness of Pseudozyma species to yeast-like anamorphs of U. maydis 
based on DNA sequences coding for large subunit of rDNA genes. This 
suggests that, in the course of their evolution, both fungi have main-
tained this antibiotic trait because it contributed to their ecological 
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fitness. From this perspective, it is quite clear that P. flocculosa is using 
this chemical weapon to protect its limited ecological niche and deter 
potential competitors from invading it (Avis et al., 2000). This is per-
ceived as being rather elegant when this property can be exploited in 
biological control. However, chemical warfare among microorganisms 
is not exclusive to ‘beneficial’ agents and plant pathogens such as 
U. maydis can also find advantages at maintaining their ecological 
position through this mode of action. For instance, it is well known 
that U. maydis requires pla smogamy between conjugation tubes from 
two compatible basidiospores to produce dikaryotic mycelium capable 
of infecting maize. In the process of finding (or waiting for) a compati-
ble mating type, a basidiospore will likely enhance its chance of sur-
vival by protecting its immediate surrounding with the release of 
antifungal compounds.

Using a reverse genetics approach, Hewald et al. (2005) recently identi-
fied a gene, cyp1, which is essential for synthesis of ustilagic acid by 
U. maydis. Deletion of this gene was not lethal and did not appear to alter 
pathogenicity towards maize but affected pheromone recognition over 
large distances, abolishing conjugation tube induction and thus preventing 
mating of compatible strains. Based on these observations, the bios urfactant
properties of ustilagic acid were hypothesized to facilitate diffusion of the 
hydrophobic pheromones that allow the long distance recognition of com-
patible mating types. It was therefore interesting to determine if and why 
Pseudozyma spp. would retain this trait based on the putative role of usti-
lagic acid in U. maydis. For this purpose, six different Pseudozyma species 
(P. flocculosa, P. antarctica, P. rugulosa, P. tsukubaensis, P. fusiformata and 
P. aphidis) were screened for homologues of this gene. Results revealed 
that only two species contained a U. maydis cyp1 homologue, P. flocculosa
and P. fusiformata (Marchand et al., 2006). Interestingly, these are the only 
two Pseudozyma species in which production of cellobiose-type lipids 
such as flocculosin (Mimee et al., 2005) and ustilagic acid (Kulakovskaya 
et al., 2005), respectively, are reported.

In contrast to U. maydis, P. flocculosa is believed to lead a strictly 
asexual anamorphic-like lifestyle. Therefore, if the cellobiose lipid indeed 
plays a role in recognition of compatible mating types, one can wonder if 
the cyp1 gene in P. flocculosa is a vestigial trait, since no mating of com-
patible strains has ever been observed, and strains collected from different 
parts of the world show remarkably little genetic variation as assessed 
with the use of molecular markers (Avis et al., 2001). Yet the BCA P. floc-
culosa has conserved the ability to produce flocculosin, and this molecule 
shows remarkable antifungal properties (Mimee et al., 2005). Did P. floc-
culosa evolve a different role for its cellobiose lipid? On the basis of its 
antifungal activity, it does seem plausible that flocculosin is involved in 
protecting the ecological niche and concomitantly in conferring bio control
activity to P. flocculosa. To address these hypotheses, the application of 
techniques of silencing or knockout to the P. flocculosa cyp1 gene would 
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provide useful information about the role of flocculosin and its implica-
tion in the mode of action of this BCA. Alternatively, overexpression of 
this gene could also lead to insights into the apparent specificity of the 
interaction with powdery mildew fungi, and would represent the bridge 
from using biotechnology as a tool to further our understanding to poten-
tially improving the biocontrol properties of P. flocculosa.

Conclusion

While biotechnology has not yet yielded concrete improvements of the 
biocontrol efficacy of biocontrol yeasts and fungi to control fungal plant 
diseases, it has played an important role in improving our fundamental 
understanding of the BCA–plant–pathogen interaction. For instance, new 
tools such as GFP expression by BCAs and plant pathogens allow real-
time, nondestructive in situ observation and ecological studies of complex 
interactions. P. flocculosa is an interesting example of a registered BCA 
where GFP technology has been exploited to conduct precise ecologic al
studies that complemented the data already obtained through conven-
tional microscopy and molecular approaches. This technology also allows 
easy tracking of BCAs and thus alleviates concerns over the environmen-
tal fate of BCAs in the registration process. Advances in genomic sequenc-
ing of BCAs or closely related organisms also provide the opportunity to 
identify more key genes involved in biocontrol potential. When combined 
with reverse genetics approaches using techniques such as RNAi or gene 
knockout to modulate or disrupt the expression of candidate genes, iden-
tification of new genes involved in biocontrol activity should yield oppor-
tunities to improve the capacity of BCAs to control plant diseases.
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Abstract
Plant-to-plant spread of viruses most often requires a specific vector. Plant viruses 
are obligate parasites that are usually capable of infecting only specific hosts. The 
plants they infect are sessile and viruses are incapable of penetrating the plant cell 
wall. Plant viruses have evolved to overcome these barriers for dissemination and 
the initiation of infection by developing interactions with specific vectors. The vec-
tors provide the mobility required for plant-to-plant movement, share similar hosts 
with the virus and are capable of breaching the cell wall. The virus–vector associ-
ations observed have been found to be highly specific, implying that viruses have 
evolved to recognize and attach to specific features of their vectors in a ligand–
receptor fashion. This chapter provides a broad overview of the various biological 
relationships that exist between selected plant viruses and their vectors and recent 
studies on molecular components of viruses and vectors that mediate these inter-
actions. Basic similarities and differences among the various models for virus–
vector interactions are discussed as well as emerging patterns of interaction.

Introduction

Plant viruses are transmitted in a highly specific fashion by a variety of 
arthropods and by soil-inhabiting nematodes and fungi (Table 23.1). Plant 
viruses can also be transmitted through seed, pollen and vegetative propa-
gation. A very few viruses can be mechanically transmitted through 
human and other animal activity, as well as by physical contact between 
the leaves of adjacent plants in a field (Hull, 2002). Since successful spread 
of most plant viruses requires specific interactions between the virus and 
its vector, studies of virus–vector interactions may offer new opportuni-
ties for reducing the impact viruses have in the many food, fibre and orna-
mental crops they infect. This chapter provides a broad overview of vector 
transmission of plant viruses, focusing on recent research on molecular 
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Table 23.1. Summary of vector transmission of plant viruses.

Viral-encoded proteins that 
Characteristics of transmission Virus–vector examples assist in transmission

Passage   Putative and
Transmission Acquisition  Retention Virus in across  Virus genus/ known ‘helper CP
mode time time haemocoel membranes Replication Vector speciesa proteins’b readthroughc

Non-persistent s–min min–h No No No Aphids Potyviruses HC-Pro No
       Tobacco 
        etch virus
       Carlaviruses No No
       Alfalmovirus No No
       Cucumovirus No No
       Cucumber
        mosaic virus
Semi-persistent min–h h–days No No No Whiteflies Criniviruses  No
       Lettuce infectious  CPm, HSP70h,
        yellows virus p59
      Aphids Closteroviruses  No
       Beet yellows virus CPm, HSP70h,
         p64, p20
       Citrus tristeza virus CPm, HSP70h,
         p61
       Caulimoviruses  No
       Cauliflower  p2 (18 kDa), 
        mosaic virus p3 (15 kDa) 
       Waikaviruses  No
       Anthriscus yellow Yes
        fleck virus   (unidentified) 
      Leafhoppers Waikaviruses No
       Rice tungro virus Yes  No
         (unidentified) 
      Mites Tritimoviruses
       Wheat streak 
        mosaic virus HC-Pro No

Continued
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Table 23.1. Continued

Viral-encoded proteins that 
Characteristics of transmission Virus–vector examples assist in transmission

Passage   Putative and
Transmission Acquisition  Retention Virus in across  Virus genus/ known ‘helper CP
mode time time haemocoel membranes Replication Vector speciesa proteins’b readthroughc

      Nematodes Tobraviruses  No
       Pea early 
        browning virus 2b, 2c 
       Tobacco rattle  2b
        virus
       Nepoviruses  
       Grapevine fanleaf 
        virus No No
Persistent-
 circulative h days–life Yes Yes No Aphids Luteoviruses No Yes
       Barley yellow 
        dwarf virus
       Poleroviruses No Yes
       Potato leafroll virus
       Beet western 
        yellows virus
Persistent- 
 propagative h days–life Yes Yes Yes Thrips Tospoviruses No No
       Tomato spotted 
        wilt virus
      Leafhoppers, 
       planthoppers Reovirusesd No No
      Aphids, 
       leafhoppers, 
       planthoppers Rhabdovirusese No No
In vitro min Life of N/Af Possible  No Olpidium Tombusviruses No No

  spore   (see text)   Cucumber
        necrosis virus
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       Carmoviruses  
       Aureusviruses  
       Necroviruses  
       Dianthoviruses  
In vivo N/A Life of N/A Yes No Olpidium Varicosaviruses No No
   spore     Ophioviruses
         

N/A Life of  N/A Yes No Plasmodiophorids Benyviruses No Yes
   spore     Furoviruses  
       Pomoviruses  
       Pecluviruses  
       Bymoviruses P2g No

aThe genus name for the virus group is shown along with examples of members (species) described in the text.
bRefers to proteins encoded by the virus that assist in transmission but that are not a major structural component of purified virus particles. Proteins in italics are putatively involved in 
transmission.
cIndicates that the virus CP RTD is either known or putatively involved in transmission.
dRefers to members of the Reoviridae in general to show the various vectors involved in transmission of the various members.
eRefers to members of the Rhabdoviridae in general to show the various vectors involved in transmission of the various members.
fN/A = not applicable.
gRefers to the potential involvement of the ‘capsid-like’ region of the P2 protein in transmission (see text).
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aspects of virus–vector interaction. For details and additional material, 
readers are referred to several recent comprehensive reviews (Gray and 
Banerjee, 1999; Hull, 2002; Plumb, 2002; Gray and Gildow, 2003; 
MacFarlane, 2003; Rush, 2003; Rochon et al., 2004; Whitfield et al., 2005b; 
Ng and Falk, 2006b). For summaries on virus–vector interactions not cov-
ered in this chapter, readers are referred to two additional reviews (Hull, 
2002; Plumb, 2002).

Vectors of Plant Viruses

Table 23.1 provides a summary of some common vectors and the viruses 
they transmit. More comprehensive summaries can be found in several 
recent reviews (Gray and Banerjee, 1999; Hull, 2002; Plumb, 2002; Gray 
and Gildow, 2003; MacFarlane, 2003; Rush, 2003; Rochon et al., 2004; 
Whitfield et al., 2005b; Ng and Falk, 2006b). Approximately 94% of plant 
virus vectors are arthropods, with insects representing 99% of the arthro-
pods, and aphids representing 55% of the insects. Of the known aphids, 
nearly all are known to transmit at least one plant virus (Ng and Falk, 
2006b). Outside of aphids, the most common vectors include whiteflies 
and leafhoppers, followed by the less common vectors, thrips, mites, bee-
tles and nematodes. Fungi and plasmodiophorids (protists) represent the 
remaining least common virus vectors (Rochon et al., 2004; Ng and Falk, 
2006b).

