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Preface

Parasites, cysts and root-knot nematodes have evolved sophisticated mechanisms
for exploiting plants, with profound agricultural impact. The susceptibility of plants
to nematode parasitism has resulted in a significant effort to identify the cellular
and molecular mechanisms involved in nematode-induced pathology of plants. We
have been fortunate to gather a group of leading scientists who present in this book
the current knowledge on nematode parasitism. Plant-nematode interactions are
examined from organismal responses down to molecule-specific responses within
the nematode and its host plant. In this exciting era of cell biology, computer-
enhanced technology, ranging from microscopy to genomic analysis, is bringing us
ever closer to using the knowledge generated to reduce the parasitic effects of
nematodes on plants.

This book will be a useful reference for advanced undergraduate, graduate and
postdoctoral students, as well as senior scientists.

We gratefully acknowledge the help of a number of people in reviewing and
editing the manuscript, including Christine Ehret and Marti Shafer of the Danforth
Plant Science Center and Jim McCarter, Michelle Hresko, and Bingli Gao of
Divergence, Inc.

September 2008 R. Howard Berg
Christopher G. Taylor
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Plant I nfection by Root-K not Nematode

David McK. Bird(x=), Charles H. Opperman, and Valerie M. Williamson

Abstract Plant-parasitic nematodes, particularly the sedentary endoparasitic forms,
are cosmopolitan pests, collectively causing over $100 billion in annual crop loss
worldwide. In the past decade, significant progress has been made in identifying genes
and their products that define key aspects of the host—parasite interface, including
enzymes and proteins with direct roles in virulence and resistance. However, little
remains known about how a host is identified or how the development of the nema-
tode is coupled to establishment of the parasitic interaction. Here, we consider the
role of signaling molecules and their interplay with nematode development from
hatch through primary interaction with the plant.

1 A Brief Introduction to Root-K not Nematode

Although plant-parasitic nematodes are found in three of the five major clades of
the phylum Nematoda (Blaxter et a. 1998), much of the damage to cropsis caused
by the approximately 60-member tylenchid genus, Meloidogyne (Sasser and
Freckman 1986; Koenning et al. 1999). Reflecting the gross symptoms exhibited
by rootsinfected with these nematodes (Fig. 1), the common name for Mel oidogyne
Spp. is“root-knot nematode(s).” More than 2,000 plant species have been designated
as hosts to root-knot nematodes, and most cultivated crops are attacked by at |east
one root-knot nematode species (Sasser 1980). Since its description as a genus
(Chitwood 1949), root-knot nematodes have been particularly favored for research
by plant nematologists in large measure because of their importance as agricultural
parasites. Beyond this, however, the motivation to study root-knot nematode has
sprung from scientific curiosity regarding the many intriguing features of their

D.McK. Bird

Center for the Biology of Nematode Parasitism, North Carolina State University,
Raleigh, NC 27695, USA and Department of Plant Pathology,

North Carolina State University, Raleigh, NC 27695, USA

e-mail: david_bird@ncsu.edu
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2 D.McK. Bird et al.

Fig. 1 Symptoms of root-knot nematode infection. Root systems of Medicago truncatula plants
inoculated with Meloidogyne incognita. The plant on the left carries a gene conferring resistance
to M. incognita, whereas the plant on the right is susceptible. Characteristic root knots (galls) are
evident on the roots of the infected plant

Fig. 2 Transverse section through a mature root gall induced by Meloidogyne incognita in
tomato, stained with toluidine blue. Four giant cells are evident in the center of the vascular cyl-
inder, surrounded by numerous small cells. The head of the nematode has contracted during fixa-
tion, leaving a partialy hollow space adjacent to the giant cells

parasitic lifestyle, the most striking of which is the induction of so-called “giant
cells’ in the host root vasculature (Fig. 2). Induction of giant cells uniquely defines
the Meloidogyne-host interaction and is central to it because these cells apparently
serve as the sole food source for the devel oping worm.

Very briefly, root-knot nematodes hatch in the soil as motile, vermiform larvae
(Fig. 3) able to locate, penetrate and migrate within plant roots (Fig. 4), ultimately
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Fig. 3 Newly hatched Meloidogyne J2. Arrows point to some of the numerous lipid storage vesi-
cles throughout the nematode’s body, and the bar (S) indicates the retracted stylet

Fig. 4 Root-knot nematode J2 migrating through cleared Lotus japonicus roots. The worms were
stained with acid fuschin

reaching the developing vascular cylinder where the giant cells are established.
Giant cell formation, coupled with expansion and proliferation of nearby pericycle
and cortical cells, results in the characteristic root-knot gall. Like many other root-
colonizing organisms, root-knot nematodes reside in the apoplast once inside the
plant, obtaining nutrition from the symplast through an as yet poorly understood
process. Mature females lay eggs out into the soil to complete the lifecycle.

This chapter focuses on the biological events that lead the root-knot nematode to
its selection of a host and the irrevocable commitment by the parasite to a sedentary
lifestyle. In other words, we consider the eventsthat occur between hatch and thefirst
meal, ending our discussion prior to giant cell ontogeny and operation (Gheysen and
Mitchum 2008; Berg et a. 2008). Our focus is on the nematode rather than the host,
athough in redity both must play equaly in the host—parasite interaction.

Our intent is twofold. First, we will discuss events that take place prior to root
penetration, arguing that nematode behavior reflects responses to multiple environ-
mental signals. Because littleis known yet about the nature of such signals, thiswill
be a short section by necessity. One considerable impediment to progress stems
from the fact that the biology prior to host penetration occurs within the complex
four-dimensional milieu that is the rhizosphere and surrounding soil. Although
some studies attempted to make direct observations of nematodes in the soil (e.g.,
Pitcher 1967), most of our current understanding comes from analysis of in vitro
systems. In the soil, the host for the root-knot nematode is very literally a“moving
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target” that is not well modeled in vitro. Similarly, once the nematode has pene-
trated its host, direct experimental manipulation becomes extremely difficult. Not
surprisingly, most of what is known of the biological events associated with root-
penetration and subsequent migration comes either from destructive analysis (e.g.,
following fixation and staining) or from inference based on in vitro experiments.

For at least 40 years (e.g., Bird 1964), a particular focus has been on the proteins
secreted by the root-knot nematode second-stage juvenile (J2) during and after
migration through the root, and a picture is emerging of the myriad roles played by
these proteins (e.g., Baum et al. 2007). We will make no further mention of these
proteins in this chapter, not to diminish their importance, but because they are dis-
cussed in detail elsewhere in this volume (Davis et a. 2008). Our second goal,
therefore, is not to describe the “ machinery” deployed by the J2, but rather to frame
the events that lead to host selection as a behavioral response by the nematode that
culminates in an irrevocable developmental commitment. Despite only a limited
data set in this area, apicture is emerging of complex communication between host
and parasite that likely influences the behavior of both. Additional signaling
between other environmental components, including other rhizosphere organisms,
contributes to the complexity. Deciphering these networks may be an important
step towards truly understanding plant infection by root-knot nematode.

2 TheRoot-Knot Nematode Larva at Hatch

Like all nematodes, root-knot nematode embryogenesissmorphogenesis occurs
within an environmentally resilient egg, whose shell is principally composed of
protein (50%), chitin (30%), and lipid (Bird and McClure 1976). The egg is the
most robust life stage of the nematode and precludes passage of even small mole-
cules (such as the fungal toxin o-amanitin) that readily penetrate the cuticle of
hatched stages (Rogalski and Riddle 1988). Rendering the egg sensitive to
o-amanitin requires the drastic treatment of chitinase digestion followed by
mechanical stripping of the vitelline membrane (Edgar et a. 1994). Thus, for root-
knot nematodes there is no evidence of the developing larvae perceiving external
clues, but it is not inconceivable that such events may take place. Indeed, other
tylenchid nematodes, particularly Globodera species, almost compl etely depend on
perception of a host-derived signal to induce substantial hatch. On the basis of
purification from potato root diffusate, one component of the hatch signal has been
proposed to be trans-2-(2,13-dihydroxy-9-methoxy-7,7,16-trimethyl-5,10,20-
trioxo-19-oxahexacyclo[9.7.0.13,6.0%,8.1%?,15.0%?,16]-eicosa-1(11),8-dien-15-yI)
cyclopropanecarboxylic acid (Mulder et al. 1996).

Immediately prior to hatch, the root-knot nematode eggshell undergoes struc-
tura transformation, rendering it permeable to a number of reagents, such as the
electron microscopy fixative/stain osmium tetroxide, to which younger eggs are
resistant (e.g., Fig. 5 in Bird and Bird 1991). Unlike most nematodes, root-knot
nematodes undergo the first of their larval four molts within the egg, thus hatching
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Fig. 5 Root-knot nematode attraction to root. Darkfield image of the track left in an agar surface
by two root-knot nematode individuals as they migrated to the root tip

as a J2. Very little is known about the relative importance of eggs and J2s in dor-
mant periods of root-knot nematode such as over wintering or between hosts; how-
ever, itislikely that the J2 is the predominant dormant stage because hatch does not
require an external cue. Indeed, numerous lines of evidence point to the root-knot
nematode (and other tylenchid nematodes) J2 as being analogous to the dauer
(“enduring”) stage of Caenorhabditis elegans (Riddle and Georgi 1990; Bird and
Opperman 1998; Opperman and Bird 1998). The dauer was first described as an
adaptation by animal-parasitic nematodes (Fuchs 1915), but subsequently appreci-
ated as a phylum-wide phenomenon, extending to plant-associated genera as well
(e.g., Fuchs 1937; Bird and Buttrose 1974). Dauers share the properties of arrested
development, motility, non-feeding, non-ageing and hence longevity (Cassada and
Russell 1975; Klass and Hirsh 1976; Riddle and Albert 1997), attributes that accu-
rately describe root-knot nematode J2s. C. elegans dauers also exhibit characteristic
morphological features, such as sparse (compared to L 3) luminal microvilli, numer-
ous lipid storage vesicles, and a denser cuticle that results in elevated detergent
resistance; these features all have been found in tylenchid J2s (Endo 1988;
Opperman and Bird 1998) (Fig. 3). A consequence of the suspension of ageing by
the root-knot nematode dauer is that the time spent as a J2 largely determines the
egg-to-egg time for any given individual .

Dauers have been most extensively studied in C. elegans, where they function as
facultative, aternative stage-three larvae (L3) and serve as a binary switch to
broadly couple larval development to sexual maturity with “boom” (L3) or “bust”
(dauer) conditions. On the basis of an elegant amalgam of genetic, biochemical and
developmental experiments (reviewed by Riddle and Albert 1997), it was shown that
the stage-one larvae (L1) integrates the environmental cues of “dauer-pheromone”
and “food signal” (and, to a lesser extent, temperature) to instruct the stage-two
larvae (L2) development and the product of the L2 molt (Golden and Riddle 1982).
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Dauer-pheromone, which has recently been attributed to three related ascarosides,
viz., (-)-6-(3,5-dihydroxy-6-methyltetrahydropyran-2-yloxy) heptanoic acid,
5-O-ascarylosyl-5R-hydroxy-2-hexanone, and an ascaroside derivative of
8R-hydroxy-2E-nonenoic acid (Jeong et al. 2005; Butcher et a. 2007), is constitu-
tively expressed by C. elegans and serves as a “quorum sensing” vehicle by which
each individual L1 assesses population density. The precise nature of the “food
signal” remains obscure but is employed as the numerator for the pheromone
denominator; arelative value of >1 says “boom,” whereas <1 says “bust.”

Unlike in C. elegans, the root-knot nematode dauer (J2) stage is obligate.
Whether this points to elimination of the inductive pheromone in root-knot nema-
todes is unknown although, intriguingly, the adaptation of undergoing the first molt
within the egg would appear to ensure that the assessed food:pheromone ratio
would always be <1. Another difference between C. elegans and root-knot nema-
tode dauers is the devel opmental stage at which they occur (L3 in the former, J2 in
the latter). However, as previously discussed (Bird and Opperman 1998), such het-
erochronic shifts are common across evolutionary space. Indeed, the dauers of
Bursaphelenchus occur in stage-four larvae (Fuchs 1937). Although any potential
role of dauer pheromone in root-knot nematode development is arcane, a role for
thefood signal seems clear; dauer exit, which involves the simultaneous resumption
of development and ageing and a switch in carbon source from interna (i.e., stored
lipid) to external, is strictly coupled to the onset of feeding inside the selected host
plant (Bird 1996).

Direct biochemical analyses of intermediary metabolism (O’Riordan and
Burnell 1989; Wadsworth and Riddle 1989; O’ Riordan and Burnell 1990) have
revealed that the C. elegans dauer larvais metabolically distinct from other stages,
presumably reflecting the importance of lipid metabolism for this non-feeding
stage. On the basis of the assumption that this biology is likely to be conserved
across the phylum, approaches based on data mining (Mitreva et al. 2004) and
microarray analysis (Elling et a. 2007) have attempted to compare the dauer tran-
scriptome of the animal-parasitic nematode Strongyloides stercoralis and the plant
parasite Heterodera glycines, respectively, with that of the C. elegans dauer. With
the strong twin caveats that in each of these experiments (1) only alimited subset
of the parasite transcriptome was sampled, and (2) only steady-state dauers were
sampled (i.e., the transcriptome was not sampled during dauer entry or exit), both
groups concluded that thereisno clear evidence for aconserved dauer gene-expression
signature across the Nematoda. If this conclusion is correct, it presumably reflects
the unique bhiological adaptations of these diverse nematode species. Whether the
same conclusion would be drawn from an experiment comparing the root-knot
nematode transcriptome during dauer recovery with gene expression during dauer
exit in C. elegans (Jones et al. 2001) remains untested.

