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Signal Transduction Pathways and
Disease Resistant Genes and
Their Applications to Fungal
Disease Control

T. XING

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 (RNA1), 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 minimize 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. Sanfacon) 1



2 T. Xing

Plant defence involves signal perception, signal transduction, sig-
nal response and termination of signalling events. Many components
of the perception systems and transduction 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 modifying 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 resistant 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.
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Extracellular LRR genes

The extracellular LRR class includes the rice Xa21 gene and the tomato
Cf genes. Xa21 encodes an active serine/threonine receptor-like kinase
(RLK) with a putative extracellular 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 interaction 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 pathogenesis-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 physical 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 Rpg1l) 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. Accumulation 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
MLAGS6 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 Ca*/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 downregulation 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, Pfo 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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(A)

Control Transgenic

(B)

Control Transgenic AC Superb
(i) (ii) (BW252) (iii)

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 tMEK2YUT transgenic line. (B) Leaf rust reaction of: (i) wild-type wheat
cv. ‘Fielder’ (susceptible); (ii) transgenic ‘Fielder” expressing tMEK2YYT; and (iii) wild-type
wheat cv. ‘Superb’ (resistant).

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
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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 transformants 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-1/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
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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, *?P 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 environment (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 organizational
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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Modulating Quorum Sensing
and Type Ill Secretion Systems
in Bacterial Plant Pathogens for
Disease Management

C.-H. YANG AND S. YANG

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
(QS]) 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 (Als) 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 Al 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 Als acyl homoserine
lactones (AHLSs) are produced by a LuxI family AHL synthetase and function
as a ligand for the cognate LuxR-type transcriptional regulator 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).



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/Al-2 QS
Circuit
Examples LuxI/R, Lasl/R, RhlI/R, Expl/R, Agr system, ComAP system LuxP/Q, Lsr
Yenl/R, Esal/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 (Rhll/R), C6-HSL (Phel/R), CSF (PhrC), oligopeptide S-THMF-borate Al-2
synthetase/ C8-HSL (Tral/R), 3-OH-C4-HSL (comX/A), AIP (AgrD/A) (LuxS/LuxR); R-THMF Al-2
response (LuxLM/LuxN), 3-O-C6-HSL CSP, A-factor (LuxS/LsrR)
regulator) (LuxI/R, AhlI/R), 3-O-C12-HSL

(Lasl/R), 3-O-C14:1-HSL (HdtS/?)

Continued
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Table 2.1. Continued

Gram-positive QS

LuxS/Al-2 QS

QS systems Gram-negative QS
Signal transporter NA/LuxN
and sensor
Functions Bioluminescence, exoenzyme

production, pigment and antibiotic
biosynthesis, biofilm, conjugation,
virulence
QS interference Signal degradation: AHL-lactonasae
(aiiA, attM, ahID, aiiB, ahlK, PONS)
AHL-acylase (aiiD, pvdQ, ACY1)
Signal generation inhibition: fatty
acid biosynthesis inhibitor (triclosan)
AHL analogues: 3-O-C12-
(2-aminocyclohexanone)
R protein degradation: halogenated
furanones

ABC transporter (Opp)/ComP,
AgrB permease/AgrC

Competence, sporulation,
antibiotic biosynthesis, virulence,
biofilm

Sensor kinase inhibition: kinase
inhibitor (closantel, RWJ-49815)
Receptor competition: AIP
analogues (truncated AIP-II,
furanone C-30)

NA/LuxP, LsrAC/LsrB

Bioluminescence, protease
production, toxin and antibiotic
biosynthesis, biofilm, T3SS,
motility, iron acquisition,
virulence

Histidine kinase inhibition:
closantel

Al-2 mimics: epinephrine,
norepinephrine

0c¢

3uex “g pue Suep "H-D



Quorum Sensing and Type Il Secretion Systems 21

The AHLs are highly conserved. The AT 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 Jux boxes, a similar DNA sequence in the promoter
region of the LuxR-type regulator targeted gene (Taga and Bassler, 2003), the
interaction between the AT 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
Als, 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 Al signalling molecules; (ii) TCSTS for
signal detection; and (iii) the response regulator for target gene regulation.
The Al 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
Al molecule, which is then exported extracellularly via an ATP-binding cas-
sette (ABC) transporter complex. The Als are detected via TCSTS in which
the external portion of a membrane-bound histidine kinase sensor detects
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the Als 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).