The various vectors of plant viruses are known to transmit viruses 
from diverse taxa and viruses within the same family can be transmitted 
by different vectors. However, with few exceptions, members of a spe-
cific virus genus are transmitted by similar vectors (Table 23.1) (Gray 
and Banerjee, 1999; Ng and Perry, 2004; Rochon et al., 2004). The latter 
is most likely related to the fact that a major specificity determinant for 
vector transmission is the viral coat protein (CP) (Hull, 2002), the 
sequence and structure of which is a major criterion for virus classifica-
tion (Van Regenmortel et al., 2000). However, as will be described below, 
viruses also use one or more additional viral-encoded proteins to assist 
in transmission.

Modes of Vector Transmission

Plant viruses have evolved diverse strategies for transmission by their 
vectors (Table 23.1). Nevertheless, each strategy requires three major steps: 
(i) acquisition of the virus from the host plant; (ii) retention within the 
vector; and (iii) the ability of the virus to be released from its vector for 
inoculation of a suitable host. Differences and similarities among these 
basic criteria have been used to classify the various modes of vector-mediated 
virus transmission (Gray and Banerjee, 1999; Hull, 2002; Plumb, 2002; 
Gray and Gildow, 2003; MacFarlane, 2003; Rush, 2003; Rochon et al.,
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2004; Whitfield et al., 2005b; Ng and Falk, 2006b). These include: the 
length of time required for acquisition of the virus by its vector, how long 
viruses can be retained prior to transmission, whether the virus circulates 
within its vector prior to release and, if so, whether replication of the 
virus occurs during its circulative pathway (Table 23.1). Some aspects of 
transmission by fungi and plasmodiophorids have been classified differ-
ently (Campbell, 1996; Rochon et al., 2004) due to the distinct biology of 
the vectors (Table 23.1).

Table 23.1 outlines the various modes of transmission. Viruses that are 
acquired within a short period of time (i.e. seconds to minutes), and that 
are transmissible only within a short time following acquisition (minutes 
to hours), are referred to as non-persistently transmitted viruses. Viruses 
in which acquisition requires minutes to hours and that are transmissible 
for hours to days are referred to as being semi-persistently transmitted. 
Persistently transmitted viruses can require hours for successful acquisi-
tion, and are retained by their vectors for days and up to the life of the 
vector, and circulated through their vector prior to transmission to a suit-
able host. Viruses that replicate within their hosts during the circulative 
pathway are referred to as being transmitted in a persistent-propagative 
manner. Although these general modes of transmission were derived from 
studies on aphids, thrips and leafhoppers, they apply to transmission by 
most other arthropod vectors with piercing and sucking mouthparts.

The site of virus acquisition within the vector varies and is closely 
associated with the length of time required for acquisition. For example, 
viruses that are non-persistently transmitted are found in association 
with the stylet, whereas those that are transmitted semi-persistently are 
usually found associated with the foregut (Gray and Banerjee, 1999; Hull, 
2002; MacFarlane, 2003; Ng and Falk, 2006b) (Fig. 23.1). Non- persistently
and semi-persistently transmitted viruses have relatively unstable 
associations with the food canal as they can be lost during feeding probes. 
Persistently transmitted viruses are usually acquired in the midgut or 
hindgut and require circulation through the vector. The circulative path-
way involves uptake from the lumen of the gut and passage through sev-
eral membrane barriers (Fig. 23.1B and C). This accounts, in part, for the 
increased period of time between acquisition and transmission of persist-
ently transmitted viruses. In the case of Tomato spotted wilt virus (TSWV), 
which is transmitted in the persistent-propagative manner, replication 
occurs in midgut cells and other tissues (Gray and Banerjee, 1999; Hull, 
2002; Gray and Gildow, 2003; Whitfield et al., 2005b). Circulative viruses 
eventually enter the salivary glands and are subsequently released into 
the salivary canal and egested along with salivary secretions into host 
cells (Fig. 23.1A).

It is well established that the capsid proteins of plant viruses play 
essential roles in transmission. However, recently it has become clear that 
many viruses require additional viral-encoded proteins for transmission. 
In most cases, these proteins are not major components of the virion and 
play additional roles in the infection process. As will be described, specific
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vector components that associate with virions are being identified. These 
may represent receptor or receptor-like components that are required for 
the different stages of the transmission process.

Non-persistent Transmission

Aphids are the only known vectors for non-persistently transmitted 
viruses (Hull, 2002; Ng and Falk, 2006b). Acquisition of the virus occurs 
within seconds to minutes during brief probing of the aphid on a plant 
epidermal cell (Table 23.1). Virus uptake occurs during probing on a host 

Fig. 23.1. Schematic diagram showing the circulative pathway of a virus through an aphid. 
(A) The relevant organs are labelled. Dashed arrows correspond to the route taken from the 
food canal through the aphid and into the salivary canal. The distal portion of the stylet 
where the food canal fuses with the salivary canal is shown by brackets (see text). Sizes of 
different insect parts are not drawn to scale. (B) Enlarged basic diagrammatic representation 
of the passage of a luteovirus particle from the hindgut to the haemocoel [see text and Gray 
and Gildow (2003) for details]. (C) Enlarged diagrammatic representation of the passage of a 
luteovirus particle from the haemocoel into the salivary canal [see text and Gray and Gildow 
(2003) for details].
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plant but can also occur during probing on non-hosts while the aphid 
‘searches’ for its host. Similarly, acquired virus can be inoculated to a host 
or non-host plant during subsequent probes by the aphid. During probing, 
aphids use their stylets to penetrate and access the contents of a cell by 
puncturing the cell wall and plasma membrane of an epidermal cell. Once 
a suitable host is found, the aphid will feed for longer times by probing 
deeper toward phloem sieve tubes. Non-persistently transmitted viruses 
are most often acquired and transmitted during the brief probing process 
that occurs while aphids ‘search’ for a host. In fact, when aphids feed on 
host plants, they are less likely to transmit a non-persistently transmitted 
virus since the aphid will likely not move from its host plant in the brief 
period during which a non-persistently transmitted virus is retained (Ng 
and Falk, 2006b). The aphid stylet is the site of binding for non-persistently
transmitted virus. Although virus is found all along the anterior portion of 
the alimentary canal (proximal region of the stylet up to the foregut), par-
ticles associated with the distal portion of the stylet where it fuses with 
the salivary canal are the most efficiently transmitted (see bracketed area 
in Fig. 23.1A). Thus, it is currently believed that efficient transmission (of 
at least potyviruses) requires that particles become mixed with salivary 
secretions (rather than simply being regurgitated back through the stylet 
food canal) (Gray and Banerjee, 1999).

Table 23.1 shows some examples of non-persistently transmitted 
viruses. At the molecular level, the potyviruses and cucumoviruses have 
been the most extensively studied of the non-persistently transmitted 
viruses. Features of their transmission are described below.

Potyviruses

Potyviruses represent one of the most diverse groups of plant viruses and 
are responsible for significant agronomic losses in food crops throughout 
the world. The virion is a long flexuous filament that consists of a single CP 
species that is arranged helically about the monopartite positive-sense RNA 
genome. The CP subunit consists of two main regions: a highly variable 
~30–100 amino acid (aa) N-terminal region, which is exposed on the out-
side of the particle, and an approximate 220 aa highly conserved C-terminal 
region that forms the particle core (Fig. 23.2A) (Shukla et al., 1988; Ng and 
Falk, 2006b). The potyvirus genome is translated into a single long polypep-
tide that is cleaved into several mature proteins that include the capsid, 
replication and movement proteins as well as viral polyprotein-specific 
proteases. One such protein is the helper component-protease (HC-Pro) 
which plays several roles in the virus infection cycle, including movement 
and suppression of RNA silencing (Plisson et al., 2003).

Potyvirus transmission requires the presence of particles as well as 
HC-Pro. The need for an additional viral-encoded protein for transmission 
of potyviruses was originally suspected when it was found that purified 
virus is not transmissible. In addition, it was found that a transmissible 
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Potyvirus HC-Pro

Potyvirus CP

Potyvirus
virion

CMV

CMV CP

Fig. 23.2. Hypothetical models for interactions of non-persistently transmitted potyviruses 
(A) and cucumoviruses (B) with the aphid stylet. (A) Part (i) shows structural and functional sites 
of the potyvirus HC-Pro and CP. Part (ii) shows the hypothetical bridging model for interaction 
of HC-Pro with the aphid stylet and the N-terminal exposed region of the CP. Pattern schemes 
used for the structural domains of the CP in parts (i) and (ii) are equivalent. Although a dimer is 
shown in part (ii) it is possible that the bridging function of HC-Pro may involve other 
oligomeric forms. Also note that two possible modes of interaction between the HC-Pro dimer 
with the stylet and CP are shown, as it is not yet clear which parts of the oligomer are involved 
in the bridging interaction (Ruiz-Ferrer et al., 2005). The model also incorporates the findings 
(Torrance et al., 2006) that HC-Pro is found at the tip of the potyvirus particle, and the possible 
role this may have in aphid stylet binding and transmission. See text for additional details. 
(B) Hypothetical model for interaction between CMV particles and the lining of the aphid stylet. 
The CMV CP is shown in part (i) along with the location and amino acid sequence of the acidic 
region implicated to serve as a site for aphid stylet interaction. Part (ii) shows a model for 
interaction between the acidic patch associated with pentomers of the particle and a putative 
receptor on the stylet (Bowman et al., 2002; Liu et al., 2002) (see text for additional references).
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potyvirus could assist in transmission of a non-transmissible potyvirus 
when plants were co-infected. Later, it was found that aphid transmission 
occurs when HC-Pro is added to purified virus (Pirone and Blanc, 1996). 
It is now generally accepted that HC-Pro assists in transmission by acting 
as a bridge between the virion and the cuticular lining of the aphid stylet 
(Pirone and Blanc, 1996) (Fig. 23.2A). Detailed structural characterization 
of HC-Pro indicates that it is a homo-oligomer consisting of one or pos-
sibly several conjoined dimers. Transmission studies suggest that the oli-
gomeric structure is the form that is involved in transmission (Plisson 
et al., 2005; Ruiz-Ferrer et al., 2005).

In vivo and in vitro assays have identified specific regions of HC-Pro 
that are required to bridge the stylet and CP and thereby contribute to 
transmission (Fig. 23.2A). A PTK (proline-threonine-lysine) tripeptide 
located in the C-terminal half of HC-Pro has been found to be important 
for transmission (Peng et al., 1998). The tetrapeptide KITC (lysine-isoleucine-
threonine-cysteine), located in the N-terminal region of HC-Pro, contrib-
utes to transmission by binding to the aphid stylet (Blanc et al., 1998). 
Mutational analyses of the CP have shown that a DAG (aspartate-alanine-
glycine) tripeptide along with adjacent amino acids within the N-terminal 
exposed region of the potyvirus CP is required for transmission (Atreya 
et al., 1995; Pirone and Blanc, 1996). HC-Pro–capsid overlay assays have 
shown that HC-Pro and CP proteins interact in vitro and that the region 
surrounding the DAG sequence interacts with the PTK motif in HC-Pro 
(Blanc et al., 1997) (Fig. 23.2A).