In contrast to the transcriptome experiments, evidence is accumulating to sup-
port the hypothesis that the dauer pathway per seis utilized to regulate dauer entry
and exit across the phylum (Blaxter and Bird 1997; Burglin et al. 1998; Bird and
Opperman 1998; Bird et al. 1999). Considerable functional evidence from C. elegans
points to the dauer pathway as being primarily neuronally mediated, beginning with
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perception of the primary effectors (pheromone and food) by the amphids and pre-
sumably transmitted downstream by endocrine function. Genetic analysis in
C. elegans identified 32 genes as dauer affecting (daf) (Riddle and Albert 1997),
and the molecular nature of 20 of these has been discerned, revealing a signaling
pathway that is highly conserved across the animal kingdom, including humans
(Wolcow et a. 2002), and which assesses nutrient status and allocates energy
resources to development, ageing and fat deposition (i.e., collectively the core of
dauer function). C. briggsae encodes 19 of the 20 characterized C. elegans daf
genes but lacks daf-28, which encodes the beta-insulin molecule involved in signal
transduction. Recent whole genome sequencing of M. hapla (Opperman et al. in
press, Opperman et a. 2008) has revealed strong orthologs of 14 C. elegans daf
genes and weak orthologs of three more. Like C. briggsae, M. hapla lacks an
ortholog of daf-28. The molecular identities of those genes not found in M. hapla
appear related to perception of specific cues and, hence, are probably not relevant
to the parasitic lifestyle of root-knot nematodes. This demonstrates that, although
the basic mechanical aspects of development are conserved, response to environ-
ment in parasite versus free-living nematode is substantially distinct, consistent
with the transcriptome results (Mitreva et a. 2004; Elling et al. 2007).

3 From Hatch to Root-Penetration

Behaviorally, newly hatched root-knot nematode J2s display random movement
when no attractants are present but switch to oriented migration through a concen-
tration gradient and toward a host root tip (Perry and Aumann 1998) (Fig. 5).
Although nematode movement is characterized by sinusoidal movements, migrat-
ing root-knot nematodes often exhibit quite sharp bends (Fig. 5). Plant-parasitic
nematodes are attracted to host roots presumably due to a concentration gradient of
substances from the root (Bird 1959; Riddle and Bird 1985), but little is known
about the identity of the substances forming these gradients. There are also differ-
ences in attraction depending on plant species, the conditions of the assay and, for
example, the presence or absence of border cells (Zhao et al. 2000). Although vari-
ous salts and chemicals have been reported to be attractants, many of these findings
have not been substantiated. However, both plant parasitic and free-living nema-
todes show chemotaxis along gradients of carbon dioxide (Dusenbery 1983;
Robinson 1995). Once the J2s reach the root, they accumulate at the zone of elon-
gation. Marked changes in nematode behavior ensue and are characterized by stylet
thrusting, probing, and other activities associated with root penetration (Wyss et a.
1992). Aggregation of juveniles occurs, possibly indicating communication
between worms by a pheromone (Fig. 6).

Analysis of the cell biology of the response of the host root surface to root-knot
nematode exposure also reveals a complex but subtle interaction (Weerasinghe
et a. 2005). Briefly, exposure of J2s that have not been exposed to roots since
hatching rapidly elicits a wavy root-hair response on the roots of various plant



8 D.McK. Bird et al.

\ \
/ \ 2\
Fig. 6 Aggregation of root-knot nematodes at the root surface. Meloidogyne hapla J2 permitted

to migrate to a tomato root in a gel assay accumulate in large masses on the root surface at the
zone of elongation. Photos by C. Wang

species tested (including tomato and Lotus japonicus). However, repeating this
experiment using J2s that have been previously exposed to the host, even for only
a brief period (several minutes), elicits striking developmental changes in the root-
hair cells, including rapid ionic fluxes, cytoskeletal reorganization, and nuclear
relocation (Weerasinghe et a. 2005). Genetic analysis revealed that these host
responses require components of the rhizobial Nod-factor perception pathway, with
certain mutations in the Nod factor receptor kinases also reducing root-knot nema-
tode infection by tenfold (Weerasinghe et al. 2005). Thus, it appears that compo-
nents of the host signaling machinery necessary for establishment of mutualistic
symbioses are also utilized for the establishment of parasitic symbioses (Lohar and
Bird 2003; Bird 2004; Weerasinghe et al. 2005). One hypothesis that stems from
thisrevelation is that evolution of parasitism in root-knot nematodes was accompa-
nied by conscription of the older symbiotic pathways in the plant as a means to
enhance the nematode’s parasitic ability. Root-knot nematode exudates have also
been shown to affect the shape of pea border cells (Zhao et al. 2000).

Collectively, these data also implicate the presence of a root-knot nematode-
encoded signal, which has been named NemF (nematode factor). It has been
hypothesized that NemF is physically more than one moiety (Weerasinghe et a.
2005). One component (responsible for wavy root-hairs) is produced by root-knot
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nematodes prior to root-exposure and may be produced constitutively. Significantly,
dead J2s do not produce the effect on plants, nor does the non-plant-parasite C. elegans.
The second moiety, responsible for more profound developmental changes in the
plant (including reorganization of the cytoskeleton and root-hair branching),
appearsto be produced only in response to the host and possibly reflectsthe perception
by the J2 of a chemical signal from the plant.

Little is known about what changes in gene expression occur in root-knot
nematodes between hatching and the onset of feeding in the host. It seems likely
that the behavioral changes exhibited by the J2 in response to chemical signalsfrom
the host are accompanied by changes in gene expression, potentially including
de novo transcription of genes, translation of pre-existing mRNAS, or modification
of pre-existing proteins (e.g., by phosphorylation). Upon perception of a host and
during movement of the non-feeding larva toward the root, it is reasonable to pre-
dict changes in expression of genes regulating metabolic activation, perhaps even
similar to those genes up-regulated in C. elegans upon dauer exit (Jones et al.
2001). It is likely that genes more strictly involved in parasitism per se are also
induced, including those necessary for production of NemF as well as yet to be
identified proteinsinvolved with host invasion and suppression of defense responses.
Identification of such genesis likely to provide new insights into parasitism.

Studies on the behavior of nematodes once they have penetrated the root and
during their migration to their feeding site have been difficult to study in vivo as the
nematodes are hidden from view inside the roots. However, video-enhanced contrast
light microscopy has been used successfully to visualize invasion of the transparent
roots of Arabidopsis on agar plates by M. incognita (Wyss et a. 1992). J2s were
observed destroying epidermal and sub-epidermal cellsin the invasion process. This
disruption was preceded by lip rubbing and stylet trusts against the cell walls. Once
inside the root, the J2s migrated intercellularly between cortical and meristematic
cellstoward the root tip. After reaching the meristem, the J2s reversed direction, often
damaging meristematic cells in the process, and then migrated upwards within the
developing vascular cylinder. A feeding site is initiated near the zone of differentia-
tion. Although caution should be used in generalizing the behavior of root-knot nema-
tode in Arabidopsis to more typical hosts with more complex root structure, in vitro
stained roots of other species are consistent with the same course of migration. The
physical and chemical signalsfrom the plant that contribute to the observed migration
have not been determined. In addition, multiple J2s frequently invade at the same site
and follow the same tract toward the vascular invasion, suggesting that signaling
between nematodes may also be involved in the process.

Both mechanical force and enzyme secretions appear to be involved in host
penetration and movement to feeding sites, and their relative importance is not
known. Some of the numerous cell wall modifying enzymes that are secreted dur-
ing the infection process are likely to be utilized as aids during invasion (reviewed
elsawhere in this volume). Other secretions during invasion may be important in
suppressing host defense responses. The intercellular movement, which avoids cell
damage during migration to the feeding site, may also be part of the strategy to
avoid host recognition as would be expected for an effective biotrophic parasite.
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4 Conclusions

There is no doubt that efforts focused on understanding the mechanisms of giant
cell formation will continue to be a major and important focus of plant-parasitic
nematode research. But thisis not the only important question. Careful analysis of
the biology of the interaction strongly implies that the key events leading to suc-
cessful infection by the nematode or successful defense by the host immunity are
mediated by host—parasite signaling. In particular, evidence is accumulating that
suggests chemical signals are passed between host and nematode prior to penetra-
tion (i.e, in the soil; Weerasinghe et al. 2005) and also between individual J2 (as
aggregation or quorum sensing pheromones). It has long been appreciated that
isolates of plant-parasitic nematodes differ in host range and in attraction to specific
hosts, but currently there islittle understanding of what host signals are recognized
by the nematode and how these signals modify host behavior and gene expression.
Such communication represents a particularly attractive target for chemical disrup-
tion as a strategy for nematode control as the pre-infective stage is most exposed to
the environment (i.e., not protected by the egg or the plant host). A recent publica-
tion shows one path for development of novel nematicides based on genomic infor-
mation about such “linchpins’ of nematode biology (McCarter 2004); presumably
other paths exist too.

The development of a genetic system for M. hapla offers another approach to
identifying factors involved in host recognition and infection (Liu et a. 2007). F2
lines have been produced from strains of M. hapla that differ in host range and
attraction to specific hosts (Liu and Williamson 2006). This resource should allow
the mapping of genes that determine these phenotypes. The availability of the
genome sequence of M. hapla together with the genetic map should lead to the
eventual cloning of these traits (Opperman et a. 2008). Use of expression studies
and RNAI will help in confirming gene function.
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Parasitism Genes. What They Reveal
about Parasitism

Eric L. Davis(=), R.S. Hussey, and Thomas J. Baum

Abstract Nematodes are parasites of plants and animals that have evolved diverse
and often specific mechanisms to promote a given parasitic lifestyle (Baldwin
et a. 2004; Jasmer et a. 2003), including modifications of developmental and
reproductive potential, dissemination amongst and location of primary or aternate
hosts, and survival strategies in the absence of a suitable host or favorable envi-
ronment. The genetic pathways underlying these lifecycle adaptations may have
paralels with or origins in nonparasitic nematode species that must also adapt to
a dynamic or unstable niche. Distinct to the parasites, however, are adaptations to
obtain organic nutriment while living in or on another organism. The products of
such parasitism genes “may be manifested as morphological structuresthat provide
access to parasitism of a particular host (e.g. a nematode stylet) or they may play
critical physiological roles in the interaction of the nematode with its host” (Davis
et al. 2000).

1 Introduction

The stylet (Fig. 1), aprotrusible oral spear, is the primary adaptation that allows al
plant-parasitic nematodes to breach the plant cell wall to access host cell nutrients,
which isessential for nematode growth and reproduction (Hussey 1989). The stylet
is a hardened structure of sclerotized cuticle that connects directly to the lumen of
the alimentary canal in the nematode esophagus (Bird and Bird 1991), and in all but
the trichodorid species, the stylet itself has a hollow lumen with an aperture that
provides a continuous channel between the feeding nematode and the parasitized
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Fig. 1 lllustrations of the anterior portions of the migratory and sedentary stages of endoparasitic
nematodes that contain esophageal gland secretory cells associated with the nematode stylet, a hol-
low oral feeding spear. (a) A migratory, pre-infective second-stage juvenile with the two subventral
esophageal gland cells packed with secretory granules. (b) A swollen female from within infected
roots with reduced subventral glands and an enlarged dorsal esophageal gland cell now packed with
secretory granules. Reprinted from Hussey (1989) with permission from Annual Reviews

host plant cell. Successful parasitism requires feeding from a living host cell
(obligate biotrophy), and for some nematode species, modifications of the host cell
are required to promote a sustained feeding relationship.

Detailed investigations summarized in this volume and elsewhere indicate that
molecules at the interface of the nematode and host play critical roles in the para-
sitic process (Hussey 1989; Davis et a. 2004, 2008; Jasmer et a. 2003; Maizelset al.
2004). Potential origins of interacting molecules from the nematode include a
dynamic surface coat and natural openings such asthe excretory-secretory pore, anal
and reproductive openings, chemosensory organs, and the oral aperture. Since modi-
fications of host plant cells for feeding occur at the nematode anterior, molecules
secreted from the stylet and amphids emerge as the most likely organsto be directly
involved in adaptations for plant parasitism. Most notably, the esophageal gland
cellsin tylenchid nematodes (Hussey 1989) have evolved into three relatively large
secretory cells (one dorsal and two subventral) that are connected to the esophageal
lumen and stylet through complex valves (Fig. 1). In the root-knot and cyst nema-
todes, change in the morphology, activity, and contents of the esophageal gland
cells occurs throughout the course of parasitism (Davis et a. 2000, 2004). Activity
within the subventral gland cells predominates in the migratory stages of these
nematodes while enlargement and activity in the dorsal gland cell is dominant in
the subsequent sedentary stages (Hussey 1989). The secreted protein products of
parasitism genes expressed in these gland cells have been the subject of intense
investigation and form a primary foundation of what we currently know about
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nematode parasitism genes (Baum et al. 2006; Davis et a. 2004, 2008; Jasmer et
a. 2003; Mitchum et a. 2007; Van Holme et a. 2004).