QSin Gram-positivebacteriahasbeen found toregulateanumber 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 A, 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/Al-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 Al-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).

Al-2, Al-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. Al-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 Isr 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 JuxS 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 JuxS 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 Al respon-
sible for this signalling is dependent on the presence of the [uxS 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 JuxS 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 IuxS seems to affect the synthesis of at least two Als, 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 AlI-2, are bioluminescence in
V. harveyi and expression of the Isr 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 Als of P, aeruginosa,
3-0x0-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 11l 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



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,

Outer membrane
rings

Outer membrane
Inner membrane
ring

Inner membrane

Inner membrane rod
Cytoplasmic ring
ATPase

T3S substrate  T3SA component

EspA/EscF, HrpA

YscC, MxiD, EscC,
InvG, HrcC

M9-xiM

EscdJ, PrgH

PrgK, MxiG, YscJ,
MxiJ

YscV/InvA/EscV,
YscU/SpaS/EscU,

YscR/SpaP/EscR,
YscS/SpaQ/EscS,
YscT/SpaR/EscT

PrgJ

Spa33, YscQ

YscN, Spa47, EscN,
InvC

YopB, YopD; LcrV, SseB; YscF, MxiH,
Prgl, EspA/EscF, HrpA

Salmonella,
Pseudomonas
syringae
Yersinia, Shigella,
E. coli, Salmonella,
P, syringae
Shigella

E. coli, Salmonella,
Shigella, Yersinia

Yersinia, Salmonella,
E. coli

Salmonella, Shigella
Shigella, Yersinia
Yersinia, Shigella,
E. coli, Salmonella,
P, syringae
Yersinia, Shigella,
E. coli, Salmonella,
P, syringae

Continued

SwialsAS uonauoag ||| adA] pue Suisuag wniond)

14



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 CI-
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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T3SS
chaperone

T3SS signal

T3SS
regulator

AvrBs2

AvrBs3 family

SycE, SycH, SycT, SycN and YscB;
IpgE; SicP, SigE; CesT, CesF; SpcU,
Orf1; DspB/F; ShcA, ShcB1, AvrF;
ShcS1, SheS2, ShcO1, ShcF, ShcM,
SheV

YsaK, Spa15, InvB, HpaB

SycD, IpgC, CesD, SicA

lon (Mg2+, Ca2+, Pi), O2, osmolarity pH, temperature,
growth phase, cell contact, plant factors

TCSTS

AraC family

Other
transcriptional
regulators

PhoP/Q, PhoR/B, Bar/SirA,
OmpR/EnvZ, SsrA/B,
CpxA/R, HrpX/Y,
GacS/A, HrpG

HilC, HilD, InvF, VirF,
LcrF, ExsA, Per, GadX,
HrpX, HrpB

H-NS, IHF, FIS, CsrA (RsmA),
LuxS Ler; HrpL, HrpS, HrpR,
HrpV; PrhA, Prhl, Prhd, PrhR;
LerQ, LerH, SycH, LerV

Xanthomonas Bs2 R/synthesize or

campestris hydrolyse
phosphodiester
linkages, HR
X. campestris Localized to plant
nuclei/transcription
factors, HR
Yersinia, Shigella, Antifolding factors; T3SS
E. coli, Salmonella, substrates targeting
P aeruginosa, signals; anti-aggregation
P. Amylovorum; and stabilizing factors;
P, syringae T3SS component

expression regulators
Yersinia, Shigella,
Salmonella,
X. campestris
Yersinia, Shigella,
E. coli, Salmonella

Yersinia, Shigella, E. col,
Salmonella, P. aeruginosa,
Pectobacterium spp.,

P, syringae, X. campesitris,
Ralstonia solanacearum
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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 A 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 Inv] 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 IlI-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 (<15kDa), 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 Prhl. 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 Ca?*, which is mediated
by at least two distinct signalling pathways. Under low Ca?** 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 Ca* 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 LerQ/YsecM
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