Although the potyvirus particle has been thought to consist of a single 
type of CP subunit, it has recently been found that HC-Pro is associated 
with one tip of approximately 10% of purified particles and colocalizes 
with the 5'-terminal viral genome-linked protein. The basis for this asso-
ciation which is not currently known as HC-Pro is known to play multiple 
roles including virus movement and transmission (Fig. 23.2A) (Torrance 
et al., 2006).

Interestingly, it has recently been found that the HC-Pro of the semi-
persistently transmitted Wheat streak mosaic virus (a tritomovirus in the 
Potyviridae) also acts as a helper factor for mite transmission (Stenger 
et al., 2005). Thus, HC-Pro activity is not restricted to non-persistent trans-
mission by aphids.

Cucumber mosaic virus

Particles of Cucumber mosaic virus (CMV) (a member of the Cucumovirus
genus) have T=3 icosahedral symmetry, consisting of 180 identical CP 
subunits (Smith et al., 2000). CMV is transmitted by aphids in a non-
persistent manner generally similar to that described for the potyviruses 
(Hull, 2002; Plumb, 2002; Ng and Perry, 2004; Ng and Falk, 2006b). 
However, numerous studies have shown that the CP alone contains the 
determinants for aphid transmission and therefore, unlike the potyviruses, 
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a virus-encoded helper component is not required (Plumb, 2002; Ng and 
Perry, 2004; Ng and Falk, 2006b).

CMV has a tripartite genome wherein RNA-3 encodes the CP. Plants 
can be infected by inoculation with synthetic RNA corresponding to each 
of the three genome components. Synthetic chimeric RNA-3 molecules 
derived from different CMV strains and co-inoculated with RNA-1 and 
RNA-2 have been used to assess the role of specific CP regions or amino 
acids in aphid transmission of different CMV strains. When a series of 
such experiments were conducted using chimeras of the CP of the aphid-
transmissible CMV-Fny and the non-transmissible CMV-M, it was found 
that 2 amino acid positions (aa 129 and 162) affected efficient transmis-
sion by the aphid Aphis gossypii and that an additional 3 positions (aa 
25, 168 and 214) were required for transmission by Myzus persicae (Perry 
et al., 1998; Ng and Falk, 2006b). Subsequent studies showed that aa 162 
and 168 are important for virus particle stability (Ng and Falk, 2006b). 
Amino acid 162 is not exposed on the surface of the capsids (Smith et al.,
2000), suggesting that it may reduce transmission by reducing particle 
stability or conformation. Substituting the proline at CP aa 129 of CMV-
Fny with the leucine that is at this position in CMV-M does not have a 
pronounced effect on particle stability. However, this change did lead to 
rapid necrosis of the plant and therefore might decrease transmissibility 
by affecting the quantity or accessibility of particles (Ng et al., 2005; Ng 
and Falk, 2006b).

A high resolution crystal structure of CMV has been obtained and, based 
on this structure, specific mutations have been introduced to determine 
potential effects on aphid transmissibility (Smith et al., 2000; Liu et al., 
2002; Ng and Perry, 2004). A conserved, highly acidic sequence, DDALETD 
(aspartate-aspartate-alanine-leucine-glutamate-threonine-aspartate), located 
in the CP βH-βI loop which is exposed on the capsid surface, has been 
found to have a pronounced effect on transmission without affecting parti-
cle stability (Fig. 23.2B). It has been speculated that the acidic patch may 
mediate electrostatic interactions with components of the lining of the 
aphid stylet during virus attachment (Smith et al., 2000; Liu et al., 2002). 
A hypothetical model for interaction between CMV and the aphid stylet is 
shown in Fig. 23.2B.

Semi-persistent Transmission

As opposed to non-persistent transmission, semi-persistent transmission 
involves relatively longer acquisition and retention times (Table 23.1) 
ranging from minutes to hours for the acquisition phase and hours to days 
for the retention phase. Several viruses from distinct families are known 
to be transmitted in a semi-persistent manner (Table 23.1). Similarly, semi-
persistent transmission occurs among a variety of vectors, including 
whiteflies, leafhoppers, mites, nematodes and mealybugs (Gray and 
Banerjee, 1999; Ng and Falk, 2006b).
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Cauliflower mosaic virus

A well-studied example of semi-persistent transmission is the aphid-transmitted 
Cauliflower mosaic virus (CaMV). CaMV is a DNA virus with an icosahedral 
capsid having T = 7 symmetry and consisting of 420 copies of the major CP 
(p4) (Van Regenmortel et al., 2000). As in non-persistent transmission of poty-
viruses, CaMV transmission requires virus-encoded helper factors. However, 
in CaMV, two such helper factors (p2 and p3), in addition to the major CP, have 
been identified (Fig. 23.3A). Several detailed studies have contributed to an 
understanding of the complex interaction between CaMV, its helper factors 
and the aphid stylet (Ng and Falk, 2006b). Recent studies have shown that p3 
is loosely anchored within CaMV virions (Plisson et al., 2005). The p3 protein 
has been shown to interact with p2 and p2 interacts with the aphid foregut. 
Thus, p2 is functionally similar to HC-Pro in that it acts to bridge an interac-
tion between the aphid mouthpart and virus particles (Fig. 23.3A). However, 
unlike HC-Pro, p2 interacts in an indirect manner through binding with a 
minor virion-associated component. Studies have shown that p2 can be found 
in the stylet without p3:virion complexes. Furthermore, p2:p3:virion com-
plexes are found predominantly in the aphid stylet and are not preformed at a 
significant level in leaf cells. Thus, it appears that preformed p3:virion com-
plexes interact with p2 following attachment of p2 to the stylet (Leh et al., 
2001; Drucker et al., 2002) (see hypothetical model in Fig. 23.3A).

Regions within the N-terminal domain of the CaMV p2 protein have 
been suggested to contain determinants for attachment to the aphid stylet. 
A single amino acid change in the N-terminal region can result in loss of 
transmissibility or affect the efficiency of transmission of CaMV by its 
various aphid vectors. Moreover, a rapid and spontaneous mutation occurs 
at this same amino acid position when CaMV is placed under the selective 
pressure of acquisition by new vectors (Moreno et al., 2005).

Cryo-electron microscopy studies of CaMV particles decorated with p3 
have provided insight into the structural arrangement of p3 within the cap-
sid (Plisson et al., 2005). In this model, p3 forms a lateral network of digit-
ations surrounding CaMV capsomeres. The N-terminal region of p3 forms 
dimeric digitations on the outside of the particle whereas the C-terminal 
region forms a trimeric anchor that embeds deeply within the shell. The p2 
binding domain of p3 has previously been mapped to the N-terminal 
exposed region of p3 and therefore the structure is compatible with the 
notion that the p3 N-terminal region is accessible to p2. It is currently not 
known if p2 binds the p3 dimer or if it binds a monomer. In the latter case, 
dissociation of the dimer digitations would be required (Plisson et al., 2005). 
Figure 23.3A provides a hypothetical model for CaMV–stylet interactions.

Criniviruses and closteroviruses

Lettuce infectious yellows virus (LIYV) is a crinivirus in the Closteroviridae
and is transmitted by whiteflies in a semi-persistent manner (Ng and Falk, 
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Fig. 23.3. Hypothetical models for interactions of the semi-persistently transmitted viruses, 
CaMV, BYV and LIYV, with the lining of the aphid stylet and foregut. (A) Organization of the CP, 
p2 and p3 coding regions in the circular (not shown) CaMV DNA genome is shown in part 
(i). Regions of p2 involved in binding p3 and the foregut are indicated by shading. Similarly, 
regions of p3 that bind p2 and the CaMV capsid are also shown. In part (ii) a hypothetical model 
for interaction between the CaMV particle and the foregut is shown. p3/CaMV complexes, 
preformed in infected leaves, enter and bind a preformed p2/foregut complex. Detailed shadings 
corresponding to p2 and p3 binding regions shown in part (i) are not shown. (B) Hypothetical 
model for interaction between the foregut and particles of BYV and LIYV. Part (i) shows the 
organization of the BYV and LIYV genome regions encoding the particle-associated proteins. 
Shading corresponds to proteins sharing sequence identity between BYV and LIYV. Part (ii) shows 
a model for interaction between the BYV and LIYV particles and the lining of aphid–whitefly 
foregut. A diagrammatic representation of the structure of the BYV particle and tip is shown. The 
orientations of the indicated proteins are not known so the entire region is shaded as CPm but 
indicated as consisting of other proteins. The LIYV particle is shown along with the location of 
CPm at the virion tip. As for BYV, the location of the particle-associated HSP70 and p59 are 
currently not known. Thus, only the known CPm regions are shown. Regions of BYV and LIYV 
that are believed to have roles in transmission are italicized. Italics indicate that the involvement 
of the particular protein in transmission is not known (see text).

 BYV

 BYV

LIYV

LIYV

CaMV

2006b) (Table 23.1). The genome is bipartite, consisting of two long RNA 
species encapsidated in long filamentous particles (Fig. 23.3B). Studies 
have shown that highly purified LIYV virions can be successfully trans-
mitted after in vitro acquisition, suggesting that transmission does not 
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require an exogenously supplied helper component (Tian et al., 1999). 
LIYV virions are composed of major and minor CP components (CP and 
CPm, respectively), wherein CPm is associated with the approximate 5% 
of one end of the particle and the major CP the remaining 95% (Ng and 
Falk, 2006b) (Fig. 23.3B). Two additional viral-encoded proteins, HSP70h 
and p59, have also been found to be present in highly purified LIYV par-
ticles (Fig. 23.3B) (Tian et al., 1999).

Particles of the aphid-transmitted closteroviruses, Beet yellows virus
(BYV) and Citrus tristeza virus (CTV), contain similarly organized bipolar 
virions in which CPm coats approximately 5% of one end of the particle 
and the major CP the remaining 95%. The HSP70h and p59 homologues 
of LIYV are also present as minor proteins in BYV and CTV particles. In 
BYV, particles have been found to contain an additional protein (p20) 
(Agranovsky et al., 1995; Satyanarayana et al., 2004; Alzhanova et al.,
2007) (Fig. 23.3B). The CPm of LIYV (Tian et al., 1999) and both the CPm 
and CP of BYV appear to be required for transmission (He et al., 1998). In 
the case of LIYV, incubation of particles with antibodies to CPm prior to 
feeding aphids inhibited transmission, whereas a similar experiment 
using antibodies to the major CP did not (Tian et al., 1999). Additionally, 
LIYV particles that lack an intact CPm are not transmissible (Ng and Falk, 
2006a).

It is known that the other minor virion proteins of BYV and CTV (with 
the exception of p20) are involved in capsid assembly as well as viral 
movement (Satyanarayana et al., 2004; Alzhanova et al., 2007). However, 
their roles in the transmission process remain to be determined. A tenta-
tive model for interaction of the closteroviruses with the food canal is 
shown in Fig. 23.3B.