2 Parasitism Gene Discovery

Early investigations of plant-parasitic nematode secretions were biochemica in
nature out of necessity and included elegant experiments that provided insights valu-
ableto thisday (Bird 1968; Hussey 1989; Veech et a. 1987). Thedifficultiesin work-
ing with microscopic obligate parasites, especially parasitic stages from within plant
tissue, remain today and provided a challenge to identify the point of origin of iso-
lated nematode molecules in early investigations. Methods to stimulate stylet secre-
tions from infective larvae — so-called second-stage juveniles (J2) — of the root-knot
and cyst nematodes (Fig. 2) in vitro using resorcinol (McClure and von Mende 1987)
and 5-methoxy DMT oxalate (Goverse et a. 1994), respectively, provided increased
quantities of secretory proteinsfor direct analysesand antibody production. Relatively
recently, secretions collected from nematode J2 stimulated in vitro were subjected to
proteomic analyses, and the amino acid sequence generated from the analyses has
been used to identify candidate parasitism genes (De Meutter et al. 2001; Jaubert
et a. 2002). The adoption of monoclonal antibody technologies to specifically tag
and isolate target nematode secretory proteins (Fig. 2) was used to identify discrete
secretory proteins in plant nematodes and to monitor their differential synthesis dur-
ing plant parasitism (Davis et a. 2000, 2004). An amino-terminal sequence of a cyst
nematode subventral esophageal gland antigen that was affinity-purified with

Fig. 2 Proteins produced in the nematode esophageal gland cells and secreted through the nematode
stylet. (a) Esophagea gland proteins stained blue with Coomassie Briliant Blue are secreted from
the stylet of a soybean cyst nematode (SCN) second-stage juvenile (J2) that has been incubated in
the serotonin agonist, 5-methoxy-DMT oxalate. (b) Fluorescence immunolocalization of the antigen
of monoclonal antibody MGR48 (Deboer et a. 1998) in secretory granules synthesized within the
subventral esophageal gland cells of a SCN J2. (¢) Immunolocaization of beta-1,4 endoglucanase
(green fluorescence) secreted from an infective SCN J2 aong its path of intracellular migration
through a soybean root. Reprinted from Wang et a. (1999) with permission from APS Press
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monaoclonal antibody MGR48 (De Boer et a. 1996) was used to develop PCR prim-
ers to obtain the first expressed parasitism genes isolated from plant-parasitic nema-
todes, beta 1,4-endoglucanases (Smant et a. 1998). This discovery was able to
confirm apoint of origin of these cell wall-modifying enzymes as suggested in earlier
investigations (Deubert and Rohde 1971). The cyst nematode cellulases were thefirst
endoglucanase genes to be cloned from an animal and their striking similarity to
bacterial Family 5 glycosyl hydrolases provided some of the first evidence of poten-
tial horizontal gene transfer from prokaryotes to eukaryotes (Smant et al. 1998;
Hotopp et a. 2007; Ledger et d. 2006; Keen and Roberts 1998). A technique devel-
oped for mRNA in situ hybridization in plant nematodes (De Boer et al. 1998) and
polyclona antibodies generated to the recombinant products of the cyst nematode endog-
lucanase genes confirmed endoglucanase expression exclusively within the subventral
esophageal glands (Smant et al. 1998). The anti-endoglucanase serawere subsequently
used to confirm for the first time (Wang et a. 1999) the secretion of a nematode
esophageal gland protein into plant tissues (Fig. 2).

The rapid advance of techniques in molecular biology, including methods to work
with sub-microgram quantities of starting material, ushered in an eraof expressed gene
characterization in plant-parasitic nematodes. Complimentary DNA (cDNA) ampli-
fied from mRNA that was isolated from the dissected anterior and posterior halves of
hatched, preparasitic J2 root-knot nematode, Meloidogyne javanica, was used to
screen cDNA clones derived from the anterior halves (which contained the esophageal
glands) of J2 to isolate a gene encoding a secreted chorismate mutase (CM) expressed
specificaly within the nematode esophaged gland cells (Lambert et a. 1999).
Interestingly, the root-knot nematode CM was also most similar to genes in bacteria,
and expression of Mjcml in bacteria complemented a CM-deficient mutant (Lambert
et a. 1999). Combined with the cyst nematode endoglucanase gene discoveries, these
data encouraged early speculation that a number of plant nematode parasitism genes
were derived via ancient horizontal gene transfer (Davis et al. 2000). Analyses of the
genomic organization of cyst nematode endoglucanase genes have identified differ-
ences in intron size with conservation of intron position (Yan et a. 1998) and one
endoglucanase gene (Hg-eng-5) that lacks any introns (Gao et a. 2004a). Furthermore,
multiple endoglucanase genes within close genomic proximity (Yan et a. 2001)
suggested the potential for “pathogenicity idands’ in plant-parasitic nematodes.

The use of cDNA-AFLP to compare life stages of parasitic nematodes also has
been relatively successful for the isolation of potential parasitism genes. The obser-
vation (Perry et al. 1989) that secretory granules are synthesized within the subven-
tral esophageal gland cells of Globodera rostochiensis J2 within eggs upon
hydration, and that subsequent exposure of the same J2 within eggs to potato root
diffusate stimulated secretory granule synthesis within the dorsal gland cell (Smant
et a. 1997), was exploited to compare cDNA-AFLP profiles derived from nema-
todes in each treatment (Qin et a. 2000). A number of differential transcript-derived
fragments (TDFs) were identified among the different G. rostochiensis trestments, and
a useful program (GenEST) was designed to cross-reference the TDFs to expressed
sequences tags (ESTS) derived from cDNA libraries (Qin et a. 2001). In situ mRNA
hybridization was conducted with G. rostochiensis clones that were differentialy
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expressed in cDNA-AFLP, and a number of genes expressed exclusively within the
esophageal gland cells were isolated. Similar cDNA-AFLP analyses have been con-
ducted in developmental stages of sugarbeet cyst nematodes (Tytgat et al. 2004) and
among root-knot nematode near-isogenic lines (Neveu et a. 2003).

The most powerful and successful approach in identifying parasitism genes has
been the direct microaspiration of the esophageal gland contents of multiple para-
sitic stages of Heterodera glycines and Meloidogyne incognita dissected from host
roots to isolate mMRNA and generate cDNA libraries that profiled esophagea gland
gene expression throughout the parasitic cycle (Gao et al. 2001a, 2003; Huang
et a. 2003, 2004; Wang et a. 2001). Methods of cDNA synthesis that favor inclu-
sion of 5'-end sequence of transcripts were used to construct all gland-cell libraries.
A number of cDNA selection procedures including yeast-secretion signal peptide
selection (Wang et a. 2001) and subtraction against cDNA derived from nematode
intestinal tissues (Gao et al. 2001a; Huang et al. 2004) have been used to identify
clones within the gland cell cDNA libraries that encode secreted products that are
exclusively expressed within the esophageal gland cells. Expressed sequence tag
analyses have also been conducted with relatively complex gland-cell cDNA
libraries that also incorporated hybridization with intestinal tissue cDNAs to gland
cell macroarrays to enrich subsequent samples for unique ESTs (Gao et al. 2003;
Huang et a. 2003). Putative parasitism genes were identified among gland cell
cDNA clones using SignalP prediction of a putative secretion signal peptide
(Nielsen et al. 1997) and confirmation of expression of the gene within the esopha-
geal gland cells by mRNA in situ hybridization. Using these methods, more than
50 putative parasitism genes developmentally expressed in the esophageal gland
cells have now been isolated in both H. glycines and M. incognita. With the excep-
tion of cell wall-modifying enzymes and a few other secreted products, relatively
few common parasitism genes exist between H. glycines and M. incognita (R.S.
Hussey, unpublished), and more than 70% of the parasitism gene sequences in both
species have no significant database homology (i.e. so-called pioneers), indicating
they may be unique to plant-parasitic nematodes.

A large-scale project designed to generate ESTs from multiple species of both
plant and mammalian-parasitic nematodes had generated more than 400,000 total
ESTs as of 2005 (McCarter et a. 2005; Mitreva et al. 2005a). These EST data are
of tremendous significance to our understanding of nematode biology, including
the potential discovery of new nematode parasitism genes. The ESTs are derived
from mRNA of whole nematodes using severa methods of cDNA synthesis, usu-
aly representing the life stages(s) that are most readily procured or in highest
abundance. Plant-parasitic nematode ESTs (125,412) available (McCarter et al.
2005) by species include Globodera pallida (4,378), Globodera rostochiensis
(5,941), Heterodera glycines (24,438), Heterodera schachtii (2,818), Meloidogyne
arenaria (5,108), Meloidogyne chitwoodi (12,218), Meloidogyne hapla (24,452),
Meloidogyne incognita (19,934), Meloidogyne javanica (7,587), Meloidogyne
paranaensis (3,710), Pratylenchus penetrans (1,928), Pratylenchus vulnus (2,485),
Radopholus similes (1,154), and Xiphinema index (9,351). The ESTsfrom H. glycines
were generated from discrete, stage-specific cDNA libraries, providing a global
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developmental gene expression profile (Elling et a. 2007a). Interestingly, relatively
few of the predicted H. glycines parasitism genes discovered in gland cell-specific
cDNA libraries have been identified among the whole nematode ESTS, highlighting
the power of cell-specific isolation of expressed genes. Gene ontology and KEGG
analyses of plant nematode EST datasets (McCarter et al. 2005), however, have
characterized genes that may play roles in diverse biological functions that could
include parasitism. Filters applied to analyze EST data from J2 of M. incognita
have discovered severa other genes that may be candidates of horizontal gene
transfer from prokaryotes, including a gene similar to nodL that encodes an enzyme
in the biosynthetic pathway of rhizobial Nod factor (Scholl et a. 2003). Aswith the
gland cell libraries, the ESTs from whole J2 of Heterodera schachtii and H. gly-
cines and parasitic stages of root-knot nematodes have been analyzed for the pres-
ence of a predicted secretion signal peptide sequence and several new parasitism
gene candidates have been identified (Debreuil et a. 2007, Roze et al. 2008;
Vanholme et al. 2006; A. Elling and T.J. Baum, unpublished).

Projects are in progress to generate the complete genome sequence of M.
incognita, H. glycines, and M. hapla (Abad et al. 2008; K. Lambert, pers. comm.;
Opperman et a. 2008) and will undoubtedly identify genes not represented among
the available ESTs. Annotation of these genomes will be crucial to identifying
genesinvolved in many biological processes, including parasitism. Development of
physical maps and alignment with the genome will provide the roadmap to isolating
genes of interest; and having genomes of multiple species available within a genus
will accelerate this process and provide the opportunity for comparative genome
analyses. Forward genetics are available for species capable of amphimixis, but the
development of genetic maps faces many challenges. Controlled crosses are techni-
cally challenging, take months to analyze, and the obligate parasitic nature of the
nematodes should render genetic mutations in parasitism genes lethal. Forward
genetic analyses of plant nematodes have been relegated to identifying nematode
lines that vary in virulence on resistant plant cultivars, which led to the genetic
identification of virulence loci (Dong and Opperman 1997; Janssen et a. 1991).
The developing genome sequence of plant nematodes should be instrumental in
identifying candidatevirulence genes. AFL P comparisonsof isolatesof Mel oidogyne
that were near-isogenic for their compatibility on tomato with resistance condi-
tioned by the Mi gene have identified a secreted gene product localized to the nema-
tode amphids that was correlated with virulence on Mi tomato (Semblat et al. 2001)
and a transcript encoding a novel protein only in the avirulent nematode line that
could be silenced to revert the line to virulent on Mi (Gleason et al. 2008).

3 Functional Analyses

As suggested from the difficulties of forward genetics with plant-parasitic nema-
todes described above, the functional analyses of putative nematode parasitism
genes rely heavily on reverse genetics approaches. Another confounding factor to
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the assessment of the roles of nematode genes in parasitism is the current lack of a
practical and reproducible transformation system for plant-parasitic nematodes —
i.e. no capability exists to introduce a gene construct into a plant nematode for
expression or complementation analyses. Transformation of Caenorhabditis ele-
gans with the plant nematode gene of interest can generate relevant biological
information (Qin et al. 1998), but data pertaining to parasitic ability cannot be
derived from this nonparasite. Undoubtedly, the ability to transform plant-parasitic
nematodes is critical for widespread functional analysis of parasitism genes. For
example, transgenic nematodes with parasitism genes labeled with GFP will assist
in determining the destination of the parasitism proteinsin host tissues.

Biochemical analyses of candidate parasitism gene products provide a definitive
measure of function, and the activity of a number of nematode cell wall-modifying
proteins has been assessed accordingly (Bera-Maillet et a. 2000; Gao et a. 20043,
Mitreva-Dautova et al. 2006; Popeijus et al. 2000; Qin et al. 2004). Expression of
these genes in plant tissues can present an in vivo measure of function that may be
extrapolated to the biological interaction. In fact, expression of any candidate
nematode parasitism genein plant tissues can yield comparable functional informa-
tion, and examples of such are described in the following section. Since the prod-
ucts of multiple parasitism genes likely act in consort and may interact among
themselves, observable plant phenotypes derived from in planta expression of indi-
vidual parasitism genes may be rare and must be interpreted in this context.
Expression constructs for plants often employ the CaMV 35S promoter for near
congtitutive expression of the transgene (Benfey and Chua 1990), but the use of
aternative promoters that provide more controlled expression of the transgene
should also be considered. Chemical-inducible promoters (Bohner et al. 1999;
Padidam et a. 2003; Zuo et a. 2000) allow both spatial and temporal control of
transgene expression provided that the nontarget effects of the inducing chemicals
and appropriate controls are considered. Infiltration of plant tissues (usually leaves)
with constructs of nematode genesin Agrobacteriumtumefaciens or inviral expres-
sion systems (Chapman et al. 1992) offers a relatively rapid and high-throughput
system to assess potential effects on plant tissues prior to whole plant transforma-
tion. Transgenes can be expressed and assessed in whol e plants such as Arabidopsis
thaliana and appropriate mutants, or hairy root systems may be adopted for more
targeted effects of transgene expression on roots (Cho et a. 2000; Doyle and
Lambert 2003; Huang et a. 2006a) given the relative ease of hairy root transforma-
tion in some plant species (e.g. soybean). Expression of nematode parasitism genes
in any of the plant systems above can also provide substrate to isolate interacting
molecules or complexes of host plant origin in co-immunoprecipitation assays that
employ antibodies specific for nematode parasitism gene products (Huang et al.
2006a). Similarly, yeast two-hybrid assays have been used to identify an interaction
between a nematode parasitism gene product and a specific domain of a host plant
intracellular protein (Huang et a. 2006a).