34

C.-H.Yang and S. Yang

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 Rhll/
R-C,-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
expl 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 csrBin 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,, 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 lasl, rhll 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 hsll, 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 CHAO, 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 sSRNA 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 ahll and acted as activators of the AhlI/AhIR 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-CgsS 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/AhIR 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
rhIR and gscR genes as well as a stimulatory effect on rhll 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 Mv{R in P. aeruginosa, which
regulates RsmA post-transcriptionally. Mv{R 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-
p-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 AhID 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-ox0-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)-.-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 Al N-(3-oxododecanoyl)-.-homoserine lactone had mark-
edly reduced activity. Synthetic molecules with carbamate substituents of
the HSL ring of 3-oxo0-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 3-0x0-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.

Al-2- and Al-3-mediated QSI

Most QS Als 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-.-homocysteine and S-homoribosyl-r-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 Al, 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 Al 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



44

C.-H.Yang and S. Yang

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-
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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 expl 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 YenlI synthetase, namely N-(3-oxohexanoyl)-.-homoserine lac-
tone (3-ox0-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)
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further reported that transgenic plants expressing the Lasl 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 1-alanine- and
p-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
QQSBs 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

58

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.

©CAB International 2007. Biotechnology and Plant Disease Management
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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,
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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 100x 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)
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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 -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 B-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 functions?.

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-Expp-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--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 B-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 B-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-B-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-B-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-B-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 <3kD 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 ]2 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 (353-573bp) 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 ubig-
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 P188788, 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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Interactions Between Plant and
Virus Proteomes in Susceptible
Hosts: Identification of New Targets
for Antiviral Strategies

H. SANFACON AND J. JOVEL

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 (~3-19kb), 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 Qf 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.
BMYV, 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; Sanfacgon,
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; Sanfagon, 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 (elF4E), 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 elF(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 elF(is0)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 elIF(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
elF4E isoforms results in resistance to potyviruses (Robaglia and Caranta,
2006). The biological function of the interaction between elF4E 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
elF(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 elF4E 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 elF4A, 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/LSM?7, 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 elF4G, 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 (Sanfagon, 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 89 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
ofmovement proteinsto 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-B-glucan), a structural com-
ponent of plasmodesmata channels that is regulated by the action of -1,3-
glucanases. A role of callose in antiviral defence was initially suggested by
the observation that antisense tobacco plants deficient in B-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
B-1,3-glucanase and may mediate the co-localization of the viral move-
ment protein and B-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
Sanfagon, 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 3. 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
d onto thereplisome (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 o2-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 SIUTPG1 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). SIUTPG1 also enhances virus accumula-
tion. TLCV V1 mutants unable to interact with SIUTPG1 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 SIUTPG1 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 elF4E isoforms confers resistance against potyviruses

The number of genes that encode proteins related to the elF(iso)4E or eIF4E
families in plants varies from species to species. In A. thaliana, there is
one elF(iso)4E gene and three elF4E genes, although only eIF4E1 has been
conclusively demonstrated to encode a cap-binding protein. As mentioned
earlier, knock-out mutations of either elF4E1 or elF(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 eI[F4E 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 eIlF4E and potyvirus VPgs is, in gen-
eral, highly specific as evidenced by the observation that within a plant
species, some potyviruses interact with eI[F4E while others interact with
elF(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 (ClIYVV) while mutation of
elF4E1 results in resistance to CIYVV, 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 elIF4E 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 elF(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 elF(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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Mechanisms of Plant Virus Evolution
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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; Garcia-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
inbrome 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~ (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 109, 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 RNA? Host frequency (1073 References
Plant RNA viruses
CCMV ssRNA  RNA3 Nicotiana 0.05 Schneider and
benthamiana Roossinck
(2000)
CMV-Fny ssRNA  RNAS3 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 25 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  30kD/CP  N. benthamiana 0.4 Schneider and
Roossinck
(2000)
30kD/CP  Pepper 1.5 Schneider and
Roossinck
(2001)
30kD/CP  Tobacco 0.9 Schneider and
Roossinck
(2001)
30kD/CP  Tomato 0.2 Schneider and
Roossinck
(2001)
30kD/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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Table 5.1. Continued