Persistent Non-propagative Transmission

The persistent non-propagative transmission of members of the Luteoviridae
has been studied extensively for many years. The Luteoviridae are respon-
sible for a number of economically important diseases of food crops and 
have received much attention with regard to their epidemiology, transmis-
sion and molecular properties. The family Luteoviridae consists of three 
genera: the Luteoviruses (e.g. Barley yellow dwarf virus [BYDV]); 
Poleroviruses (e.g. Potato leafroll virus [PLRV], Beet western yellows virus
[BWYV]) and Enamoviruses (e.g. Pea enation mosaic virus [PEMV]) (Van 
Regenmortel et al., 2000). Although members of these virus groups have 
distinctive genome structures, they are similar with respect to the aphid 
transmission process (Gray and Gildow, 2003). Hereafter, when not speci-
fied, Luteoviridae members will be referred to as luteovirids.

Luteovirid transmission requires circulation through its aphid vector 
prior to successful transmission but does not involve replication (Table 
23.1). The circulative mode of transmission is responsible for the persistent 
aspect of luteovirid transmission wherein aphids can remain viruliferous 
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for days and up to the life of the aphid (Table 23.1). Transmission of luteo-
virids can be described as occurring in distinct stages (Gray and Gildow, 
2003): (i) ingestion of virus particles into the food canal during feeding on 
its host plant; (ii) passage into the insect gut; (iii) passage across the gut epi-
thelial cells and into the haemocoel; and (iv) movement from the haemo-
coel through the accessory salivary gland (ASG) followed by egestion of 
virus into plant phloem tissue (Fig. 23.1A). Ingestion of particles occurs 
when the aphid stylet penetrates through the cell wall and into the cyto-
plasm of the phloem sieve elements, the site of luteovirid multiplication. 
One barrier to the specificity of luteovirid acquisition occurs at the stage of 
transport of ingested virus from the lumen of the gut across the gut epithe-
lial cells and into the haemocoel (Fig. 23.1B). The second barrier is move-
ment from the haemocoel through the aphid salivary gland cells (Fig. 23.1C). 
The first barrier is relatively non-specific, whereas the ASG barrier plays a 
much more crucial role in specificity. Additional information on movement 
across these barriers via transcytosis is provided below and in detail in Gray 
and Gildow (2003).

Movement of luteovirids from the gut lumen to the haemocoel

The cellular mechanism underlying passage of different luteovirids from 
the lumen of the alimentary canal across gut cells and into the haemocoel 
appears to be similar and likely involves a ligand–receptor interaction. 
A model has been proposed by Gildow (1999) using evidence from 
ultrastructural studies. In this model, virus present in the lumen of the gut 
binds to a putative receptor associated with the apical plasmalemma of a 
gut cell. Invagination of the particle into coated pits occurs followed by 
complete envelopment of the particle into coated vesicles that later fuse 
with larger uncoated vesicles. These vesicles become restructured into 
tubular vesicles containing rows of virus particles. The tubular vesicles 
then migrate to and fuse with the basal plasmalemma of the gut cell. 
Fusion with the plasmalemma allows virus to be released from the gut cell 
and to pass through the basal lamina into the aphid haemocoel. This pro-
cess is similar to endocytosis–exocytosis mechanisms and strongly sug-
gests the role of specific aphid receptors in luteovirus transmission (Gray 
and Gildow, 2003).

Movement of luteovirids from the haemocoel into the ASG

Movement of luteovirids into the ASG also appears to involve endocytosis 
and exocytosis (Gildow, 1999; Gray and Gildow, 2003). Luteovirids are 
found concentrated near the basal lamina that surrounds the ASG. They 
are not known to be associated with the principle salivary gland or the 
basal lamina of other aphid organs or tissues, suggesting that uptake into 
the ASG is highly specific (Gray and Gildow, 2003). Entry into the ASGs 
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requires passage across the basal lamina as well as the basal plasmalemma 
that surrounds the secretory cells within the salivary gland. Virus par ticles
are endocytosed at the basal plasmalemma forming virus-containing tubu-
lar vesicles. Single particles bud from the tubules into coated vesicles. The 
coated vesicles then fuse with the apical plasmalemma of the ASG, and 
then become released into the salivary canal. Virus is then delivered into 
plant phloem cells via salivary secretions during aphid feeding. Specificity 
has been shown to function at two ASG barriers, the basal lamina and the 
plasmalemma, wherein some luteovirid viruses cannot pass through the 
basal lamina, whereas others can pass this barrier but not that of the plas-
malemma (Gildow, 1999; Gray and Gildow, 2003).

Luteovirid-encoded components involved in transmission

Luteovirid particles are small (~25 nm) non-enveloped T = 3 icosahedra 
that encapsidate a monopartite positive-sense RNA genome that is 5.6–6.0 kb 
in size. The virus capsid consists of 180 major CP subunits in the range of 
22–24 kDa. A minor and variable number of the 180 subunits are readthrough 
products of CP ORF (Fig. 23.4). The full-length readthrough protein has a 
predicted size of ~72 kDa but particles also contain smaller such proteins 
in the range of 55–58 kDa (Van Regenmortel et al., 2000). The CP readthrough 
domain (RTD) is exposed on the particle surface. Both the CP and the RTD 
have been implicated in transmission (see below). There is currently no 
evidence that the luteovirid particle requires a helper component for trans-
mission (Table 23.1) (Plumb, 2002; Ng and Falk, 2006b).

Role of the CP
‘CP only’ particles can be assembled from luteovirid mutants; however, 
such particles are not aphid transmissible even though they are capable of 
establishing systemic infection (Chay et al., 1996; Bruyere et al., 1997; 
Reinbold et al., 2001). Such mutants can also be ingested by aphids and 
are found in the hemolymph (Chay et al., 1996; Gildow et al., 2000; 

Fig. 23.4. Transmission of luteovirids and involvement of CP and RTD regions. CP 
structure of luteovirids, highlighting the various roles believed to be associated with 
the CP and RTD (see text for details).
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Reinbold et al., 2001). Therefore, it appears that the CP subunit contains 
the required determinants for uptake into the gut but may not contain the 
determinants required for subsequent stages of transmission. PLRV par-
ticles lacking the RTD can be produced by baculovirus expression of CP 
in insect cells. Particles injected into the aphid haemocoel are subse-
quently found in the ASGs and salivary ducts, suggesting that the CP con-
tains determinants for movement through the ASG (Gildow et al., 2000). 
However, in similar experiments using baculovirus expressed CP RTD 
mutants of BWYV, virions were not found in or near the ASG cells 
(Reinbold et al., 2001).

Structural modelling has identified features of particles common to 
most luteovirids. In conjunction with results of mutational analyses, an 
exposed acidic patch found along the perimeter of the particle trimer 
(pseudo-threefold axis) appears important for aphid transmission (Terradot 
et al., 2001; Lee et al., 2005).

Role of the CP RT domain
As described above, luteovirid particles that lack the RTD are not trans-
missible. RTD mutants lacking the C-terminal domain are efficiently 
transmitted, indicating that this region is not essential for transmission 
(Bruyere et al., 1997). When the N-terminal region of the luteovirid CP 
RTD is deleted, the mutated protein does not become incorporated into 
particles and therefore its role in transmission is difficult to assess in this 
manner. As will be described below, in vitro studies have demonstrated 
that the N-terminal region of the RTD binds symbionin (van den Heuvel 
et al., 1997).

A gene exchange strategy was used to assess the roles of the CP and 
CP RTD in BWYV and a close relative, Cucurbit aphid-borne yellows 
virus (CABYV), in aphid transmission. Both viruses are poleroviruses but 
they have distinctive aphid specificities as well as gut tropism. BWYV 
associates with the posterior midgut while CABYV associates with the 
posterior midgut as well as the hindgut. Hybrid virions containing the CP 
of BWYV and the RT domain of CABYV and vice versa were produced in 
plants following inoculation of the respective chimeric cDNA clones. 
Aphid transmission experiments demonstrated that both vector specifi-
city and aphid gut tropism were determined by the RTD (Brault et al.,
2005). Roles of the various regions of the luteovirid CP and RTD are 
shown in Fig. 23.4.

The BWYV CP and its RT domain have recently been found to be 
glycosylated in virions (Seddas and Boissinot, 2006). Removal of carbohy-
drate moieties using periodate oxidation or deglycosylation was found to 
inhibit aphid transmission. Transmission was also inhibited by lectins 
specific to alpha-D-galactose when aphids were fed through artificial 
membranes. The results indicate that glycosylation could play an import-
ant role in virus uptake across membrane barriers but it cannot be excluded 
that the glycoproteins influence particle stability rather than the transmis-
sion process per se.
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Aphid components involved in transmission

Successful transmission of luteovirids requires the ability to overcome 
several barriers for entry into the haemocoel and ASG (Gray and Gildow, 
2003). With regard to the ASG barriers, two proteins in the heads of trans-
mitting aphids that specifically bind BYDV-MAV virus particles have been 
identified using overlay assays (Li et al., 2001). An anti-idiotypic antibody 
raised to a BYDV-MAV-specific monoclonal antibody bound the same two 
proteins and prevented virus movement from the haemocoel to the sal-
ivary glands. These studies suggest that the two identified aphid proteins 
may be involved in BYDV transmission, possibly by regulating the ability 
of virus to move across the salivary gland barrier.

Overlay assays using wild-type and mutant BWYV particles and aphid 
proteins separated by SDS-PAGE or two-dimensional gel electrophoresis 
have identified additional proteins that may interact with BWYV during 
circulative transmission (Seddas et al., 2004). Using mass spectrometry, 
five main proteins were identified: a cuticular protein, symbionin and 
three membrane-associated proteins: Rack 1, GAPDH3 and actin. The 
BWYV RTD was implicated in binding to Rack 1 and the cuticular protein. 
Rack 1 is a highly conserved multifunctional protein known to regulate 
several cell surface receptors, including integrins, which are components 
of the basal lamina of invertebrates. Rack 1 is also involved in actin organi-
zation in the cytoskeleton. GAPDH3 plays roles in glycolysis but can also 
bind membranes and regulate endocytosis and exocytosis. It is possible 
that these proteins are important for passage of luteovirids across aphid 
membrane barriers in the gut and ASGs (Seddas et al., 2004). Two addi-
tional proteins that bound BWYV particles were identified as symbionin.

Luteovirid particles have previously been found to bind symbionin 
(van den Heuvel et al., 1999) which is a major protein produced by endo-
symbiotic bacteria harboured by aphids. Symbionin is a homologue of 
GroEL, a protein with known functions in protein folding and trafficking 
across membranes. Binding studies have shown that symbionin from sev-
eral aphid species binds to a variety of luteovirids in vitro (van den Heuvel 
et al., 1999). However, the binding specificities observed in vitro do not 
reflect known luteovirid–aphid specificities, suggesting that if symbionin 
does play a role in transmission, the effect is likely to be non-specific (van 
den Heuvel et al., 1997). Binding of symbionin has been suggested to pre-
vent proteolytic digestion of the particle in the hostile environment of the 
aphid hemolymph. Alternatively, it could promote transfer of particles to 
the ASG or contribute to a conformational change required for ASG uptake 
(Gray and Banerjee, 1999; Gray and Gildow, 2003).