Gene silencing using RNA interference (Fire et a. 1998) technology provides
the potential for powerful analyses of parasitism gene function. The discovery that
C. elegans can ingest double-stranded RNA (dsRNA) which then induces RNAI in
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tissues distal to the gut (Timmons and Fire 1998) is particularly appealing for deliv-
ery of RNAI technology to plant-parasitic nematodes. The compounds resorcinol
and octopamine, respectively, have been used to stimulate hatched J2 root-knot
nematodes (Rosso et al. 2005) and cyst nematodes (Urwin et a. 2002) to ingest
dsRNA in vitro as acomponent of “soaking” solutions and induce RNAI of the target
nematode gene. RNAI of a gene encoding the major sperm protein of H. glycines
induced by the soaking method was confirmed, and the RNAI effect was observed
in subsequent generations of the nematodes after initial treatment (Urwin et a.
2002). As monitored by mRNA in situ hybridization, soaking J2 stage M. incognita
in dsRNA of an expressed calreticulin gene induced RNAi within the nematode
specimens (Rosso et al. 2005), but this RNAI soaking effect was relatively short-
lived (<68 h). A decreasein infectivity of host plant roots and reduced reproductive
rate were observed after RNAI soaking of J2 stage G. rostochiensisin dsRNA to its
expressed endoglucanase gene (Chen et al. 2005) and H. glycines in dsRNA to a
gene encoding dual oxidase (Bakhetia et al. 2005a). The RNAI soaking assays have
demonstrated the ability to specifically silence a target nematode gene, including
genes expressed in the esophageal gland cells (Lilley et a. 2007). The RNAI soaking
technique requires relatively harsh conditions, including 2-5 mg mi~ of dsRNA, to
soak the J2, so potential nonspecific adverse effects on the J2 must be considered
in subsequent infection assays. The technology to deliver dsRNA to nematode
genes in transformed plant tissues (Wesley et al. 2001) for ingestion by feeding
nematodes has the potential to provide a more natural basis for RNAI assays,
including the ability to target genesthat are expressed exclusively in parasitic stages
of nematodes within host tissues (Gheysen and Vanholme 2007; Mitchum et al.
2007). The effects of such in planta RNAi of nematodes can be monitored at the
cellular and tissue levels as well as for potential impacts on nematode devel opment
and reproduction. Vectors (Wesley et al. 2001) and promoters (Gheysen and Fenoll
2002) are available to express dsRNA directly in plant cells and nematode feeding
sites, or alternatively, potential virus-induced gene silencing (Valentine et a. 2004)
may be translocated to nematode feeding sites by introducing expression constructs
in shoot tissues. Since the size exclusion limit (Urwin et a. 1997) of the feeding
tube of sedentary endoparasites (Hussey and Mims 1991) like root-knot and cyst
nematodes is less than approximately 40 kDa (~62-bp dsRNA), construct design
must consider host-derived molecules of ingestible size (Bakhetia et al. 2005b;
Daviset al. 2004). Double-stranded RNA of ingestible size may be produced, how-
ever, viathe inherent RNAiI machinery of host cells that includes a DICER enzyme
to digest dsRNA into small interfering RNAs (SSRNAS) of 21-23-bp dsRNA, a
primary component of the gene silencing process (Novina and Sharp 2004). In this
scenario, construct design may span an entire transcript and target members of a
gene family, but potential nontarget effects must be considered as the population of
siRNAs becomes more complex. The first published report describing successful
effects of host-derived RNAI on plant infection by RKN targeted nematode-specific
splicing factors and integrase genes essential to nematode cellular and devel opmen-
tal processes (Yadav et a. 2006) was soon followed by host-derived RNAI in soy-
bean that targeted the nematode-specific major sperm protein of the soybean cyst
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nematode (Steeves et al. 2006). These encouraging data provide support for the
application of similar host-derived RNAI technology to study the function and
importance of nematode parasitism genes.

The potential to bioengineer cropsthat provide RNAI of target nematode parasit-
ism genes and disrupt the parasitic process represents a viable and flexible means
to develop novel and durable nematode-resistant crops. Silencing of a root-knot
nematode parasitism gene (16D 10) that encodes a product that interacts with a plant
transcription factor (Huang et a. 2006a) by expressing dsRNA in transgenic
Arabidopsis resulted in transgenic plants that were highly resistant to the four com-
mon root-knot nematode species (Huang et al. 2006b). While these results validate
the fundamental role of parasitism gene 16D 10 in root-knot nematode parasitism of
plants, they more significantly provide a “synthetic” resistance gene effective
against the world’s most damaging plant-parasitic nematodes whose range of resist-
ance is not conditioned by any natural root-knot nematode resistance gene.
Therefore, in planta RNAI silencing of 16D10 in root-knot hematodes could lead to
the development of transgenic crops with effective broad host resistance to this
agriculturally important pathogen and, equally as significant, root-knot nematode
resistant crops for which natural resistance genes do not exist.

4 Meet the Candidates

The mgjority of candidate plant nematode parasitism genes identified to date
encode polypeptides that are predicted to be secreted from the nematode esopha-
geal gland cellsinto plant tissues viathe stylet (Baum et al. 2006; Davis et al. 2004,
Mitchum et al. 2007; Vanholme et al. 2004) (Fig. 3). As genomic, bioinformatic,
and functional analyses progress, the roles of the parasitism genes encoding novel
proteins (that now include the majority of candidates) will be elucidated. Our cur-
rent knowledge of the putative parasitism genes that have database homologues or
identifiable functional domains is summarized below.

4.1 Cell Wall-Modifying Proteins

4.1.1 Beta-1,4 Endoglucanases

Early evidence of the production and secretion of cell wall-degrading enzymes by
plant-parasitic nematodes (Deubert and Rohde 1971) was confirmed by the first
report of expressed beta-1,4 endoglucanase genes in cyst nematodes (Smant et a.
1998). Two members of the cyst nematode endoglucanase gene family that consists
of at least six members (Gao et al. 2004a) included eng-1 which contained a bacterial
type Il carbohydrate binding domain (CBD) and eng-2 which did not. The transcripts
and trandated products of the cyst endoglucanase genes were produced exclusively
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Fig. 3 A model of potential interactions of secreted products of phytonematode parasitism genes
with host plant cells. Nematode esophageal gland cell secretions are released through valves
within ampulla for transport out of the stylet (feeding spear) into host tissues. Cell wall (CW)-
modifying proteins (endoglucanases, pectinases, hemicellulases, and expansin) may be secreted to
aid the migration of infective juveniles through host plant tissues. Other nematode gland cell
secretions might have multiple rolesin the formation of speciaized feeding cells by the nematode,
including: effects on host cell metabolism by secreted chorismate mutase (CM); signaling by
secreted nematode peptides such as homologs to plant CLAVATA/ESR-related (CLE) peptides,
selective degradation of host proteins through the ubiquitin (UBQ)-proteosome pathway by UBQ,
S-phase kinase associated protein 1 (Skp-1) and RING-H2 secreted from the nematode; and
potential effects of secreted nematode proteins that contain nuclear locaization signals (NLS)
within the host cell nucleus. Figure designed by Bill Baverstock (North Carolina State University
Creative Services). Reprinted from Davis et al. (2004) with permission from Elsevier

within the subventral glands as early as the developing J2 stage within the eggshell,
and expression persisted until the early J3 stage of cyst nematodes within host roots.
Endoglucanase expression was absent in subsequent stages of developing sedentary
cyst nematode females, but interestingly, endoglucanase expression resumed during
the development of the motile cyst nematode males that exit root tissues (De Boer
et d. 1999; Godlner et a. 2000). Secretion of cyst nematode endoglucanase was detected
during intracel lular migration within host roots (Wang et a. 1999) but not in developing
host feeding cells. However, up-regulation of plant endoglucanases was detected
subsequently in nematode feeding Sites as one (endogenous) component of the extensive
cal wall modifications of these cells (Godlner et a. 2001). Expressed endoglucanase
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genes were subsequently identified in a number of plant-parasitic nematode species
(summarized in Mitchum et a. 2007; Vanholme et a. 2004), and in &l cases, the
nematode endoglucanase sequence had highest similarity to bacterial or reported
nematode endoglucanase genes. Recombinant endoglucanases and induced nematode
stylet secretions had the ability to degrade carboxymethylcellulose and a number of
other cellulolytic substrates, but digestion of crystalline cellulose by nematode endog-
lucanases has not been confirmed (Bera-Maillet et a. 2000; Gao et a. 2004a). It is
hypothesized that a combination of mechanical force of stylet thrusts and nematode
cell wall-digesting enzymes promotes the breach of plant cell walls. Support for this
hypothesis was recently provided from experiments in which genes for cell wall-
digesting enzymes were silenced by RNAi-soaking techniques and host infectivity of
the treated nematodes was reduced (Chen et a. 2005).

4.1.2 Other Hydrolytic Glucanases

In addition to beta-1,4 endoglucanases, other parasitism genes encoding cell wall-
modifying proteins produced in the subventral esophageal gland cells of J2 plant-
parasitic nematodes have been identified. Expressed pectinase genes encoding
pectate lyase and polygal acturonase have been isolated from several nematode spe-
cies (summarized in Vanholme et a. 2004), and the ability to digest pectolytic
substrates was related to the ability to migrate through host root tissues. Expressed
beta-1,3-endoglucanase (Kikuchi et a. 2005) and pectate lyase (Kikuchi et a.
2006) were recently reported from the pinewood nematode Bursaphelenchus xylo-
philus and hypothesized as being involved in nematode feeding from plants and
co-invading fungal mycelium. The expression of an active chitinase predicted to be
secreted from the subventral esophageal glands of the J2 soybean cyst nematode
hatched from eggshellsis also curious (Gao et a. 2002) and may reflect an adapta-
tion to mitigate concurrent infection by organisms with chitin-containing walls.
The first expressed xylanase (Mitreva-Dautova et a. 2006) and beta-gal actosidase
(Vanholme et a. 2006) genes of animal origin have been reported from root-knot
and cyst nematodes, respectively, providing the first evidence of digestion of cell
wall hemicellulose as a component of nematode migration through root tissues.

4.1.3 Expansin

The occurrence of several nematode genes encoding an expressed CBD joined with
a peptide of nonendoglucnanase origin (Ding et al. 1998; Gao et al. 2004b) is curi-
ous since over-expression of a bacterial CBD gene has been reported to increase
elongation of plant cells (Shpigel et al. 1998). One gene (GR-expl) expressed in the
subventral gland cells of the potato cyst nematode (PCN) that encoded a CBD
domain was an expansin-like protein that represented the first confirmed report of
such a protein outside the plant kingdom (Qin et al. 2004). Structural analyses
derived from the predicted domains of one PCN expansin suggested a best fit with
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the three-dimensional structure of extracellular proteins from soil Actinobacteria
(Kudlaet al. 2005). Different than the cell wall-digesting enzymes above, expansins
soften cell walls by breaking noncovalent bonds between cell wall fibrils, thereby
allowing a dliding of fibrils past each other (Cosgrove 2000). Expansin activity in
plant cellswas confirmed in proteins derived directly from PCN aswell as from the
expressed GR-expl product (Qin et al. 2004).

4.2 Cellular Metabolism and Transport

4.2.1 Chorismate Mutase

The esophageal gland cells of both root-knot (Huang et a. 2005; Lambert et a. 1999)
and cyst nematodes (Gao et a. 2003; Jones et al. 2003) express parasitism genes
encoding chorismate mutase, apivotal enzymein the shikimate pathway that converts
chorismate to prephenate (Romero et a. 1995). The activity of chorismate mutaseis
a key regulatory mechanism that determines the cellular balance of the aromatic
amino acids phenylalanine, tyrosine, and tryptophan (Romero et al. 1995). The
metabolites that have these amino acids as precursors, among which auxin, salicylic
acid, and phenylpropanoid derivatives are of particular interest in plant—parasite inter-
actions, would in theory be influenced by introduction of chorismate mutase into host
cells by nematodes. Cytoplasmic expression of a root-knot nematode chorismate
mutase gene in soybean hairy root cells produced tissues with an auxin-deficient
phenotype that could be reversed by the application of exogenous auxin (Doyle and
Lambert 2003). A model derived from these results suggests that nematode-secreted
chorismate mutases will deplete the cytoplasmic chorismate pool leading to an
increased export of chorismate from host cell plastids into the cytoplasm, effectively
decreasing synthesis of plastid-produced chorismate-dependent metabolites like
auxin or salicylic acid (Doyle and Lambert 2003). Reduction in cellular salicylic acid
or phenylpropanoid production in response to the introduction of nematode choris-
mate mutase in host cell cytoplasm could result in adown-regulation of plant defense
againgt the invading nematode. Consistent with a putative function in defense inacti-
vation, chorismate mutase genes are polymorphic and apparently selected among
soybean cyst nematode isolates that differ in capacity to infect soybean genotypes
with different sources of resistance (Beka et al. 2003; Lambert et a. 2005).