Gene/ Mutation
Virus/isolate Genome RNA? Host frequency (103  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)

CCMYV, cowpea chlorotic mottle virus; CMV, cucumber mosaic virus; CYSDV, cucurbit yellow stunting
disorder virus; KGMMYV, 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; RARP, RNA-dependent
RNA polymerase.

bMutation frequency/10° bases, measured by sequence analysis of cDNA clones.

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.
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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 (Whiteand Morris, 1995). The frequency ofhomologousrecombination
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
etal. (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 Fernandez-Cuartero et al.
(1994)
TAV ssRNA (+) 3 segments Fernandez-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 T™MV 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; PEBY,
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; CYBYV, 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 (Sacristdn
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*—10-° 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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Molecular Understanding of Viroid
Replication Cycles and Identification
of Targets for Disease Management

R.A. OWENS

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
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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 a-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 (Daros 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 molecular 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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Table 6.1. Officially recognized viroid species (Eighth Report, ICTV).

Reported
Genus? Species variants® 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)° 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).
°Provisional species (not officially recognized).

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.
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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.
terminal,,;,, pathogenicity, central, variable and terminal, . 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 T, 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.)

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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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) Illa 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 (Martinez 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 (Daros 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 Il 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
Il 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.)
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Analysis of ASBVd-infected leaf tissue reveals the presence of mon-
omeric circular RNAs of both polarities (Daros 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 a-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 I 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 IlI-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 (Schnolzer 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 (Daros 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 (Daros 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-
actingribozyme. An alternative, protein-based (and sequence-independent)
strategy relies on the constitutive expression of pacl, 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.,



Molecular Understanding of Viroid Replication Cycles

139

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

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
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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 (Daros 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:
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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 oflive 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.

©CAB International 2007. Biotechnology and Plant Disease Management
(eds Z.K. Punja, S.H. De Boer and H. Sanfagon)
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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 2500kg 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
amajor 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 1g (Ranjard et al., 2003). A simple and
cheap extraction technique capable of handling approximately 5g 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 (1kg) are thoroughly mixed before DNA extraction, it is possible to
achieve homogeneity in DNA assay results for bacterial communities with
250mg 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/100g 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



152 C.A. Lévesque

ﬂ% Label incorporated during PCR ampfication
PCR product %, f’// A \

MR o
from sample ?’g; &\
s GTGAGTCTTCTCTGCAGCAGY wh
o I i

o specific oligo
OYAmino linker pee ¢

® » L B Lg
e -?o ‘o "
: L ]
£ . L* w
= |l Sylvaticum X
E Heterothallicum
5 Acanthicum .
ok
L]
. -
. L
Nunn . o
—— P - i
g Seee % g
X X
= X |
Se .
(©) *?; S;ge
o
Q.

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.

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).
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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 (>250bp) 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 (10°)
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 or hybridization
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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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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 D,,, 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).

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.

Itis 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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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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Molecular Detection Strategies
for Phytopathogenic Bacteria
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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

©CAB International 2007. Biotechnology and Plant Disease Management
(eds Z.K. Punja, S.H. De Boer and H. Sanfacon) 165



166

S.H. De Boer et al.