Persistent-propagative Transmission

Thrips (Thysanoptera) are a highly diverse order of insects known to 
transmit at least 10 virus species in the Tospovirus genus (Whitfield et al.,
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2005b). Transmission of tospoviruses occurs in a persistent manner (Table 
23.1), involving circulation of the virus from the alimentary canal to the 
salivary glands. To achieve this, the virus must pass across at least six 
membrane barriers. Tospoviruses replicate in their vectors and therefore 
its adaptation to the insect host for successful replication in the vector 
will affect transmission efficiency. Transmission of tospoviruses is there-
fore a highly complex process involving several components of both the 
virus and the vector (Whitfield et al., 2005b).

Tospovirus circulation and replication in thrips

The thrips species that transmit tospoviruses are piercing sucking insects. 
The mouthparts pierce through epidermal cells and take up the contents of 
the mesophyll cytoplasm. As stated above, tospoviruses must pass through 
several barriers in order to be successfully transmitted (Whitfield et al.,
2005b). Virus passes from the foregut to the midgut lumen, whereupon it 
crosses its first membrane barrier, the apical membrane of the microvilli 
that line the lumen. Virus replication occurs in the midgut cells. Virus then 
passes through the basement membrane (barrier 2) and then enters the vis-
ceral muscle cells (barrier 3) where replication also occurs. The virus then 
leaves the visceral muscle cells (barrier 4) and enters the primary salivary 
gland by crossing another basal membrane (barrier 5). Exit across the 
microvilli (barrier 6) that line the lumen of the salivary canal occurs, 
whereupon virus present in salivary secretions can be inoculated into its 
plant host during thrips feeding (for a detailed discussion of this process, 
see Whitfield et al., 2005b). The finding that tospovirus viral inclusion 
bodies and non-structural proteins are detected in thrips provides evidence 
that replication indeed occurs within the vector. TSWV virus proteins have 
been found in association with secretory vesicles where particles appear to 
undergo fusion and budding. Thus, exocytosis appears to be involved in 
transport of TSWV virion and non-structural proteins. The ability of virus 
to replicate and to pass across these specific barriers likely accounts for the 
specificity of tospovirus–thrips interactions.

Virus–vector interactions

Tospoviruses are classified along with the animal-infecting Bunyaviridae
and, as such, share many similarities in genome and particle structure 
(Van Regenmortel et al., 2000). The genome consists of three ssRNA com-
ponents that together contain both negative-sense or ambisense coding 
regions. Viral-encoded nucleoprotein encapsidates the viral RNA and this 
along with a few copies of the viral RNA-dependent RNA polymerase 
forms the core of virions. A host-derived double membrane envelops the 
core. The membrane contains many copies of two viral-encoded glycopro-
teins (GN and GC) that project outward from the membrane as monomers 
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and dimers. Replication of tospoviruses in thrips is likely similar to that 
of Bunyaviridae that infect vertebrates (Whitfield et al., 2005b)

GN and GC are logical candidates for interaction with a putative recep-
tor for entry into thrips midgut cells due to their position in the virion 
membrane. Also, the homologous glycoproteins of other Bunyaviridae
mediate acquisition by their arthropod vectors and also act as ligands for 
receptor interaction (Whitfield et al., 2005b). In other Bunyaviridae, the 
membrane glycoproteins initiate fusion with the host membrane, leading 
to endocytosis and ultimate release of virus particles into the cytoplasm 
for replication. Anti-idiotypic antibodies to GC and GN specifically label 
midgut cells wherein GC labels the microvilli lining and GN the midgut 
basal membrane (Bandla et al., 1998; Whitfield et al., 2005b). In addition, 
overlay assays show that the anti-idiotypic antibodies recognize a 50 kDa 
thrips protein, suggesting that this protein may act as a TSWV entry recep-
tor (Bandla et al., 1998; Medeiros et al., 2000).

Interestingly, the N-terminus of GN contains an RGD (arginine-glycine-
aspartate) motif that is known to be involved in binding integrins. 
Moreover, this motif has been found to be important in binding of several 
viral structural proteins to host cells (Akula et al., 2002). In an elegant 
series of experiments, it was found that the ectodomain of baculovirus-
expressed GN binds specifically to the midgut when fed to thrips, and 
moreover, competitively inhibited uptake of virus into the midgut. Thus, 
GN may specifically bind to the thrips midgut in a ligand–receptor interaction.
Further studies have indicated that GC may serve as a fusion protein that 
mediates entry into vector cells. TSWV GC shares a high level of sequence 
conservation with other Bunyaviridae in which the GC protein was found 
to be involved in fusion in a pH-dependent manner (Pekosz and Gonzalez-
Scarano, 1996; Whitfield et al., 2004). It has recently been found that GC is 
cleaved at low pH, consistent with a proposed role in pH-dependent 
fusion (Whitfield et al., 2005a).

Semi-persistent Transmission by Nematodes

Nematodes are known to be involved in transmission of tobraviruses and 
nepoviruses (Table 23.1). Nematode vectors belong to distinct species within 
the families Longidoridae and Trichodoridae. The longidorids transmit about 
30% of known nepoviruses and the trichodorids transmit tobraviruses. 
These nematodes are ectoparasites that acquire and transmit viruses by feed-
ing on the roots of plants. Acquisition occurs when the extendable stylet of 
the nematode penetrates cells at or near the root tip and withdraws the con-
tents of the cell. Subsequent feeding on the root of another plant results in 
inoculation of virus (Brown et al., 1995; Plumb, 2002; MacFarlane, 2003).

Nematodes can retain ingested virus for long periods of time and can 
also transmit virus to several plants during serial feedings. Studies indi-
cate that ingested virus binds to the lining of the food canal and oesopha-
gus, possibly via carbohydrate moieties present in the lining (Brown et al.,
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1995). However, virus does not circulate within the nematode. Virus par-
ticles are lost during molting of the nematode in which the external cu ticle
as well as the cuticular lining of the mouthpart are shed. Therefore, nema-
tode transmission is classified as being semi-persistent (Table 23.1) (Brown 
et al., 1995; Plumb, 2002; MacFarlane, 2003).

Transmission of tobraviruses

The three known tobraviruses ( (Tobacco rattle virus [TRV], Pea early brown-
ing virus [PEBV] and Pepper ringspot virus [PepRSV]) each have bipartite 
RNA genomes that are encapsidated into rod-shaped particles. The CP is 
encoded on RNA-2 along with 2 additional proteins, 2b and 2c. PEBV has 
an additional ORF that may produce a 9 kDa protein (Fig. 23.5A). The 2b 
proteins of TRV and PEBV have significant amino acid sequence identity, 
whereas the 2c proteins have little or no discernable sequence similarity 
(MacFarlane, 2003).

Infectious clones derived from several tobraviruses have facilitated a 
more precise assignment of the regions of the CP and other proteins 
encoded on RNA-2 in nematode transmission. Studies of recombinant 
tobravirus genomes containing ORFs or partial ORFs of one coding region 
inserted into another have revealed that the 2b protein encoded by RNA-2 
plays a critical role in nematode transmission, since its deletion results in 
loss of transmission of both TRV and PEBV. The 2b protein has been found 
to complement transmission of a mutant that lacks the 2b protein when 
co-inoculated into plants (Vassilakos et al., 2001), suggesting that 2b acts 
as a helper component similar to that of the potyvirus HC-Pro. Deletion of 
15 aa at the C-terminus of the CP of the PEBV and Tobacco rattle virus
(TRV) isolates also results in loss of transmissibility (MacFarlane et al.,
1996). This region of the CP is located on the surface of the particle and 
has been shown to be relatively unstructured (Blanch et al., 2001), raising 
the hypothesis that this portion of the CP may interact with other viral or 
nematode factors to promote transmissibility.

In vitro studies have shown that the TRV 2b protein can interact with 
the CP, but that removal of the C-terminal domain of the CP results in loss 
of binding (Visser and Bol, 1999). Further binding studies using a yeast two-
hybrid assay have shown that 2b–CP binding interactions are complex. 
Deletion of a coiled-coil domain of the 2b protein prevents its interaction 
with CP but removal of the N- and C-terminal regions enhances CP inter-
action (Holeva and MacFarlane, 2006). Studies showing binding of 2b with 
the nematode food canal should assist in verifying the role of 2b in bridging 
an interaction between TRV particles and the nematode food canal.

The 2c protein of PEBV has a significant effect on transmission; however, 
the 2c protein of TRV does not. It is possible that the difference is due to 
these viruses being transmitted by nematodes belonging to different ticho-
dorid genera. It may additionally suggest that PEBV requires a third protein
for successful transmission as has been observed for caulimoviruses (see 
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above). A hypothetical model for tobravirus interaction with the nema-
tode stylet is shown in Fig. 23.5A.

Transmission of nepoviruses

Specific Longidorid species have been identified as nematode vectors for 
different nepoviruses. Several nepoviruses are nematode-transmitted, 
with Tobacco ringspot virus (TRSV), Tomato ringspot virus (ToRSV), 
Arabis mosaic virus (ArMV) and Grapevine fanleaf virus (GFLV) being 

TRV RNA-2

PEBV RNA-2

GFLV RNA 2

GFLV
TRV

PEBV

Fig. 23.5. Models for interaction between tobraviruses and GFLV with the nematode food canal. 
(A) Tentative model for interaction of tobravirus particles with the lining of nematode food 
canal. Part (i) shows the organization of proteins encoded by RNA-2 of TRV and PEBV. Similarly 
shaded regions designate sequence similarity. An exposed approximate 15 aa region at the 
C-terminus of the CP that binds to 2b in vitro is indicated by the arrows. Part (ii) shows 
hypothetical models for interaction of TRV and PEBV with the lining of the food canal. Proteins 
are shaded as in part (i). TRV may only require the 2b protein for attachment of particles to the 
lining of the food canal. PEBV requires both the 2b and 2c proteins for transmission; however, 
the role of 2c is not known and is only incorporated into the model to point out its putative role 
in attachment (see text for references and additional details). (B) Hypothetical model for 
interaction between GFLV and the lining of the nematode food canal. The genome structure of 
GFLV RNA-2 is shown in part (i) and the tentative model for transmission in part (ii).
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examples (Brown et al., 1995; Taylor and Brown, 1997; Plumb, 2002). 
Early studies using serology and pseudorecombinants indicated that the 
CPs of nematode-transmitted viruses contain molecular determinants for 
transmission (Harrison and Murant, 1977).

Immunofluorescence studies of TRSV retention sites within the nema-
tode Xiphinema americanum indicated that particles were only present 
within the lumen of the stylet extension and oesophagus. Particle acquisi-
tion increased during a 0–22 day period and this increase correlated with 
increased transmission. The greatest increase in fluorescence and trans-
mission was at 0–5 days. Virus was found to be most prominent between 
the junction of the stylet and stylet extension, and the junction of the 
oesophagus and intestine. Fluorescence was not found in the stylet (Wang 
and Gergerich, 1998).