4.2.2 Annexin

The dorsal esophageal gland cell of H. glycines expresses a gene homologous to
annexin that has a predicted signal peptide for secretion (Gao et a. 2003), and another
annexin without signal peptide has been isolated from the amphids and other tissues
of Globodera pallida (Fioretti et a. 2001). Immunodetection of the G. pallida
annexin was confirmed in nematode excretory-secretory products of J2 stimulated
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with 5-methoxy DMT oxaate; however, the H. glycines 4F01 annexin (Gao et al.
2003) was immunolocalized exclusively within the dorsal esophageal gland cell
(Patel 2008). Annexin genes represent a large family coding for calcium-dependent
phosphoalipid-binding proteins with a wide range of reported functions (Clark et a.
2001), and several known activities of annexin are related to the phenotype of the
nematode feeding cellsinduced in hosts. Some annexins (Clark et a. 2001) are calcium-
dependent membrane-binding proteins that may potentially function to regulate ion
transport across (feeding) cell membranes and also act to detoxify oxygen radicals
that may accumulate across cell membranes (such as those associated with hyper-
sensitive cell death). In plant cells, annexins are associated with Golgi-mediated
secretion of new cell membrane and cell wall glucans (Clark et al. 2001).
Co-immunoprecipitation of plant annexin with cellulose synthase (CesA) has been
reported (Hofmann et a. 2003), suggesting that annexin introduced into host plant
cells by nematodes may modulate the extreme modifications of cell walls observed
in nematode feeding cells. Sengitivity to osmotic stress demonstrated in the AnnAtl
mutant of Arabidopsis thaliana (Lee et al. 2004) could be complemented by expres-
sion of the H. glycines 4F01 annexin (Patel 2008), suggesting one potential role for
secreted nematode annexin in regulating the osmoticum of host feeding cells.

4.2.3 Calreticulin

Proteomic analysis isolated calreticulin in secretions induced in vitro by J2 root-
knot nematode, and the gene encoding this calreticulin was expressed in the nema-
tode’'s subventral esophageal gland cells (Jaubert et a. 2002). Calreticulins are
calcium-binding proteins that are involved in multiple cellular processes including
ER-chaperones, nuclear export, mRNA degradation, cell adhesion, and cell calcium
homeostasy (Michalak et al. 2002). Although the role(s) of secreted calreticulin in
plant-nematode interactions is unclear, secretion of calreticulin in host tissues by
several parasites of vertebrates, including nematode parasites (Suchitra and Jochi
2005), suggests a key role for these secretions in parasitism. The secretion of root-
knot nematode calreticulin has also been detected within plant tissues, including
immunolocalization of secreted calreticulin outside the stylet tip along the host cell
wall (Jaubert et al. 2005).

4.3 Cellular Regulation and Targeting

4.3.1 Nuclear Localized Parasitism Proteins

A significant number of the proteins encoded by parasitism genes expressed in
plant nematode esophageal gland cells (Gao et al. 2003; Huang et al. 2003) contain
both a predicted secretion signal peptide and a motif encoding a putative nuclear
localization signal (NLS). These data present the tempting hypothesis that the
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secreted products of some nematode parasitism genes become localized to the host
cell nucleus. Thisis not without precedent since antigens of secreted products from
the animal-parasitic nematode Trichinella spiralis have been immunolocalized to
the nucleus of host muscle cells (Jasmer et al. 2003). Expression of GFP and GUS-
tagged SCN parasitism proteins in plant cells has demonstrated that some of the
predicted NLS domains do indeed function to import products into the plant cell
nucleus (Elling et a. 2007b; Tytgat et a. 2004). DNA-binding domains are also
predicted in some of the NL S-containing proteins predicted to be secreted by plant-
nematodes, suggesting an extraordinary potential for regulatory control within the
nucleus of host feeding cells if confirmed.

4.3.2 Ranbpm

Expressed genes encoding secretory proteinswith high similarity to proteinsthat bind
to the smal G-protein Ran, so-called RanBPMs (Ran-Binding Protein in the
Microtubule organizing center), were identified in the dorsal esophageal gland cell of
cyst nematodes (Blanchard et a. 2005; Qin et al. 2000). If secreted into plant feeding
cells, RanBPM from nematodes could hypothetically interact with the microtubule
network involved in spindle formation during host cell mitosis and subsequently
affect host cell cycle (Wilde et a. 2001). Altered regulation of host feeding cell cycle
isaprimary manifestation of plant parasitism by sedentary endoparasitic nematodes
(Goverse et al. 2000), but the regulatory foundation of these effects is unknown.
Confirmation of secretion of RanBPM from nematodes and functional verification of
nematode RanBPM in plant cells will be important steps to understand the potential
role of secreted RanBPM in plant-nematode interactions.

4.3.3 Ubiquitination/Proteasome Functions

Several parasitism genes expressed in cyst nematode esophageal gland cells encode
secreted isotypes of cytoplasmic proteins involved in the ubiquitination pathway,
namely ubiquitin itself, along with proteins (i.e. RING-Zn-Finger-like and Skpl-
like proteins) similar to those found in the host E3 ubiquitin protein ligase complex
(Gao et al. 2003). Targeted and timed protein degradation (Estelle 2001) may provide
a powerful and unique means for regulation of host cell phenotype by nematodes,
including potential effects within the host cell nucleus and cytoplasm. Secreted
proteasome proteins from cyst nematodes could be involved in polyubiquitination
of target host cell proteins for degradation to modulate cellular defense and cell
signaling, to influence host cell cycle, or simply to provide a substrate for nutrient
uptake by the nematode. Precedent for a potential role in modulating host defense
is demonstrated by the activity of adomain of Pseudomonas syringae AvrPtoB that
functions as a mimic of host plant E3 ubiquitin ligase (Janjusevic et al. 2006). The
ubiquitin extension proteins that are predicted to be secreted from cyst nematodes
contain a unigque nonribosomal extension peptide that is distinct from those of plants
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(Gao et al. 2003; Tytgat et al. 2004). The potential exists that ubiquitin functions as
a chaperone of this unique extension peptide signal of nematode origin within host
cells. Though no functional data on secreted proteasome members from nematodes
exists, these putative parasitism gene products are prime candidates for protein
interaction studies with host cell components.

434 The 14-3-3 Protein Family

Two isoforms of a protein identified asamember of the 14-3-3 family wereisolated
from stylet secretions induced in vitro from J2 root-knot nematode (Jaubert et a.
2004). The expressed genes encoding each 14-3-3 were cloned, and in situ hybridi-
zation analysis indicated that one isoform (14-3-3a) was expressed in genital pri-
mordiaand the other isoform (14-3-3b) was expressed within the dorsal esophageal
gland of root-knot nematode juveniles. Expression of a 14-3-3 gene in H. glycines
has al so been localized within genital primordia of infective J2 (E.L. Davis, unpub-
lished). Interestingly, although the 14-3-3b protein was originaly isolated from
stylet secretions, no signa peptide for secretion was predicted from its coding
sequence. Members of the 14-3-3 family are associated with parasites and have
diverse roles in primary metabolism, regulation of cellular stress response and
defense, organelle trafficking, and the cell cycle in which 14-3-3 often acts as an
essential interacting protein or chaperone (Siles-Lucas and Gottstein 2003). All of
these potential roles of 14-3-3 are mirrored in observed changes within nematode
feeding cells, making the potential of a secreted 14-3-3 (e.g. 14-3-3b) from nematodes
an interesting system for functional analyses.

4.4 Mitigating Host Response

4.4.1 Venom Allergen Proteins

The products of the parasitism genes listed above are similar to functionally char-
acterized proteins from other organisms and promote the formulation of defined
hypotheses about protein function during parasitism. There are some parasitism
protein candidates, however, that are similar to known proteins but whose functions
remain obscure. One intriguing group of parasitism proteins contains representa-
tives from root-knot nematodes (Ding et al. 2000) and cyst nematodes (Gao et al.
2001b; Vanholme et al. 2005) that are collectively called venom alergen-like pro-
teins (vaps). Genes encoding vaps are expressed in the subventral esophageal gland
cells of these nematodes in the early stages of parasitism, but their secretion in
plants and role(s) in parasitism are unclear. Gene sequences for these venom pro-
teins were first described from hymenopteran insects (Fang et al. 1988), and vaps
were also identified as secreted proteins (ASP) in the animal-parasitic nematode
Ancylostoma caninum (Zhan et al. 2003). Genes encoding vaps have since been
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found in other nematodes, including parasites as well as the free-living C. elegans
(Mitreva et a. 2005b). The role of vaps in promoting parasitism is unclear since
vaps of excretory-secretory origin have been demonstrated to stimulate mammalian
immune response in animal-parasites (Jasmer et al. 2003). The seemingly ubiqui-
tous nature of vaps among nematodes, even nonparasites, suggests a function basic
to nematode biology that may have (as of yet, unknown) effects on parasitism.

4.4.2 Surface Defense

The hypodermisis a syncytial cell layer directly beneath the (nonliving) nematode
cuticle that forms the new cuticle during molts and secretes a number of molecules
for deposition on the cuticle surface of the nematode body (Bird and Bird 1991).
Several genes expressed within the hypodermis encode proteins deposited on the
cuticle surface that arein direct contact with host cells during nematode invasion of
plant tissues. Among the dynamic mixture of proteins at the cuticle surface are
proteins with potential roles in mitigating host defense response. Peroxidase genes
are expressed in the potato cyst nematode hypodermis (Jones et al. 2004; Robertson
et al. 2000), and the peroxidase proteins accumulate on the nematode body surface
presumably to detoxify reactive oxygen species generated by the defense response
of the host (Waetzig et al. 1999). An antiserum that bound to surface molecules of
potato cyst nematode isolated cDNA expressing a homologue to the fatty acid- and
retinol-binding (FAR) protein (Prior et al. 2001) family isolated from C. elegans.
The FAR gene was expressed in the hypodermis of PCN, and its recombinant prod-
uct demonstrated the ability to bind to retinol and fatty acids of C , to C,, length.
Recombinant FAR from PCN bound to two plant fatty acids, linolenic and linoleic
acid, that are of significance as precursors of plant defense compounds and the
jasmonic acid defense signaling pathway. Genes encoding SXP/RAL-2 proteins
were expressed in the hypodermis and amphids of the potato cyst nematode (Jones
et a. 2000) and exclusively in the subventral gland cells of J2 root-knot nematodes
(Tytgat et al. 2005). The SXP-RAL-2 family islimited, to date, to both parasitic and
nonparasitic nematodes and, like vaps, may play a fundamental functional role in
nematode biology. Immunomodulation of vertebrate hosts has been achieved with
SXP-RAL-2 of animal-parasitic nematodes (Wang et al. 1997), providing an unde-
fined function in stimulating host response during parasitism.

4.4.3 Stealth Signals

Several molecules from nematodes with observable effects on plant cells have been
reported, but the nature and origins of these molecules from nematodes are unclear.
The isolation of secreted cytokinins from root-knot nematode juveniles in the
absence of plant hosts (De Meutter et a. 2003) confirmed earlier evidence suggest-
ing that nematodes produce cytokinin endogenously (Dimalla and Van Staden
1977). Since the pathway and tissue localization for cytokinin synthesis could not be
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confirmed in the nematode, it was suggested that cytokinins of nematode origin may
be an excreted waste product of nucleic acid degradation. This hypothesis relates to
thelocalized hyperplasiathat is ahallmark of gall formation, cell cycleregulationin
feeding sites, and other cytokinin effects stimulated in roots by root-knot nematodes
(Lohar et a. 2004). Incubation of roots of the legume Lotus japonicus in the pres-
ence of viable juveniles of root-knot nematode prior to infection stimulated identical
cytoskeletal activity in root hairs as observed by treatment with rhizobial Nod factors
(Weerasinghe et al. 2005). The “NemF” (Nem Factor) from root-knot nematodes
also provided a response identical to Nod factor in Nod-receptor mutants, and a
similar response to NemF was observed in root hairs of tomato. The identity of
NemF and its origins in root-knot nematode have not been reported.

4.5 Bioactive Peptides

Perhaps the most interesting group of parasitism genes are those that encode signaling
peptides. Secretions collected and fractionated from hatched juveniles of the potato
cyst nematode contained a peptide or peptides of less than 3 kDa that induced
mitogenic activity in tobacco leaf protoplasts and human peripheral blood mononu-
clear cells (Goverse et a. 1999). The nature and origins of this bioactive peptide or
peptides from PCN are unknown. Two parasitism genes that encode secreted bioac-
tive peptides produced in the esophageal gland cells of plant nematodes have been the
subject of considerable characterization and functional analyses. HG-SYV46, the
parasitism gene expressed most strongly in the dorsal gland cell of H. glycines during
parasitism (Geo et a. 2003), was first isolated from a screen of an expressed H. gly-
cines gland cell-specific cDNA library for signa peptides that function in secretion
(Wang et a. 2001). Database searches of the complete predicted protein provided no
significant homology, but the C-terminus of the SY 'V 46 protein contained the consen-
sus domain of known CLAVATA3/ESR-like (CLE) plant signaling peptides (Olsen
and Skriver 2003). Plant CLV 3 peptide regul ates the balance of stem cell proliferation
and differentiation in the shoot meristem through interactions with a CLAVATAL
CLAVATA?2 receptor complex to negatively regulate expression of WUSCHEL
(Fletcher 2002). Over-expression of HG-CLE in wild-type Arabidopsis negatively
regulated wus expression in the shoot meristem (Mitchum et a. 2008; Wang et a.
2005) and promoted the wus phenotype, arrested shoot apical meristem (Fig. 4).
Conversely, expression of HG-CLE in a clv3-deficient mutant was able to restore the
wild-type number and size of floral organs in Arabidopsis. The data suggested that
secreted HG-CLE may play arole in feeding cell differentiation in roots via direct
interaction with a CLV 1-like receptor or as a competitive inhibitor of CLE in roots
that would augment wild-type differentiation of affected root cells (Davis and
Mitchum 2005; Mitchum et al. 2008). Interestingly, the cloned rhgl SCN-resistance
gene (Lightfoot and Meksem 2002) has homology to the Xa21 resistance gene and
the CLV1 receptor gene reported in the public database and, like chorismate mutase,
polymorphisms of Hg-cle correlate to SCN ability to infect soybean genotypes that
contain different SCN resistance genes (M.G. Mitchum, pers. comm.).
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Fig. 4 Localization of HG-SY V46 in Heterodera glycines and effects of Hg-SYV46 expression in
transgenic Arabidopsis thaliana. (a) Polyclonal antibodies localized HG-SY V46 within the dorsal
esophageal gland cell, its extension, and the gland cell ampulla at the base of the stylet (feeding
spear) of aparasitic stage of H. Glycines dissected from ahost plant root. (b) The devel oping shoot
of awild-type seedling (ecotype Columbia-0) at 20-days post-germination. (c) A 35S::Hg-SYV46
transgenic Arabidopsis plant at 20-days post-germination showing an arrested shoot apical meris-
tem (arrow). (d) Flower of a 35S::Hg-SYV46 transgenic Arabidopsis plant showing a decreased
number of stamens and missing carpels as compared to wild-type, a phenotype similar to a wus
flower (Laux et al. 1996). (e) RT-PCR analysis of Hg-SYV46 and WUS expression in the shoot
apices of Hg-SYV46 nonexpressed (promoterless::Hg-SYV46, lanes 1 & 2) and expressed
(35S::Hg-SYV46, lanes 3 & 4) individual transgenic Arabidopsis lines from 10-day-old seedlings.
Expression of the Arabidopsis gapc gene was used as an interna control. (f) A wild-type
Arabidopsis flower containing four petals, six stamens, and two fused carpels. (g) Flower of an
Arabidopsis clv3-1 mutant (Clark et a. 1995) carrying more floral organsin all whorls than wild-
type. (h) A fully restored flower of a clv3-1 mutant with wild-type floral organ size and number
obtained from a 35S::Hg-SYV46/clv3-1 transgenic plant. Abbreviations: DG = dorsal gland, X =
extension, A = ampulla. Scale bars 0.1 mmin a, 1.0 mm in b—d and f-h. Reprinted from Wang
et a. (2005) with permission from Blackwell Publishing Ltd