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.
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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
(Guimarasés 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. atroseptical, 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
leathoppers, 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 methodsrely 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
10° 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 10° 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 x 10% and 8.6 x 10* 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 450bp amplicon distinct from the
250bp 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 TagMan 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 TagMan assay requires two primers as in conven-
tional PCR that amplify a DNA fragment in the 50-100bp size range. In
addition, a probe designed to hybridize specifically to the target PCR
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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 Tag 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 TagMan are considerably shorter than
the amplicons in conventional PCR, which should be at least 150bp 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, C;) 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 10* cfu/ml, equivalent to 100 cfu/reaction (Bentsink et al., 2002). The
detection level for purified RNA was estimated to be 10* 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
etal., 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 IIl 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 (420bp) 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 581bp 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 ef 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 (>30kb) gene cluster (fox 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 5.3kb 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 TagMan assay developed from
the plasmid sequence amplified a 112bp 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 187bp
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
2.7kb 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 1.1kb 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 1.6kb
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 1S7405 was used to design specific primers to detect race 1
strains of R. solanacearum (Lee et al., 2001). IS1405 is 1174bp in length
and has 18bp imperfect terminal-inverted repeats and contains a single
open reading frame encoding a protein of 321 amino acids. I1S1405 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 1078bp 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 25ul), the amount of sample
DNA analysed in each reaction is also very small (usually 1-2ul 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 10°-10° 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.



Molecular Detection Strategies for Phytopathogenic Bacteria 187

¢ 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 immunofluorescence
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 2h 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..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
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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 10kg of
sound tubers.
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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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Molecular Diagnostics of
Plant-parasitic Nematodes

R.N. PErry, S.A. SuBBOTIN AND M. MOENS

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.
canbedifferentiated by enzyme phenotypes (Esbenshadeand 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 2h 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 rtDNA in this work were based on con-
served sequences in the 18S and 268S 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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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).

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
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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 TRNA (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-TRNA. 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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Table 9.1. Universal primers useful for nematode diagnostics.

Code Sequence (5'-3) Target DNA region References
C2F3 GGT CAATGT TCA GAAATTTGT GG Intergenic region  Powers and
1108 TAC CTT TGA CCA ATC ACG CT between COII Harris (1993)

and 16S rRNA

gene of miDNA
18S TTG ATT ACGTCC CTG CCCTTT ITS1 of rRNA Szalanski et al.
rDNA1.58S GCC ACC TAG TGA GCC GCG CA (1997)
18S TTG ATT ACGTCC CTG CCCTTT ITS1-5.8S-ITS2 Vrain et al.
26S TTT CAC TCG CCG TTA CTA AGG of rRNA (1992)
F194 CGT AAC AAG GTAGCT GTA G ITS1-5.85-ITS2 Ferris et al.
F195 TCC TCC GCT AAATGATAT G of rRNA (1993)
D2A ACA AGT ACC GTG AGG GAAAGTTG D2-D3 region of De Ley et al.
D3B TCG GAA GGA ACC AGCTACTA 28S rRNA (1999)
TW81 GTT TCC GTA GGT GAA CCT GC ITS1-5.85-ITS2 Joyce et al.
AB28 ATATGC 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)

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-TRNA, 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 (IRNA) 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-
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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)

fication of Meloidogyne spp. using two marker regions, a fragment of mito-
chondrial DNA located between the COIIl 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, Hinf1/Rsal or Dral/
Rsdl, 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 etal., 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-TRNA does not enable
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Fig. 9.3. Flow chart depicting the PCR-RFLP steps to identify Meloidogyne spp. (Powers et al., 2005).

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 TRNA 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-TRNA 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 1060bp length, although this could vary in different
species. Application of the RFLP technique to separate 26 species of cyst
nematodes revealed several restriction enzymes, Cfol, Alul, BsuRI, Bsh12361
and ScrFl, with greater discriminatory powers than other enzymes and
which enabled more species of cyst nematodes to be characterized (Fig. 9.4).

2 34 58 78010 NIZIERMISBITIBENDN BB MR BT M

Fig. 9.4. Restriction fragments of amplified ITS regions of cyst-forming nematodes using TW81 and
AB28 primers. Restriction enzymes: (A) Alul; (B) Aval; (C) Bsh1236l; (D) BsiZl. Lines: M — 100bp
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, Cfol produced 16 polymorphic profiles enabling differentia-
tion of 12 out of 26 species. Some enzymes produced species-specific pro-
files; for example, Mval 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)
(Subbotin etal., 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
Heterodera schachtii
Globodera rostochiensis
and G. pallida
Bursaphelenchus xylophilus

Ditylenchus dipsaci
Pratylenchus spp.

Xiphinema spp.

Longidorus spp.