In-depth molecular studies of nematode-mediated nepovirus trans-
mission have been hampered by difficulties in obtaining infectious clones 
of these viruses. However, infectious clones of Grapevine fanleaf virus
(GFLV) have been produced, enabling molecular studies of its transmis-
sion. GFLV has a bipartite genome encapsidated in an icosahedral shell. 
RNA-2 encodes a polyprotein that is cleaved into three mature proteins 
(2A, 2B and 2C) (Fig. 23.5B). The 2A protein is a replication-associated 
factor, while 2B serves as a viral movement protein and 2C is the CP. 
Hybrids of infectious clones of GFLV (transmitted by Xiphinema index)
were constructed in which segments of GFLV RNA-2 were replaced by the 
corresponding segments from the closely related nepovirus, ArMV (trans-
mitted by X. diversicaudatum). In initial studies, it was found that the CP 
as well as the last nine residues of the 2B gene were required for success-
ful transmission. Further mutational analyses indicated that the last nine 
residues of the 2B gene are dispensable. Thus, in the case of GFLV, the CP 
is sufficient for transmission (Andret-Link et al., 2004).

Transmission by Olpidium

Two species of Olpidium are known to transmit plant viruses: O. bornova-
nus and O. brassicae (Table 23.1). Olpidium spp. (hereafter referred to as 
olpidium) is a member of the true fungi in the Phylum Chytridiomycota.
The life cycle of Olpidium spp. involves the production of motile zoospores 
as a means of dispersal, along with the production of resting spores that 
enable long-term survival. The body of the zoospore is ellipsoidal and has 
a single flagellum (Campbell, 1996; Plumb, 2002; Rochon et al., 2004). The 
zoospore body and flagellum are surrounded by a membrane sheath and an 
external matrix containing specific mannose- and fucose-containing oligo-
saccharides and glycoproteins (Kakani et al., 2003; Rochon et al., 2004). 
Infection of roots occurs when zoospores encyst upon a root cell. A hole in 
the cyst and a papillum produced by the root cell in response to infection 
provide a means for the cyst protoplast to enter the host cell and initiate 
infection. Thalli will develop into zoosporangia within the infected cells, 
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followed by the formation of new zoospores. These zoospores are then 
released via an exit tube into the soil or water medium surrounding root 
cells. The thallus may also go on to develop into an environmentally stable 
resting spore, which can germinate under proper conditions to produce 
motile zoospores (Campbell, 1996; Rochon et al., 2004).

Modes of Olpidium transmission

Two modes of acquisition, termed in vitro and in vivo acquisition, have 
been recognized for Olpidium-transmitted viruses (Campbell, 1996; 
Rochon et al., 2004) (Table 23.1). Viruses transmitted following in vitro
acquisition are various members of the Tombusviridae (Table 23.1) 
(Campbell, 1996; Rochon et al., 2004). In vitro acquisition occurs when 
virus particles attach to the membrane of the motile zoospore in the soil 
or water medium and then become transmitted to roots when zoospores 
infect a root cell. It is believed that uptake of the virus into the root cell 
occurs when virus, attached to or possibly internalized by the zoospore 
plasmalemma (Fig. 23.6), enters root cells during infection. Virus acquired 
in this manner is not believed to become incorporated into zoospores dur-
ing co-infection; however, they are found in a relatively stable association 

Fig. 23.6. Tentative model for interaction of CNV particles with zoospores of 
O. bornovanus. (A) Structure of the CNV CP showing the R and arm domains and the 
shell (S) and protruding (P) domains. (B) Hypothetical CNV–zoospore interactions. The 
trimer region of the capsid is shown as interacting with a putative glycoprotein 
receptor; however the direct role of the trimer has not been established (see text). CNV 
is then shown to undergo a conformational change wherein the R–arm regions are 
externalized, potentially stabilizing interaction with the zoospore membrane. It is not 
known if particles undergo a conformational change prior to or during the process of 
binding (see text). Similarly, it is not known if CNV enters the zoospore as part of the 
transmission process.
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at or near the surface of the resting spore. Highly purified virus particles 
are sufficient for transmission, suggesting that a non-virion helper compo-
nent is not required for efficient transmission.

The other mode of Olpidium transmission, that occurs following 
‘in vivo acquisition’ (Table 23.1), involves virus uptake by zoospores dur-
ing virus infection within host root cells. Virus is found within the resting 
spore and likely within zoospores as well. The association of Olpidium-
transmitted viruses within the highly stable resting spore enables the virus 
to remain in a viruliferous state in the soil for years to decades. Viruses 
transmitted in this manner include the filamentous ophioviruses and var-
icosaviruses (Campbell, 1996; Rochon et al., 2004). Lettuce big vein dis-
ease which infects lettuce worldwide is perhaps the most well-known 
disease resulting from transmission by olpidium (Lot et al., 2002).

CNV CP components involved in transmission

The CNV particle has T=3 icosahedral symmetry and consists of 180 iden-
tical CP subunits. Studies of several CNV CP mutants with decreased effi-
ciency of transmission showed that specific amino acids located in or near 
a cavity on the particle pseudo-threefold axis (the trimer) decreases the 
efficiency of transmission as well as zoospore attachment, without signifi-
cantly affecting particle accumulation in plants (Kakani et al., 2001). 
However, it is not clear if the amino acids are directly involved in mediat-
ing zoospore attachment or if they induce a conformational change in the 
particle that affects transmission. A subsequent study showed that CNV 
particles undergo conformational changes upon zoospore attachment 
(Kakani et al., 2004). Partial proteolytic digestion of zoospore-bound parti-
cles in vitro indicates that the conformational state of bound particles is 
similar to that of swollen CNV since they have similar digestion profiles. 
The swollen conformation is a structural state that can be induced in many 
spherical viruses and results from electrostatic repulsion of negatively 
charged residues in the three asymmetric subunits at the pseudo-threefold 
axis. The observation that zoospore-bound CNV is in a swollen-like confor-
mation might suggest that the mutations that reside at the pseudo-threefold 
axis may decrease transmission through their effect on the ability of CNV 
to adopt the proper conformation required for transmission.

The swollen state of many spherical viruses as well as CNV is accom-
panied by externalization of the normally inward facing CP RNA binding 
domain (R) and arm (Kakani et al., 2004). A proline (Pro) to glycine (Gly) 
mutation thought to mediate externalization of the arm domain has been 
demonstrated to nearly eliminate CNV transmission (Kakani et al., 2004). 
Mutant particles were found to be resistant to mild proteolytic digestion, 
as were zoospore-bound Pro to Gly mutant particles. Thus, it appears that 
mutation of the Pro residue regulates externalization of the R–arm regions 
and thereby interferes with adoption of the proper conformational change 
required for transmission (Kakani et al., 2004). In addition, the inability of 
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particles to externalize the arms could affect stable binding of particles to 
the zoospore (Kakani et al., 2004). It is known that during attachment of 
poliovirus particles (which are structurally and evolutionarily related to 
CNV particles) to host cellular membranes, particles undergo a conform-
ational change involving externalization of CP regions structurally analo-
gous to the CNV R and arm domains. Thus, it is possible that the initial 
interaction of CNV with zoospores may be functionally similar to that of 
poliovirus, and moreover, that the conserved structural features reflect, in 
part, conservation of function.

Zoospore components involved in transmission

Further studies have suggested the involvement of a putative receptor on 
the zoospore membrane in CNV attachment (Kakani et al., 2003). Binding 
of CNV to zoospores was found to be saturable and occurred more 
efficiently with vector than with non-vector zoospores. In addition, bind-
ing of CNV to zoospores is competitively inhibited by two other viruses 
transmitted by O. bornovanus (D. Rochon, 2006). Treatment of zoospores 
with protease and periodate reduced binding of CNV (without having a 
noticeable effect on zoospore structure), suggesting the involvement 
of glycoprotein(s) in CNV attachment. Furthermore, binding of CNV 
to zoospores was competitively and specifically inhibited by mannose- 
and fucose-containing oligosaccharides (the two major sugars on the 
zoospore surface) in vitro, suggesting that CNV attachment to zoospores 
involves recognition of specific sugars. CNV was found to bind several 
zoospore proteins in overlay assays using electrophoretically separated 
zoospore proteins (Kakani et al., 2003). The nature of these proteins and 
their putative involvement in CNV attachment and transmission remain 
to be determined. A hypothetical model for CNV transmission by zoospores 
is shown in Fig. 23.6.

Plasmodiophorid Transmission

Plasmodiophorids have been variably classified as fungi or protists; how-
ever, recent molecular evidence indicates that plasmodiophorids are pro-
tists and are not related to true fungi (Plumb, 2002; Rush, 2003; Rochon et
al., 2004). Three species of plasmodiophorids are known vectors of plant 
viruses. These are Polymyxa graminis, P. betae and Spongospora subter-
ranea. They are responsible for transmission of a variety of plant viruses 
with distinctive genome organizations, including bymoviruses (Family
Potyviridae), benyviruses, pecluviruses, furoviruses and pomoviruses 
(members of unassigned families) (Table 23.1) (Plumb, 2002; Rush, 2003; 
Rochon et al., 2004). These viruses are associated with several important 
widespread diseases, including rhizomania of sugarbeet, Potato mop top 
virus-induced tuber necrosis and several cereal diseases.
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The benyviruses, pecluviruses, furoviruses and pomoviruses are all 
rod-shaped viruses with varying lengths, and the bymovirus particle is a 
flexuous filament (Kanyuka et al., 2003; Rochon et al., 2004). The genome 
structures and proteins produced by these viruses are highly diverse 
(Rochon et al., 2004). As with the aphid-transmitted luteovirids, the ter-
minator codons for CPs of members of the benyviruses, furoviruses and 
pomoviruses can be read through, producing a protein with a C-terminal 
extension (RTD). The CP RTD has been hypothesized to play a role in 
transmission based on the observation that loss of transmissibility of the 
respective viruses is associated with various sized deletions in this region 
(Adams et al., 2001; Plumb, 2002; Rochon et al., 2004). In the case of the 
benyviruses and pomoviruses, the RTD is present at one extremity of the 
particle and there is experimental evidence that it contains transmission 
determinants. In some bymoviruses, it has been shown that a non-structural
protein (P1), which shows sequence similarity to the potyvirus HC-Pro, 
undergoes deletion, and this too is associated with a loss of transmissibil-
ity (Plumb, 2002; Rochon et al., 2004).

Although some amino acid sequence identity can be discerned among 
the CPs of the benyviruses, furoviruses, pecluviruses and pomoviruses, 
limited or no sequence identity exists among the CP RTD, even among 
members of the same genus. This has restricted attempts to delimit regions 
involved in transmission. A KTER motif in the CPs of two benyviruses has 
been implicated in transmission efficiency (Tamada et al., 1996). However, 
this motif has not been found to be conserved among the group as a whole. 
A comparison of the RTDs of the benyviruses, furoviruses and pomoviruses,
as well as the P2 protein of the bymoviruses, has shown that they each 
contain two putative transmembrane regions, one of which becomes 
deleted in non-transmissible viruses (Adams et al., 2001). It was specu-
lated that the transmembrane regions of these proteins may assist in move-
ment of virus from the host cytoplasm and across the plasmodial membrane 
during infection (Adams et al., 2001).