An expressed parasitism gene encoding a peptide (16D10) with CLE signature
was also identified from the subventral esophageal gland cells of root-knot nema-
tode (Huang et a. 2003). The mature 16D 10 peptide contained only 13 amino acids
and was immunodetected in secretions from the pre-infective juvenile stage of
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Interaction 4-gal activity

SCL proteins LHPR; LHRI VHIID, LHRIL PFYRE, SAW | \jth 16D10  (Miller units)
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AtsCL21 : = + 12.72+0.34
AtSCL21-SAW ! 338 - 0

AtSCL21SAW T + 13.67 + 0.85

Fig.5 Interaction of the root-knot nematode 16D 10 peptide with plant SCARECROW-like (SCL)
transcription factors. The schematic demonstrates the direct interaction of 16D10 with the SAW
domain of tomato (tmscl) and Arabidopsis (atscl6 and atscl21) proteins in yeast. The specific
domains of the SCL proteins represented schematically were tested to interact individually with
16D10. Positive interactions resulting in the activation of HIS3, ADE2, and lacz genes were
detected by growth in the absence of histidine and adenine, and the beta-galactosidase activity
presented here. Reprinted from Huang et al. (2006a) with permission from APS Press

root-knot nematode. Over-expression of 16D10 was not able to affect the floral
phenotype of an Arabidopsis clv3-1 mutant as observed for Hg-cle, but expression
of 16D10 significantly accelerated root growth in both whole Arabidopsis plants
and tobacco hairy root assays (Huang et al. 2006a). The effects of 16D10 were
root-specific and did not result in observable changes in root morphology except
for accelerated root proliferation. A yeast two-hybrid screen and co-immunoprecip-
itation experiments using Arabidopsis over-expressing 16D10 demonstrated a spe-
cific interaction of the 16D10 peptide with the SAW domain (Fig. 5) of expressed
plant SCARECROW-like (SCL) transcription factors. Members of the SCL family
are primarily active in plant roots and regulate downstream pathways of root cell
growth and differentiation (Pysh et al. 1999). The results of the root-knot nematode
16D10 experiments (Huang et a. 2006a) provide the first evidence that a secreted
nematode parasitism gene product may regulate host gene activity viabinding to an
intracellular plant transcription factor to modulate root cell growth during feeding
cell initiation.

5 Perspectives on Nematode Parasitism Genes

Molecules at the interface of the nematode and host are at the front lines of molecular
communication and interaction during plant parasitism. Our emerging understanding
of the functions of parasitism genes and genetic pathways that promote acquisition of
nutriment from the living host suggests that they are diverse and tightly integrated
with mechanisms adapted to sustain a parasitic lifestyle. For migratory nematodes
that do not engage in a sustained interaction with host plant cells, the adaptations for



34 E.L. Daviset al.

nutrient acquisition may be little more than enzymes that promote stylet penetration
of host cells and digestion of host-derived nutrients. Migratory parasites that enter
plant tissues face additional obstaclesto feeding, including migration through differ-
ent tissues and evasion of host defense (Hussey and Grundler 1998). Emerging
information on expressed genesin parasitic stages of migratory endoparasitic nema
todes (McCarter et al. 2005), such as Pratylenchus and Bursaphelenchus, and migra-
tory stages of sedentary endoparasitic nematodes suggests that there are some
common adaptations to navigate and survive within the host. Plant nematodes that
form a sustained feeding relationship with host cells show another level of adaptive
sophistication for parasitism that, at present, appears to be more advanced than the
adaptations of migratory parasites (Baldwin et a. 2004; Davis et al. 2004). At the
cellular level, this appears to be true even of ectoparasitic nematodes that form sed-
entary feeding relationships. The feeding of Criconemella xenoplex from the same
subepidermal cell for days results in unique modifications of neighboring plas-
modesmata for solute transport (Hussey et al. 19928) and likely requires suppression
of host defense at some level since plant callose deposition is stimulated around the
nematode stylet (Hussey et a. 1992b). Host cellular response to feeding by the sed-
entary ectoparasite Xiphinema has striking similarities with giant-cells formed by
Meloidogyne (Hussey and Grundler 1998). A number of expressed genes encoding
secreted proteins have recently been identified from the pharyngeal gland region of
Xiphinema index (Furlanetto et a. 2005). As the genomes of sedentary parasites are
further explored, “generic” mechanisms underlying the foundations of sustained
parasitic relationships may be revealed.

The root-knot and cyst nematodes have emerged as primary models of plant
parasitism because of their economic significance (Barker 1998) and the extreme
changes in host tissues that they induce (Hussey and Grundler 1998). In both
molecular and structural aspects, plant response at these nematode feeding sites has
similarities to other plant—microbe interactions (Davis and Mitchum 2005), but the
cellsinduced for feeding within these sites are a unique adaptation to plant infection
by nematodes. The growth and devel opment of the sedentary stages of these species
must be accommaodated and tolerated by the invaded host tissues. Evidence described
above suggests that molecules at the nematode body surface that were synthesized and
secreted from the hypodermis or released from natural openings of the nematode
body may have been adapted to mitigate response of host cells by contact or to
mask recognition of the nematode as an invader. Few products of nematode metab-
olism or secondary pathways that play roles in parasitism have been isolated and
characterized, but emerging genomic data and the potential of metabolomics may
begin to uncover these potential adaptations. Our knowledge of nematode parasit-
ism genes to date is likely far from exhaustive, and the data derived from plant
nematode genome sequencing projects will most certainly illuminate our under-
standing of adaptations for parasitism. At present, parasitism gene study in nema-
todes has focused on products encoding expressed secretory proteins that may be
direct or processed products of developmentally expressed genes, and the
majority of these genes have been identified from the esophageal gland cells of
tylenchid plant-parasites that have evolved elaborate and dynamic secretory activity
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(Baum et al. 2006; Davis et a. 2004, 2008; Mitchum et a. 2007; Vanholme et &l.
2004). The products of these gland cells are directed for secretion from the nema-
tode stylet into the plant tissues in al stages of parasitism, including secretion into
cells modified for nutrient ingestion by the nematode. The migratory stages of
endoparasitic plant nematodes are dominated by the expression of parasitism genes
encoding cell wall-modifying proteins that promote either intercellular or intracel-
lular migration in conjunction with the mechanical force of stylet thrusts. The
nematode genes encoding cellulases, pectinases, hemicellulases, and expansin have
two primary criteriain common: (1) they are expressed in the subventral esophageal
gland cells most active in the early stages of nematode infection and; (2) they all have
striking sequence similarity to corresponding enzymes of microbial origin, suggest-
ing horizontal acquisition of genes encoding cell wall-modifying proteins from soil
microbes as a mgjor driving force in the evolution of plant parasitism by nematodes
(Baldwin et a. 2004; Davis et a. 2000; Jasmer et a. 2003; Ledger et al. 2006).

The transition from the migratory to the sedentary stages of parasitism is a con-
tinuum and may be the result of triggering a “developmental switch” akin to emer-
gence from arrested development (dauer) upon environmental cues (Elling et al.
2007a; Mitreva et a. 2004). In some respects, this transition is mirrored in the
expression of some parasitism genes within the esophageal gland cells (Davis et a.
2004; Hussey 1989). Whilethe cell wall-modifying genes decreasein activity within
the subventral gland cells during this transition, some subventral gland genes con-
tinue to be expressed throughout parasitism, and afew are expressed predominantly
in the sedentary parasitic stages. Chorismate mutase is expressed in both dorsal and
subventral gland cells throughout parasitism (Doyle and Lambert 2003), and the
multiple roles of this pivotal metabolic enzyme may change in function as feeding
sites are developed. A role for subventral gland parasitism gene products in feeding
cell initiation is suggested by the interaction of 16D10 peptides with a plant tran-
scription factor and its effects on root cell growth (Huang et al. 2006a). The activity
and nature of multiple parasitism genes expressed in the nematode dorsal esophageal
gland cell asfeeding sites devel op suggests significant and diverse “regulatory” roles
for these secretions in parasitism (Gao et al. 2003; Huang et a. 2003). The nature of
nematode dorsal gland parasitism gene products suggests multiple mechanisms for
the nematode to modulate host feeding cell cycle, metabolism, transport, defense,
gene expression, and production of a feeding tube. In contrast to the cell wall-
modifying genes, very few of the candidate parasitism genes expressed in the dorsal
gland cell have sequence similarity to genes reported from soil microbes. Some of
these parasitism genes reflect adaptations of functional domains encoded by endog-
enous nematode genes for secretion and regulation of parasitism or potential convergent
evolution to mimic the products of host plant genes. Polymorphisms observed among
some nematode parasitism genes suggest that differential domains of these effectors
may have experienced diversifying selection for aleles encoding virulence factors
(Birch et al. 2006) that interact directly or indirectly with natural resistance genes.
Concerning more global adaptations for parasitism, the observation that diverse
suites of novel parasitism genes are expressed by root-knot and cyst nematodes may
be reflective of the differential ontogeny of giant-cells and syncytia, respectively
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(Davis and Mitchum 2005). The emerging data suggests that nematode parasitism
gene products may interact with extracellular and intracellular host cell targets, both
of which are accessible to the nematode stylet orifice. How the synthesis and secre-
tion of the different parasitism proteins are regulated spatially and temporally within
the same esophageal gland cell is unknown, but it would make a fascinating model
for the study of secretory cell biology.

Current in vivo functional analyses of candidate parasitism genes are limited to
two primary options, expression of the candidate gene in plants or disruption of the
candidate gene in the nematode via gene silencing. Direct expression of candidate
nematode genes in whole plants, roots, or cells can, and has, provided biologica
information relative to the plant—-nematode interaction when an observable pheno-
typeis produced (Doyle and Lambert 2003; Huang et al. 2006a; Wang et al. 2005).
The activities of multiple members of parasitism gene families and potential interac-
tions of nematode parasitism proteins released concomitantly into the host provide
an added level of complexity to assess functional roles in parasitism. The potential
to profile host gene expression upon expression of nematode parasitism genes offers
the opportunity for comparative analyses to the host gene expression observed in
nematode feeding sites. When they can be employed, the use of model plant species
and their mutants are of immense benefit to more specifically define parasitism gene
function. Although the dissection of individual components facilitates anaysis of
their function, it stands in contrast to the interaction of multiple components that
contributes to the natural infection process. The appeal of gene silencing techniques
is the potential to disrupt a single factor (or family) from the interaction and assess
potential effects. Aswith gene expression in hosts, in the absence of high-throughput
analyses, the potential success of gene silencing assays are predicated on the genera-
tion of an observable phenotype. These are not insurmountable obstacles, however,
asthe specific effects of some RNAI soaking assays on nematode infectivity of hosts
have been observed (Bakhetia et al. 2005a; Chen et a. 2005; Rosso et a. 2005;
Urwin et al. 2002). Improved efficiency, delivery, and targeting of gene silencing
techniques for plant-parasitic nematodes, including host-derived RNAi (Gheysen
and Vanholme 2007; Huang et al. 2006b; Steeves et al. 2006; Yadav et al. 2006),
hold great promise for functional analyses of candidate nematode parasitism genes
and potential applications for nematode management in crops.