Paratrichodorus and Trichodorus
Meloidogyne incognita
Meloidogyne hapla

Meloidogyne chitwoodi

Meloidogyne javanica
Meloidogyne arenaria
Meloidogyne naasi
Nacobbus spp.

Subbotin et al. (2001)
Amiri et al. (2002)
Mulholland et al. (1996); Bulman and

Marshall (1997); Fullaondo et al. (1999)

Liao et al. (2001); Matsunaga and Togashi (2004);

Kang et al. (2004); Jiang et al. (2005);

Leal et al. (2005); Castagnone et al. (2005)
Esquibet et al. (2003); Subbotin et al. (2005)
Uehara et al. (1998); Al-Banna et al. (2004)
Hubschen et al. (2004a)

Hubschen et al. (2004b)

Boutsika et al. (2004)

Zijlstra (2000); Dong et al. (2001); Randing et al. (2002)
Williamson et al. (1997); Zijlstra (1997, 2000);

Dong et al. (2001)

Williamson et al. (1997); Petersen et al. (1997);

Zijlstra (2000)

Zijlstra et al. (2000); Dong et al. (2001)
Zijlstra et al. (2000); Dong et al. (2001)
Zijlstra et al. (2004)
Atkins et al. (2005)
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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).

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.

M 123 4 5 6 7 89 10 1112 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 — 100bp 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 (TagMan, 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 T, (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 T, 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 T, 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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Fig. 9.7. Melting curve (fluorescence vs temperature) of specific amplicon for
Globodera pallida (Madani et al., 2005).

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 TagMan probes, are needed. Cao et al. (2005) developed a
method for detecting the pinewood nematode, B. xylophilus, using TagMan
probes. The PCR assay detected DNA template concentrations as low as
0.01ng. The Ct values were correlated with the DNA template concentra-
tion (R? = 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 TagMan probes. They demonstrated the
potential of this assay for rapid, accurate and sensitive detection of both
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Fig. 9.8. Sensitivity, detection range and specificity of the real-time PCR assay for
Clobodera 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).

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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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, Francois 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 ¢ 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-TRNA region is more precisely characterized for many groups
of plant-parasitic nematodes than any other gene fragment. The intraspe-
cific variation for the ITS-TRNA 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-TRNA
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, whichisstill primarilyin theresearch 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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Plant Viruses
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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 (Lépez 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 *?P-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) (Més and Pallds, 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 (Lépez 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 1000bp, 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 200bp 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 300bp, the shortest amplicon should be around
240bp.

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, TagMan 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.
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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 10°-fold amplification expected for a 2-3h
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; Marroquin 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 fanleaf
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
CMYV, CLRYV, 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 (TagMan, 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
TagMan 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 60min. 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 + ¢) (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 N2

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 + ¢/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 x prevalence/[sensitivity x
prevalence + (1 — specificity) x (1 — prevalence)].

Negative predictive value = specificity x (1 — prevalence)/[(1 — sensitivity)
x prevalence + specificity x (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 + ¢)] (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 [¢/(a + ¢)] (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 =
[(@+b) x(a+c)+(c+d) x(b+ d)]/N-

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 N2

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 Ne  TP® TNe FPY FNe Snf Spe PPV" NPV' Hitrate LR+ LR-* coefficient
DASI-ELISA (5B) Universal detection 128 96 26 O 6 092 1.00 1.00 0.81 0.95 oo 0.06 0.86 +0.08
DASI-ELISA (4D) D-specific identificaton 128 44 64 0 20 0.69 1.00 1.00 0.76 0.84 oo 0.31 0.68 + 0.08
DASI-ELISA (AL) M-specific identificaton 128 52 62 2 12 081 097 096 0.84 0.89 26.04 0.19 0.78+0.08
IC-PCR (P1/P2) Universal detection 119 70 28 2 19 079 093 097 0.60 0.82 1179 0.23 0.61+0.08
IC-PCR (P1/PD) D-specific identification 120 46 58 2 14 0.77 097 0.96 0.81 0.87 23.02 0.24 0.73 £ 0.08
IC-PCR (P1/PM) M-specific identificaton 119 47 55 5 12 0.80 092 0.90 0.82 0.86 9.56 0.22 0.71+0.09
Co-PCR Universal detection 120 85 28 2 5 094 093 098 0.85 094 1417 0.06 0.84+0.09