The bymovirus CP sequence does not share sequence similarity with 
that of other plasmodiophorid transmitted viruses. Rather, it is most simi-
lar to that of other members of the Potyviridae, raising questions regarding 
its role in plasmodiophorid transmission. It is interesting that the N-terminal
region of the P2 protein of bymoviruses contains amino acid sequence 
similarity with the CP of several rod-shaped viruses, including furovi-
ruses, benyviruses, pecluviruses, pomoviruses, and to a lesser extent, with 
other rod-shaped viruses such as tobamoviruses, hordei and tobraviruses 
(D. Rochon, unpublished data) (Dessens et al., 1995). Thus, it might be 
speculated that this region of P2 reflects the evolution of bymovirus trans-
mission as being via acquisition of the CP gene of a benyvirus or furovi-
rus-like ancestor for transmission by Polymyxa. This hypothesis could be 
initially investigated by determining if some bymovirus particles consist 
of P2 protein (either exclusively or as part of the bymovirus particle) 
and, if so, if the absence of the P2 protein in particles is associated with 
the loss of transmissibility.
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Conclusions

The evolution of plant viruses is associated with adoption of a variety of 
transmission mechanisms for successful dissemination (Table 23.1). 
Nevertheless, some commonalities exist. These include the high specifi-
city of virus–vector interactions and the likelihood that one or more 
ligand–receptor interactions underlie this specificity. In addition, the 
virus particle is required for transmission and it is likely that, in each 
case, the major CP species of the particle plays an important role.

Interestingly, little correlation exists between the mode of transmis-
sion adopted by various viruses and either their overall particle structure 
(rod, sphere, etc.) or the virus family with which they are associated. 
Similarly, viruses within a family may utilize a variety of vectors. Finally, 
a similar mode of transmission may occur among different vectors 
(i.e. nematodes, aphids, etc.). Many of these anomalies can be seen to be 
a reflection of a more complex interplay that not only involves the virus 
and its vector, but also the host.

Several differences that exist among the various molecular aspects of 
transmission include: (i) transmission of some viruses occurs via direct inter-
action of the virion with its vector, wherein the virion is comprised of single 
CP subunit; (ii) transmission sometimes requires a minor CP readthrough 
product, wherein the RTD plays an essential role in transmission; (iii) trans-
mission of some viruses occurs via direct interaction of the virion with the 
vector; however, unlike that involving a single virion CP subunit, the virions 
of these viruses are composed of one or more minor viral-encoded species 
that facilitate transmission; and (iv) one or more exogenous viral-encoded, 
non-virion helper components are required to facilitate transmission of some 
viruses by bridging an interaction between virus particles and the vector. As 
additional research is conducted, further basic similarities and differences 
among molecular aspects of transmission will certainly be found.

Speculations and Future Directions

Recent research on molecular aspects of virus–vector interaction has 
yielded a wealth of new information. However, as in all quality research 
endeavours, the answers lead to several new and important questions. The 
questions are vital to achieving further in-depth insights into the complex 
but orchestrated processes that underlay virus–vector interactions.

Many virus diseases are controlled by the application of pesticides to 
reduce vector populations. Several of these pesticides have been shown to be 
costly, toxic and ecologically unsound. Research on virus–vector interactions 
will undoubtedly assist in the development of new approaches for managing 
virus disease in a more sustainable manner. As vector-mediated virus dis-
semination plays a major role in initiation and maintenance of virus infection 
of crops, methods for interfering with this interaction should play a major 
role in management of disease control.
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Recent research on molecular aspects of virus transmission has, expect-
edly, raised a number of questions for future investigations into virus– vector 
interactions. Such questions include the following:

1. Do viruses that appear to require a single CP species in the virion actu-
ally contain additional minor virion components that facilitate transmis-
sion? It appears in the case of CMV, GFLV and CNV that a single CP species 
is sufficient for transmission. However, is it possible that other viral-
encoded (or host-encoded) (see below) protein components might increase 
the efficiency of transmission? Considering the increasing number and 
variety of viruses that are being found to contain minor virion and helper 
components, this area of research may be fruitful in providing a more 
complete picture of factors required for efficient transmission.
2. Do virions contain host-encoded components that facilitate vector 
attachment and transmission? In the case of luteovirids, symbionins pro-
duced by bacterial endosymbionts are weakly associated with particles 
during circulative transmission and are hypothesized to play a non-specific
but important role in mediating virus stability, transport or conformational 
change for successful transmission (see section on luteovirid transmis-
sion). However, there is currently no information regarding the possible 
role of virion-associated host components in non-circulative transmis-
sion. Incorporation of host components into the virion can be envisioned 
as a potential means to facilitate transmission by adopting the normal cel-
lular role of the protein for aspects of the transmission process. Identification
of host proteins associated with virions may be a new avenue for provid-
ing additional insight into vector transmission.
3. Do viruses undergo conformational change as a stage in the transmis-
sion process? Conformational change appears to be fundamental to the 
function of many proteins and is also known to be important in the early 
stages of host-cell infection of many animal viruses (Kakani et al., 2004). 
In the case of CNV, conformational change is associated with zoospore 
attachment and appears to be essential for transmission (Kakani et al.,
2004). Although conformational change in CNV might be spontaneous (as 
a result of the ‘breathing process’) (Rochon et al., 2004), it may be induced 
by zoospore components during attachment or by an unidentified virion-
associated viral- or host-encoded component. As described above for the 
luteovirids, symbionin has been postulated to play a role in conform-
ational change. Could one or more of the multiple proteins associated 
with the tails of LIYV, BYV and CTV be involved in particle conforma-
tional changes associated with transmission? Similarly, could the helper 
component proteins of potyviruses, caulimoruses and tobraviruses pro-
vide this additional function?
4. Do vectors play the additional role of assisting in virus uncoating for 
the initial stages of host-cell infection? As stated above, CNV undergoes a 
conformational change upon zoospore attachment that is similar to the 
swelling process proposed to be involved in virus uncoating. Thus, is it 
possible that in this case, the zoospore vector not only assists in CNV dis-
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semination, but can also be seen as assisting in particle uncoating required 
for root cell infection? If so, can other virus–vector interactions similarly 
contribute to particle disassembly? This finding would expand the role of 
the vector beyond its current primary role in providing virus dissemin-
ation and entry into plant cells.
5. How do viruses that are transmitted in a non-circulative mode dissoci-
ate from the lining of the stylet or foregut? This question has been repeat-
edly raised by many researchers and deserves attention since it is a critical 
aspect of successful inoculation following virion acquisition. Is associ-
ation of virus with the food canal of its vector simply inherently unstable? 
As described previously, virus that is attached at the distal part of the 
stylet near the salivary canal is the most efficiently transmitted of the par-
ticles bound to the food canal. Can the physical properties of salivary 
secretions contribute to particle release (i.e. pH, ions, etc.) by destabiliz-
ing virus–receptor interactions or interactions between the site of attach-
ment and the various helper components? Could proteolytic digestion or 
the presence of other proteins in saliva (or already in association with the 
particle) contribute to release through cleavage or via a normal role in 
destabilization of virus–receptor interaction?

Applications to Virus Disease Management

A variety of control measures exist for reducing diseases caused by plant 
viruses. In general, control involves the concurrent use of various meth-
ods aimed at reducing sources of infection. One such method is the use of 
pesticides (insecticides, nematicides, fungicides, etc.) to reduce vector 
populations. Other strategies involve the use of virus resistant cultivars, 
including transgenic plant lines that have been engineered for virus resist-
ance (Hull, 2002). However, despite the existence of diverse control strate-
gies, many virus diseases remain difficult to manage. Measures to 
reduce virus infection therefore require the ongoing development of new 
strategies.

Pesticides can be effective in controlling vector-mediated virus dis-
ease. However, their use is limited by a number of factors. These include: 
the development of pesticide resistance; re-emergence of vectors follow-
ing loss of pesticide activity; the known or potential toxic effects of pesti-
cides on humans and other animals and disruption of ecological balance. 
Indeed, many effective pesticides have been banned due to their toxicity 
and negative ecological effects (Hull, 2002). The importance of vectors in 
the initiation and dissemination of virus disease in a crop therefore 
requires the development of new and sustainable strategies for controlling 
vector-mediated virus disease.

Recent research into virus–vector interactions holds promise for new 
methods to control vector transmission. However, as this research is still 
in its infancy, further in-depth analyses are required for the development 
of sound and rational methods. Nevertheless, some potential strategies 
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aimed to interfere with virus–vector interactions can be envisioned and 
are briefly outlined below.

As described in this chapter, viruses likely interact with their vec-
tors in a highly specific ligand–receptor fashion at one or more stages of 
the transmission process. Broadly speaking, these interactions include 
virus particle–vector interactions, helper component–vector interac-
tions and helper component–virus interactions, etc. (see Figs 23.1–23.6). 
The specificity of these interactions raises the possibility that synthetic 
inhibitors, designed to either mimic the receptor and prevent ligand 
binding, or mimic the ligand and prevent receptor binding, might be 
useful as agents to interfere with vector transmission. Ligand–receptor 
mimics have been, and continue to be, developed for interfering with 
animal virus infection at the level of attachment to their cellular recep-
tors (Moscona, 2005).

Similarly, evidence that some viruses may require conformational 
change during the transmission process (see above) suggests that com-
pounds that inhibit this conformational change might also assist in reducing 
vector-mediated virus spread. Well-known inhibitors of poliovirus infec-
tion have been found to act by preventing the particle from adopting the 
proper conformational change required for receptor-mediated entry of 
the virus into host cells (Goncalves et al., 2007). The design of inhibitors 
that act in a similar fashion may be useful in disrupting virus–vector 
interactions as well.

The various inhibitors that have been useful for interfering with 
virus–receptor interactions may be chemically based or could be peptide 
mimics. For peptides, transgenic plant approaches could be utilized to 
express peptides in leaves or roots. For chemically based peptides, it may 
be possible to apply the inhibitor to leaves or to soil depending on the 
virus–vector combination being targeted.