Although the secretion of esophageal gland proteinsinto plant tissues by nematodes
has been demongtrated in video and immunoassays (Doyle and Lambert 2003,
GodlIner et al. 2001; Jaubert et a. 2005; Wyss and Zunke 1986; Wysset al. 1992; Wang
et d. 1999), the intracellular localization of nematode secretions within feeding cells
remains a technical challenge. The demonstration of functiona nuclear locaization
signals (Elling et a. 2007b) and a nematode secretory peptide that can interact with a
specific domain of a plant transcription factor (Huang et a. 2006a) have provided
tempting models for direct analyses within feeding cells. Application of advanced
microscopy that can detect modification or subcellular localization of nematode secre-
tions and their interactions with host molecules within cells lies at the frontier of func-
tional analyses of nematode parasitism. The products of nematode parasitism genes
described in this trestise provide alaunching pad for such further exploretion.
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Molecular Insightsin the Susceptible Plant
Response to Nematode I nfection

Godelieve Gheysen(t=)) and Melissa G. Mitchum

Abstract Sedentary endoparasitic nematodes have evolved sophisticated strategies
to form permanent feeding sites within host plant roots to ensure their survival. The
process of feeding site formation entails an elaborate transformation of normal root
cells into enlarged, multinucleate, and metabolically active cell types to supply the
nutritional needs of the nematode. The signal-exchange that occurs between nema-
todes and their hosts to trigger the chain of molecular events associated with feeding
cell formation has not been resolved. Presumably, the signals for the induction of
feeding cells come from the nematode; thus, secretions originating in the esophageal
gland cellsand directly injected through the stylet into host tissues during parasitism
have been implicated as key molecules. It is evident from the distinct morphological
features of feeding sites that the nematode signals likely interfere with fundamental
aspects of plant cell biology and differentiation. Molecular studies have shown that
these changes are accompanied by extensive alterations in plant gene expression.
Researchers have taken advantage of awide array of methodologies to catalogue the
genes as either up- or down-regulated in nematode feeding sites, and technological
advances are now enabling feeding cell-specific analyses. As comprehensive pro-
files of genes expressed in feeding sites are generated, it has become increasingly
important to determine which genes play essential roles in their formation. In the
future, the true challenge will be to integrate our knowledge of nematode signals
with host cell responses to elucidate a complete picture of feeding site formation.

1 Introduction

Plants respond to nematode infection in a variety of ways, mainly depending on
the type and pathotype of the nematode. Plant-parasitic nematodes can be ecto- or
endoparasites and either sedentary or roaming. In the latter case, the nematodes
feed upon and quickly destroy plant cells, primarily provoking a plant stress
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response. At the other end of the spectrum, root-knot and cyst nematodes estab-
lish a complex and long-lasting relationship with their host plants, inducing the
redifferentiation of selected root cells into large multinucleate nematode feeding
sites (NFS). Because detailed molecular analysis of the plant response has only
been performed on root-knot and cyst nematode infected roots, the data presented
in this chapter has largely been derived from these systems. However, the preva-
lence of certain features such as enlarged nuclei and cell wall changes in very
diverse feeding cells (Wyss 2002) indicates that the molecular insights gained in
these well-studied systems may, to some extent, be extrapolated to other plant—
nematode interactions.

This chapter will primarily deal with publications since 2002 and general
insights from preceding studies. For a more thorough overview of the earlier gene
expression analyses, we refer to Gheysen and Fenoll (2002). Particulars of the life
cycles are presented in Bird et al. (2008) and details of the cellular changes elicited
by nematode infection are reviewed by Endo (1984) and can be found in Berg et al.
(2008) and Sobczak and Golinowski (2008). To facilitate the comprehension of this
chapter, we will encapsulate the main features as highlighted in the following para-
graphs, beginning with a brief review of the infection process.

The nematode devel oping inside the egg undergoes afirst molt before hatching.
The resulting second-stage juvenile is the infective stage that penetrates the plant
root and migrates through root tissues to a suitable location near the vascular tissue.
During migration, the subventral esophageal glands of the nematode are very active
and secrete a mixture of cell-wall modifying enzymes to assist with burrowing.
It is generally believed that secretions from the esophageal glands are also major
determinants of feeding cell initiation. For more details on nematode secretions, we
refer readers to several recent reviews (Davis et a. 2004; Vanholme et al. 2004,
Davis et a. 2008).

Feeding cell formation is a complex process associated with dramatic changes
in plant gene expression. Cyst nematodes select asingle cell, often in the vascular
parenchyma, to induce a feeding cell called a syncytium (Fig. 1). The selected
cell responds to the nematode stimulus by gradually widening plasmodesmata to
neighboring cells (Grundler et a. 1998), followed by the fusion of the protoplasts
of the adjacent cells. At later stages, cell wall openings are formed de novo and the
syncytium progressively expands by incorporating hundreds of adjacent cells.

Unlike cyst nematodes, root-knot nematodes induce the development of three to
six giant-cells (Fig. 1) to feed from. The first sign of giant-cell induction is the
formation of binucleate cells (Jones and Payne 1978). The cell plate vesicles line up
between the two daughter nuclei but are then dispersed, disrupting cell plate formation.
Additional mitoses uncoupled from cell division generate multinucleate, hypertro-
phied cells up to 100-times the size of normal root vascular parenchyma cells. In
most plant hosts, the surrounding pericycle and cortical cells divide to form the
typical gal or root-knot.

Feeding cells function as transfer cells to tap nutrients and solutes from the
vascular tissues and provide them to the developing nematodes. Typical for
transfer cells, the cell wall alongside the xylem forms finger-like projections
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Fig. 1 Nematode feeding sites induced by cyst and root-knot nematodes. a A syncytium induced
by Heterodera schachtii in Arabidopsis roots 7 days after infection. b Giant-cells induced by
Meloidogyne incognita in Arabidopsis roots 10 days after infection. Bars — 100 um

lined with plasma membrane, which facilitates water transport from the xylem
into the feeding cell (Jones and Northcote 1972). The dense granular cytoplasm
of feeding cellsresemblesthat of meristematic cells: many ribosomes, organelles,
and small vacuoles. High metabolic activity and constant withdrawal of cyto-
plasm by the nematodes convert the feeding cells into metabolic sinks for the
host plant.

A variety of approaches have been used to identify gene expression changes
occurring specifically within NFS including promoter—reporter assays and in
situ hybridization (Fig. 2). To assess their role in NFS formation, hence gaining
molecular insight into NFS development, functional analysis of these plant
genes is crucial. The consequence of knocking out a gene (or over-expressing
it) on NFS formation, however, has only been investigated in a few instances
(Table 1). For reasons related to the amount of genomic information and the
availability of mutant and marker lines, changes in gene expression of plants
infected by nematodes have preferably been studied using the model plant,
Arabidopsis thaliana. However, the use of crop plants such as soybean (Glycine
max) and tomato (Solanum lycopersicum) for molecular studies on plant—nem-
atode interactions is gaining in importance as genomic data and microarray
platforms become increasingly available. Microarray analyses (Alkharouf et al.
2006; Bar-Or et al. 2005; Hammes et al. 2005; Ithal et al. 2007a,b; Jammes et al.
2005; Khan et al. 2004; Klink et al. 2005; Puthoff et al. 2003; Ramsay et al.
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Fig. 2 Gene expression changes occurring specifically within nematode feeding sites detected
using promoter—reporter assays and in situ hybridization. a Activity of the NOS promoter
(PNOS) in nematode-infected sugarbeet hairy roots. A sugarbeet hairy root with the pNOS-
GUS construct at 20 days after inoculation with H. schachtii. The blue color demonstrates very
strong promoter activity outside the syncytium, but down-regulation of the NOS promoter
inside the syncytium. In sections this down-regulation is visible as early as 4 days after inocu-
lation. b Activity of the AtCell promoter in nematode-infected tobacco roots. Transgenic
tobacco with the Cel1-GUS construct at 7 days after inoculation with Meloidogyne incognita.
The blue color demonstrates very strong promoter activity within the developing galls. In sec-
tions, Cel1-GUS expression was localized to developing giant-cells (Mitchum et al. 2004). c,
d Sections of nematode-infected tobacco roots. Two-week-old galls induced by Meloidogyne
incognita on tobacco roots were sectioned and probed with a digoxigenin-label ed antisense (c)
or sense (d) probe corresponding to the tobacco endo-f-1,4-glucanase 7 (Cel7) gene (Goellner
et al. 2001). The purple color demonstrates very strong expression of Cel7 within giant-cells.
No staining was observed with the sense probe control. GC, giant-cell; N, nematode; Syn,
syncytium; NOS, nopaline synthase. Bars — 100 um

2004; Wang et al. 2003) have significantly enlarged the list of nematode-
responsive genes (Li et al. 2008) and confirmed previous analyses that the
down-regulation of genes is as relevant to NFS formation as gene induction
(Gheysen and Fenoll 2002). In the following sections, we highlight recent
molecular insights into the susceptible plant response to nematode infection,
particularly with regard to the plant genes involved, and how these genes may
be contributing to the induction and function of NFS.
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Table1 Changesin nematode infections on transgenic and mutant plants compared to the control

Gene name Characteristics Plant Root-knot Cyst  Reference
dgt Auxin-insensitive Solanum N N Richardson and
mutant lycopersicum Price (1984),
Goverse et al.
(2000)
axr2 Auxin-insensitive Arabidopsis n.t. N Goverse et a.
mutant thaliana (2000),
Wubben et al.
(2001)
pinl/1-ttgl Auxin transport ~ Arabidopsis n.t. N Goverse et al.
mutant thaliana (2000)
pin2/eirl-1 Auxin transport  Arabidopsis n.t. N Goverse et a.
mutant thaliana (2000),
Wubben et al.
(2001)
rhdl Hypersensitive ~ Arabidopsis n.t. / Wubben et al.
ethylene thaliana (2004)
mutant
etol, eto2, Ethylene over- Arabidopsis n.t. / Goverse et al.
eto3 producing thaliana (2000),
mutants Wubben et al.
(2001)
etrl Ethylene receptor Arabidopsis n.t. Wubben et al.
mutant thaliana (2001)
ein2, ein3 Ethyleneinsensi- Arabidopsis n.t. Wubben et al.
tive mutants thaliana (2001)
harl CLAVATAL- Lotusjaponicus /" n.t. Lohar and Bird
like receptor (2003)
kinase mutant
AtCKX3, Transgenics Lotusjaponicus n.t. Lohar et a. (2004)
ZmCKX1 with lower
sensitivity to
cytokinin
sid2-1, Sdlicylic acid Arabidopsis n.t. / Wubben et al.
pad4-1 deficient thaliana (2008)
mutants
NAHG Sdlicylic acid Arabidopsis n.t. / Wubben et al.
deficient thaliana (2008)
transgenic
npri-2, Sdlicylic acid Arabidopsis n.t. / Wubben et al.
npr1-3 insensitive thaliana (2008)
mutants
snil NPR1-suppressor  Arabidopsis nt. N Wubben et al.
mutant thaliana (2008)
NAHG Salicylic acid Solanum n.s.d. n.t. Bhattarai et al.
deficient lycopersicum (2008)
transgenic
jail JA insensitive Arabidopsis N n.t. Bhattarai et al.
mutant thaliana (2008)
defl JA deficient Arabidopsis n.s.d. n.t. Bhattarai et al.
mutant thaliana (2008)

(continued)
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Gene name Characteristics Plant Root-knot Cyst  Reference
TOBRBY antisense  Aquaporin down- Nicotiana N n.t. Opperman and
regulated tabacum Conkling
(1996)
rpe T-DNA tagged Arabidopsis nsd. Faveryetal.
mutant in RPE thaliana (1998)
PHAN antisense ~ Phantastica Unpubl. n.t. Koltal et al. (2001)
down-
regulated
ENOD40 Early nodulin Medicago / n.t. Favery et al.
overexpression gene truncatula (2002)
up-regul ated
nfrl and nfr5 Nod factor recep- Lotus japonicus \ n.t. Weerasinghe
tor mutants et a. (2005)
WRKY23 RNAI WRKY23 down-  Arabidopsis n.t. N Grunewald et al.
regulated thaliana (2008) and
Gheysen
(unpublished)
CDKA;1 CDKA;1down-  Arabidopsis N Van de Cappelle
cosuppression regulated thaliana et a. (2008)
CCS52A RNAI CCS52A2 down-  Arabidopsis n.t. N Van de Cappelle,
regulated thaliana de Almeida-
Engler and
Gheysen
(unpublished)
EXPA5 Hairy rootswith ~ Solanum N n.t. Gdl et a. (2005)
antisense expansin lycopersicum
down-regu-
lated
map65-3 T-DNA tagged Arabidopsis N n.t. Caillaud et al.
mutant in thaliana (2008)
MAPG65-3
cel2 Endo-1,4-B- Arabidopsis n.t N Wieczorek et al.
glucanase thaliana (2008)
mutant
kor3 Endo-1,4-B- Arabidopsis n.t N Wieczorek et al.
glucanase thaliana (2008)
mutant
CEL7 RNAI CEL7 endo-1,4-  Solanum n.t N Karczmarek
B-glucanase tuberosum et al. (2008)
silenced
CEL9C1 RNAI CEL9C1 endo-1, Solanum n.t N Karczmarek
4-B-glucanase tuberosum et al. (2008)
silenced

Direction of arrow indicates if infection is higher or lower on this plant line than on the corre-

sponding wild type. n.t. not tested; n.s.d. not significantly different
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2 Activation of Plant Defense Responses
During a Compatible Interaction

From the moment a nematode penetrates the plant root, a molecular dialogue is set
up resulting in chemical warfare. Defense responses include the production of
harmful oxygen radicals and systemic signaling compounds as well as the activa-
tion of defense genesthat lead to the generation of structural barriers, pathogenesis-
related proteins and toxins (such as phytoalexins) that debilitate the invader. It is
not surprising that this also happens in the compatible interaction, but then the
nematode can either evade or overcome the plant defense. The protein surface coat
of plant-parasitic nematodes contains peroxiredoxin and lipid-binding proteins that
might respectively break down hydrogen peroxide and inhibit lipoxygenase activ-
ity, an important enzyme in the jasmonic acid signaling pathway (reviewed in
Vanholme et al. 2004).