(Universal

probe)
Co-PCR (D probe) D-specific identification 120 56 54 6 4 093 090 0.90 0.93 0.92 9.33 0.07 0.83+0.09
Co-PCR (M probe) M-specific identificaton 120 50 57 3 10 0.83 095 094 0.85 089 16.67 0.17 0.78+0.09

aN: Total samples.
5TP: True positives.
°TN: True negatives.
9FP: False positives.
°FN: False negatives.
fSn: Sensitivity.

9Sp: Specificity.

"PPV: Positive predictive value.
'NPV: Negative predictive value.
ILR+: Positive likelihood ratio.
“LR-: 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 TagMan
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
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Table 10.4. Theoretical comparisons of the sensitivity, specificity, strain-typing abilities,
rapidity and feasibility of various molecular techniques for routine virus detection.

Technique Sensitivity?  Specificity®  Strain typing® Rapidity Feasibility
Molecular hybridization +° +++ + + +
Conventional PCR' ++ +++ +++ +++ ++
Immunocapture-PCR +++ +++ +++ +++ +++
Heminested and nested +4+++ ++ +++ ++ ++
PCR (two tubes)

Nested PCR (single tube) ++++ +++ + ++ +++
PCR-ELISAY and ++++ ++ +++ + +
PCR-ELOSA"

Multiplex PCR ++ +++ 4+ +++ ++
Multiplex nested PCR ++++ +++ + ++ ++
Cooperative-PCR ++++ +++ +++ ++ +++
Real-time PCR +++++ +++++ +++++ +++++ +++++
NASBA! ++++ +++ +++ ++++ +++
LAMP! ++++ +++ +++ ++++ +++
Macroarray/microarray + ++++ +++++ + ++

aSensitivity: proportion of true positives correctly identified by the test.

bSpecificity: proportion of true negatives correctly identified by the test.

°Strain typing: ability to discriminate between viral strains.

dFeasibility: practicability in routine analysis, execution and interpretation.

For each criterion, methods are rated from acceptable (+) to optimum (+ + + + +).
PCR: Polymerase chain reaction or reverse transcriptase-PCR (RT-PCR).
9PCR-ELISA: PCR-enzyme-linked immunosorbent assay.

"PCR-ELOSA: PCR-enzyme-linked oligosorbent assay.

INASBA: Nucleic acids sequence-based amplification.

ILAMP: Loop-mediated isothermal amplification.

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.
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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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1 1 Molecular Identification and Diversity

of Phytoplasmas
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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

250

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 800nm (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—1350kbp (Marcone et al., 1999) and the G + C
content 23-29mol% (Kollar and Seemiiller, 1989). Phytoplasmas typically
possess a tRNA™E in the spacer region between the 16S and the 23S rRNA
genes (Smart ef 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; Seemdiller 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; Vdzquez 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
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determined to be a subgroup of the 16SrVII group,! 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 arepresentative 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

' 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, 16Sr1l) is usually low
and sporadic, although outbreaks can also occur. Papaya mosaic (PpM, 16Sr1l)
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
16SrlIl 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 (AImWB) 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) (Seemdiller
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. [talian alfalfa witches’ broom, Yucatan coconut lethal
decline and ESFY) (Seemiiller 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 (Seemdiller 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 Seemiiller, 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 (fuf)
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
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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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Acholeplasma palmae
'Ca. Phytoplasm asteris'
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Fig. 11.2. ‘Candidatus Phytoplasma’ spp. phylogenetic tree based on 16S rDNA sequences.
Acholeoplasma palmae is included as an outgroup to root the tree.

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.
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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 leathopper 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 leathoppers, 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 Seemiiller, 2000),
sweet potato little leaf (Padovan et al., 2000) and ESFY (Marcone and
Seemiiller, 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 (530kbp) 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 861kbp 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
ORF's 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



264

G. Firrao et al.

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 ORF's 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