Most certainly, further detailed studies on molecular aspects of virus 
receptor–ligand interactions are required prior to assessing the potential 
applicability of an ‘inhibitor-based’ virus disease control strategy. Such 
research would include precise identification of both virus- and vector-
encoded proteins that interact during the transmission process. Further 
detailed structural analyses of these components would likely be required 
to facilitate the design of the inhibitors. Peptide libraries could be screened 
for initial identification of potential peptide inhibitors. Once designed, 
the potential effectiveness of inhibitors could be tested using current 
laboratory methods that assess transmission efficiency. In the case of CNV, 
certain commercially available mannose-containing oligosaccharides 
were found to be effective at preventing virus–zoospore interactions in in
vitro assays (Kakani et al., 2003). Structural analysis of the sugar-binding 
sites on the virion will be valuable in designing higher affinity sugars. In 
addition, the information gained from these studies will further contribute 
to assessing ‘inhibitor-based’ strategies for reducing vector-mediated 
spread of plant viruses in nature.
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ecological factors 520–521
fungal pathogens 518–523

Cationic antimicrobial 
peptides 301–320

antimicrobial activity 303
categories 305–306

cysteine-rich peptides 305
helical peptides 305
sheet peptides 305

mechanisms of action 306–308
antibacterial 306–307, 471
antifungal 307
antiviral 307–308

in plants 309
production of 303
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Cationic antimicrobial peptides 
(continued )

synthetic 309
in transgenic plants 310–315

Cyst nematodes 60–62
identification of 209–211
parasitism by 61–62, 72, 75
syncytium formation 61–62, 71

Diagnostics 157–159, 186–187, 
205–215, 227–249, 285–291

see also Polymerase chain reaction
Disease resistance genes 2–4

against viruses 367–368, 
395–415

characterization of 403–410
in barley 6
fungal disease control 8, 330, 333
gene arrays 6
gene-for-gene concept 2, 74–75, 

401–402
guard hypothesis 4, 401–402
molecular breeding 326, 329–330
receptor-like kinases 3, 403–404
in tobacco 398–399, 406–408
in tomato 3, 6, 9, 407–410
in wheat 9, 322, 338, 348

Disease suppressive soils 498–501, 
509–512

DNA arrays 151–153, 189, 215, 243, 
507–508

DNA barcoding 156–157, 215–217

Epistasis 330
Expressed sequence tags 63, 67, 76, 

325, 351

Flocculosin 525–527
Fluorescence in situ hybridization 509
Fluorescent pseudomonads 510–512
Fungal plant pathogens 146–164, 

321–357
disease epidemics 322–323

Gene clusters in bacteria 180–182, 
470–471

Gene mapping 331–333, 351

Green fluorescent protein 520, 
523–524

Hypersensitive response 402–403
bacterial-induced 17, 29–30, 180
kinase activity 5
nematode-induced 75
virus-induced 367–368, 403

Insect vectors 532–551
see also Aphids
see also Thrips

Loop-mediated isothermal 
amplification 237–238

Marker-assisted breeding 
methods 321, 323–353

amplified fragment length 
polymorphism 325

cleaved amplified polymorphic 
sequence 325

random amplified polymorphic 
DNA 325

restriction fragment length 
polymorphism 325

sequence characterized amplified 
region 325

simple sequence repeats 325
single-nucleotide

polymorphism 325–326
Mitochondrial DNA 204–207, 216
Mixed virus infections 379, 384–388, 

429
Molecular breeding 321–357

application of 
biotechnology 323–324

breeding strategies 336–339
gene pyramiding 

337–339
selection 343–349

discovery of markers 326–327
effect of environment 329–330
marker development 327–329
marker validation 332–334

Molecular diagnostics 146–164, 
165–194, 195–226
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bacterial plant pathogens
165–194, 485–487

fungal plant pathogens 146–164
nematode plant 

pathogens 195–226
phytoplasmas 250–276
practical applications 157–159, 

188–189, 217–218, 244, 
290–291, 486

validation 156, 186–187, 
240–242

viral plant pathogens 227–249
Molecular fingerprinting of soil 

microbes 504–506, 510
Multidrug resistance efflux 

pumps 472–473
inhibition of 472–473

Nematodes 58–56
application of biotechnology

58–59
cyst nematodes 60–62, 66, 

69–70, 76
DNA sequencing 204–205
ectoparasites and 

endoparasites 59–60
identification of 195–197

isoelectric focusing method
197–198

mass spectrometry 
198–199

restriction fragment length 
polymorphism 200

metabolic reprogramming 68
molecular diagnostics 195–226
oesophageal glands 60–63, 73
pathogenesis 59–62
preservation of 201
recovery from soil 202–203
root-knot nematodes 60–62, 66, 

70, 76
stylet penetration 60, 66
virus vectors 534, 551–554

Nonhost disease resistance 399–400
role of reactive oxygen 

species 400
Nucleic acid extraction methods 

148–149, 172–173, 
201–204, 230–231, 
291–293, 503–504

Papaya ringspot virus 437–440
genome organization 437–438
molecular characterization 437
symptoms 437

Parasitism genes in nematodes 61–73
cell wall degrading enzymes 

62–64, 66–67
protein degradation 71–72
signaling peptides 68–71

Pathogen-free planting materials 
169–171, 289–291

Phytoplasmas 250–276
characteristics of 251
classification 256–257
control 261–262
economic significance 254–256

almond 255–256
china tree 255
fruit trees 256–261
grapevine 256, 260–261
palm trees 254–255
papaya 255

energy requirement 268–269
extrachromosomal DNA 266–267
genome characterization 263–265
genome sequencing 

projects 262–265
geographic distribution 253–254
identification of 257–258

DNA-based techniques 
257–258

immunological methods 257
ribosomal protein genes

265–266
molecular diversity 260–262
nucleic acids extraction 262–263
recognized species 260
symptoms of diseases 251–253
systematics 258–259

Plant defense mechanisms 1–15
Plant defensins 309
Polymerase chain reaction 147–148, 

159, 173–179, 205–214
application to diagnostics 

157–159, 186–187, 
205–215, 285–291

for bacterial detection 172–179, 
485–486

BIO-PCR 174–175
competitive PCR 176–177
conventional PCR 173
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Polymerase chain reaction (continued )
immunocapture-PCR 174
multiplex PCR 175–176, 486
nested PCR 175
PCR-ELISA 174
real-time PCR 177–179, 

506–507
repetitive PCR 183–184

for fungal detection 151–152
for nematode identification 200, 

205–215
multiplex PCR 210–211
PCR-RFLP 205–210
PCR-SSCP 211
Real-time PCR 212–214

primer design 179–185, 200–201, 
206–211, 231–232, 258, 
293–294

for phytoplasma detection 258, 
265–266

sensitivity 185, 214–215, 238–243
for viroid detection 285–288

multiplex RT-PCR 287
real-time RT-PCR 287–288

for virus detection 233–237
conventional PCR 233
cooperational PCR 234–235
multiplex PCR 235–236
nested PCR 233–234
PCR-ELISA 234
real-time PCR 236–237

Potato cyst nematode 70–71, 73, 
197–198, 212–213

Programmed cell death 44–45, 368
Proteomics 10–11, 351
Pseudozyma species 522–527

Quantitative trait loci 330–333
Quorum sensing 16–57

description of systems 19–20
inhibition of 49–50, 474
modulation 39–45
quenching 40, 46

Real-time PCR see Polymerase chain 
reaction

RNA interference (RNAi) 9–10, 59, 
77–78, 91, 103, 134–135, 521

RNA silencing 376–378

mechanism 377–378, 399, 419
in transgenic plants 428
viral suppressors of 376, 379–383

Ribosomal RNA 153–155, 180, 200, 
204–211, 216, 258, 265, 486, 
505, 525–526

Ribosome-inactivating
proteins 366–367

Root-knot nematodes 60–62
changes in auxin levels 68
giant-cell formation 61–62, 70
identification of 197–198, 

206–209

Seed certification 168–169, 290
Seedborne bacterial pathogens 

168–170, 468
Signal transduction pathways 4–6, 

402
in bacteria 17
jasmonic acid 7
mitogen-activated protein 

kinases 4
salicylic acid-mediated 7, 68, 403

Soil microbial communities 147, 
499–501

microbial diversity 
assessment 499–503

nucleic acid-based analyses 
504–509, 513

Subtractive hybridization 183

Tobacco mosaic virus 396–399
coat protein-mediated 

resistance 360–361, 375
disease resistance genes 398–399
genomic structure 396–398
replication complex 397
transmission 398

Thrips 549–550
Transgenic plants 360–369, 384–389, 

416–432
bacterial disease resistance 8, 

44–47, 310–313
environmental safety 417, 

419, 429–431, 444–446, 
448–451

fungal disease resistance 8, 310, 
312–314
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nematode resistance 77–78
papaya 436–461

coat protein-mediated virus 
resistance 439

cultivar development
443–446

deregulation of 454–457
field evaluation 441–442
greenhouse evaluation  

440–441
impact on yield 446–448
regulatory approval 444–446

virus resistance 95–96, 100–103, 
310, 314–315, 358–369, 
416–436, 437–461

Viroids 125–146, 277–300
biological assays 280–281
cell-to-cell movement 135
characteristics 279
classification 279–280
discovery of 126–128
intracellular transport 130–131
management 138–139, 278, 

288–291
mixed infection with viruses 287
molecular detection 277–300

imprint hybridization 285
microtitre plate method 286
molecular probes 283–284
polyacrylamide gel 

electrophoresis
281–282

return-PAGE 282–283
reverse transcription PCR

285–287
temperature gradient gel 

electrophoresis 283
in ornamentals 289, 296
pathogenesis 136–138
phloem movement 135–136
recognized species 129
recovery from tissues 286–287
replication cycle 131–133
resistance to 140
structural features 130
symptomless infection 278, 

289, 295
symptoms in plants 277–278, 

281, 289

Virulence genes in bacteria 180–183, 
470–471, 478

regulation of 473–474
Viruses 87–108, 109–124, 227–249, 

358–373, 532–567
antiviral strategies 101–103, 

358–373, 374–394
control strategies 228, 359–360, 

418–419, 561–562
evolution 109–124, 420
genetic variability 110–112

mutation 110–111, 113–115
reassortment 112, 116–118
recombination 111–112, 

116–117, 417, 420, 
423–425, 449–450

host resistance 88–89, 93–94, 
395–415

identification of 228–230
nucleic acid hybridization 

229
reverse transcription PCR 

229–230, 233–234
movement proteins 92, 95–96, 97, 

362–363, 397–398
replication complex 89–90, 

94, 397
replication cycles 91–101

DNA viruses 91–97
host transmembrane proteins 

94–96
plant cell cycle regulation 

98–99
role of kinases 100–101

RNA dependent RNA 
polymerase 91, 113

RNA viruses 91–97
translation factors 92–93

replication in yeast 90–91
transmission of 532–567

Virus disease resistance 358–373, 
374–394, 416–435

antibody-mediated 365–366
antiviral protein-mediated 

366–367
cystatin-mediated 367
endogenous resistance 

genes 403–406
genetic engineering 359–360
movement protein-mediated 

362–363
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Virus disease resistance (continued )
pathogen-derived coat-protein 

mediated 360–363, 
375–376, 418, 421–426

mechanisms 360–362, 
375–376

tobacco mosaic virus
360–361, 375

tomato spotted wilt virus
361–362

peptide-mediated 363–365
R-gene-mediated 368, 403–410
RNA-mediated 376–378, 383–384

Virus recombination 419–432
effect of selection pressure

426–427
experimental evidence 422–424
factors affecting 426–428
field observations 424–426, 

429–430
influence of viral sequence 427
potential risks 420, 422, 429–431
in transgenic plants 420–431, 

449–450

Virus transmission 532–567
cucumovirus 541–542
caulimovirus 543–545
fungi 532–533, 554–557
insects 532–536
luteovirus 545–549
modes of transmission 536–551

nonpersistent 538–542
persistent 545–551
semipersistent 542–545

nematodes 532, 551–554
nepovirus 553–554
tobravirus 552–553

potyvirus 539–541
protists 557–558
tospovirus 549–551

Yeast two-hybrid screens 10, 70, 
89–90, 364, 401

Yeasts 522–527
antibiotic production 525–527
efficacy of 523
use in biological control 522–523