Plant genes known to be involved in wound and defense response are up-regul ated
during infection by nematodes (reviewed in Gheysen and Fenoll 2002). Quite afew
of the up-regulated genes are also involved in cell wall modifications or in the bio-
synthesis of secondary metabolitesthat could be crucial in establishing the parasitic
interaction. Cell wall fortification is an important induced plant defense response
for confining the pathogen, and many of the genes implicated in this process such
as extensin, lignin biosynthesis genes, and peroxidase are up-regulated upon nema-
tode infection. However, extensive cell wall modifications are also fundamental to
feeding site structure (for details, see Sect. 5). Similarly, the accumulation of flavo-
noids, isoflavonoids, and other phenolicsisatypical plant defense response. On the
other hand, flavonoids inhibit auxin transport and their local production could trig-
ger the accumulation of auxin, an outstanding candidate implicated in early feeding
site development (see Sect. 9). There are also indications that specific plant defense
pathways may be locally down-regulated within the feeding sites. For example,
several genes encoding key enzymes in jasmonic acid biosynthesis, an important
defense signaling molecule, were found to be down-regulated in syncytia of soybean
induced by H. glycines (Ithal et al. 2007b).

3 Polyploidy in NFSIs Correlated with Activation
of Cell-Cycle Genes

From initial microscopy analyses (Endo 1984), it was evident that characteristic cyto-
logical changestake place in the nuclei of developing feeding cells (Berg et a. 2008;
Sobczak and Golinowski 2008). Syncytia, as well as giant-cells, contain multiple
large and amoeboid nuclei. These nuclear responses are among the first visible
changesin developing feeding cells. Cytologica observations suggest that nuclel in giant-
cells divide through successive mitoses without intermittent cytokinesis (acytokinetic
mitosis) while the multinucleate state in syncytia is attained by amagamation of
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many uninucleate root cells (Gheysen et al. 1997). Although mitosis takes place in
the surrounding dividing cells, it has never been observed inside the syncytium.
Enlargement of nucle is generally caused by endoreduplication, a term used for an
abnormal cell cycle that repeatedly goes through the DNA synthesis-phase but skips
mitosis (Gheysen and Fenoll 2002). There is little doubt that endoreduplication
occurs in syncytia; in contrast, the enlargement of giant-cell nuclei could also be
explained by the fusion of nuclel, possibly due to entanglement of the abundant cel-
lular mitotic apparatus.

More recently, the molecular mechanisms underlying the cell cycle events in
syncytia and giant-cells have been explored in detail. Initial studies on the expres-
sion of afew core cell cycle genesin A. thaliana revealed their up-regulation within
the first hours after the nematode has selected a cell to initiate a NFS. Two cyclin-
dependent kinases (CDKA;1 and CDKB1;1), an A-type cyclin (Arath;CycA2;1)
and a mitotic cyclin (Arath; CycB1;1), typical for the late G2 until M phase, were
found to be expressed in giant-cells as well as syncytia (Niebel et al. 1996). It was
therefore concluded that the cell cycle proceeds at least until the late G2 phase in
both types of feeding cells. This has also been recently reported for endoreplicating
trichome-neighboring cells (Weinl et al. 2005). During later stages of syncytium
development [around 10-14 days after infection (dai)], the cell cycle genes were
still expressed at the growing edges to probably allow syncytia to reach a critical
size necessary for the cyst nematodes to properly complete their life cycle.

To analyze the importance of cell cycle activation for the development of feed-
ing cells, cell cycle-inhibiting drugs have been used (de Almeida-Engler et d.
1999). Upon hydroxyurea treatment (which prevents DNA synthesis), early giant-
cell and syncytium development was blocked in Arabidopsis. This demonstrates
that genome multiplication is essential for the formation of both types of feeding
cells. However, the application of hydroxyurea at later stages resulted in normal
development of the feeding sites. Upon early application (1 and 3 dai) of oryzalin
(which arrests cells in mitosis), root-knot nematode development in Arabidopsis
was completely inhibited (de Almeida-Engler et al. 1999; Wiggers et al. 2002). The
formation of giant-cells was initiated but their development severely hampered. In
contrast, when oryzalin was applied at later stages (9 dai), the majority of the root-
knot nematodes could complete their life cycle. This indicates that mitosis is
mainly required for early giant-cell differentiation and initial expansion. Mitosis
can occur up to 21 dai in Pisum sativum infected by M. incognita, probably sup-
porting an optimal but nonessential expansion of the feeding cell (Wiggers et al.
2002). Syncytia arise by fusion of adjacent cells; therefore, one would assume that
mitosis is not involved in the formation of the multinucleate syncytium, and thus
oryzalin should not affect cyst nematode development. Application of oryzalin at 1
dai, however, resulted in the complete inhibition of syncytium development and no
cysts were formed on these plants. When oryzalin was applied at later stages (3 and
9 dai), an increasing number of the infective juveniles developed into cysts. These
data indicate that mitotic activity is also required for proper syncytium develop-
ment. It was observed that oryzalin inhibits the mitotic activity in cells prior to
syncytium incorporation and, as a consequence, syncytium expansion is restricted



Molecular Insightsin the Susceptible Plant Response to Nematode Infection 53

(de Almeida-Engler et al. 1999). Recently, it was demonstrated that silencing
AtCDKA; 1, an essential cell cycle gene, using a NFS-promoter resultsin significant
reduction of nematode development on A. thaliana (Van de Cappelle et al. 2008).

These studies do not distinguish cell cycle events in giant-cells versus syncytia,
particularly with regard to the importance of endoreduplication. Endoreduplication
isavery important processin plant cell differentiation and therefore has received a
substantial amount of scientific attention. The control of endoreduplication is not
yet fully understood, but several key proteins have been identified, mainly in
A. thaliana (Fig. 3). The heterodimeric transcription factor E2Fa-DPa activates the
Gl/Stransition in both the mitotic and endoreduplication cycles. The transition into
the mitotic cycle was postulated to depend on the presence of the MIF (mitosis-
inducing factor) (De Veylder et al. 2002) and the activity of specific inhibitors of
the endocycle (DEL 1) (Vlieghe et a. 2005). MIF might be a complex of a cyclin-
dependent-kinase B (CDKB1;1) (Boudolf et al. 2004) and an A2 class cyclin (Imai
et a. 2006). The switch between mitosis and the endocycle almost certainly occurs
as a result of specific premature destruction of mitotic cyclins by a CCS52 (cell
cycle switch) complex (Cebolla et al. 1999). A. thaliana contains three CCH2
genes. CCS52 defines the activity and substrate specificity of the anaphase-promot-
ing complex (APC), a multi-component ubiquitin ligase that plays a fundamental
role in the metaphase—anaphase transition and exit from mitosis by targeting spe-
cific cell cycle proteins for degradation by the ubiquitin-proteasome pathway
(Kondorosi and Kondorosi 2004).

If feeding cells endoreduplicate, one would expect low expression of
CDKB1;1, Cyclin A2, and DEL1 and a high level of expression of CCS52. CCSh2
was first discovered in Medicago truncatula, where it was highly expressed in
endoreduplicating nodule tissues (Cebolla et al. 1999), and its expression was
also analyzed in galls (Favery et al. 2002; Koltai et al. 2001). CCSb2 expression
was found inside the giant-cells and in the surrounding cells, indicating the
occurrence of endoreduplication. In the same experiments however, high CCS52

CDKA/CYCD —1 Rb —1 E2F-Dpa
\‘CDKBl;ll CYCA2
mitosis
Gl—»S —G2

/\ endoreduplication
DEL1 /

CCS52

Fig. 3 E2Fa-DPa activates the G1/S transition in both the mitotic and endoreduplication cycles.
The transition into the mitotic cycle was postulated to depend on the presence of MIF (mitosis-
inducing factor) and the activity of DEL 1. MIF might be a complex of a cyclin-dependent-kinase B
(CDKB1;1) and an A2 class cyclin. The switch between mitosis and the endocycle amost cer-
tainly occurs as aresult of specific premature destruction of mitotic cyclinsby a CCS52 (cell cycle
switch) complex. Scheme modified from Boudolf et a. (2004), with information incorporated
from Vlieghe et a. (2005) and Imai et a. (2006)
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expression was also observed in lateral root meristems, challenging the model
that CCSb2 istypically expressed in endoreduplicating tissues. Nevertheless, up-
regulation of CCS52 clearly results in higher ploidy (Cebolla et al. 1999; Van de
Cappelle, de Almeida-Engler and Gheysen, unpublished results) and down-regul ation
of CCSb2 in lower ploidy (Vinardell et al. 2003). Transgenic M. truncatula plants
with lower CCSb2 expression showed severe inhibition of nodule development
(Vinardell et al. 2003), and preliminary experiments also indicate inhibition
of nematode development (Van de Cappelle, de Almeida-Engler and Gheysen,
unpublished results).

According to Roudier et al. (2003) MtCycA2;2, shown to exclusively play arole
in mitotic cyclesand not be expressed during endoreduplication, is repressed during
nodule and gall development in M. truncatula, indicating endoreduplication in both
systems (symbiosis and nematode parasitism). Unfortunately, no information is
available on the expression of this gene in syncytia.

These results so far would indicate the occurrence of endoreduplication in giant-
cells aswell as syncytia. In giant-cells, endoreduplication is probably preceded by
or even alternates with mitosis. Indeed, it was recently shown that endoreduplicated
cells can re-enter the mitotic cell cycle (Weinl et a. 2005). Another study by Huang
et a. (2003b) renders the story even more complicated. The A. thaliana Prolifera
gene (PRL), which is normally expressed in dividing cells and not in endoredupli-
cating tissues, is up-regulated in giant-cells and syncytia but not in the surrounding,
dividing cells. Thisindicates that our assessment of cell cycle expression is not yet
precise enough to predict or explain how the aberrant cyclesin NFS are controlled.
It has been shown that a particular expression level often determines the outcome
of the cell cyclefor certain genes. For example, moderate over-expression of DEL1
inhibits the endocycle whereas higher levels aso block mitosis (Vlieghe et al.
2005). Similarly, amoderate level of KRP2 (a cell cycle inhibitor) over-expression
increases endoreduplication whereas higher levels decrease endoreduplication
(Verkest et a. 2005). On top of al of this, the importance of posttranscriptional
regulation and protein activity changes makes it clear that the more we learn about
cell cycle, the more complicated the picture becomes.

4 Cytoskeletal Rearrangements Within NFS

Numerous studies have demonstrated the importance of plant cytoskeletal rear-
rangements upon pathogen attack (Takemoto et al. 2003 and references therein).
The actin filaments are focally reorganized towards sites of penetration and, in the
case of a biotrophic fungus, actin cables are targeted to the fungal feeding organs
(haustoria). Sedentary nematodes also induce long-term rearrangements of the
cytoskeleton. Actin genes are highly expressed in NFS as would be expected in
large expanding cells that need extensive internal transport (de Almeida-Engler
et a. 2004). In A. thaliana, tubulin genes are moderately up-regulated in syncytia
and at higher levels in giant-cells, probably reflecting the need of a mitotic
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cytoskeleton for the rapidly dividing nuclei in the latter. RT-PCR experiments using
RNA extracted from laser-captured soybean syncytia induced by H. glycines
revealed a strong induction of B-tubulin and a weaker up-regulation of o-tubulin as
compared to samples extracted from uninfected roots (Klink et al. 2005). Anaysis
of the cytoskeleton in A. thaliana by immunolocalization of the actin and tubulin
proteins and by the use of GFP-fusions showed that the cytoskeleton was strongly
disrupted in syncytia (de AlImeida-Engler et a. 2004). The same diffuse or clumped
tubulin labeling was seen in soybean syncytia (Klink et a. 2005). In giant-cells,
although disturbed compared to normal root cells, actin and microtubular fibers are
visible with abnormally thick actin cables present in the cell cortex. A functional
mitotic apparatus, consisting of microtubule-forming spindles (for separating the
chromosomes during nuclear division) and phragmoplasts (initiating the cell plate),
is present in the devel oping giant-cells (de Almeida-Engler et al. 2004).

Depolymerization of the actin and microtubular cytoskeleton with cytochaasin
D or oryzalin, respectively, only inhibited feeding cell and nematode devel opment
when applied at early stages of infection (3 dai). In contrast, stabilization of the
microtubular cytoskeleton with taxol at later stages (14 dai) resulted in normally
developed feeding cells but interfered with nematode development. As nematode
feeding involves the retrieval of large volumes of cytoplasm, a degree of cytoskel-
eton fragmentation may decrease cytoplasm viscosity and therefore facilitate
uptake during nematode feeding.

It is not known how nematode infection brings about the observed cytoskeletal
changes. A possible player from the plant side is the actin-nucleating protein, formin.
Formins are cytoskeleton-organizing proteins involved in the establishment of cell
polarity and growth. From the 21 predicted A. thaliana genes, three (AtFH1, AtFH6,
and AtFH10) were shown to be up-regulated in giant-cells at 7 and 14 dai (Favery
et al. 2004). AtFH6 was expressed as early as 2 dai and the protein was uniformly
distributed throughout the plasma membrane. It was therefore suggested that AtFH6
distribution could be involved with the isotropic growth of the giant-cells.

Another cytoskeletal protein, microtubule-associated protein 65-3 (MAP-65-3),
that is essential for cytokinesisin somatic plant cells, isaso required for giant-cell
ontogenesis (Caillaud et al. 2008). The protein colocalizes to the mitotic microtu-
bular arrays and the cell plate in mitotic cells. The corresponding geneis up-regul ated
in giant-cells and the protein can be found on the aborted cell plates. Knocking-out
the gene results in dwarf plants with defects in cell division and upon nematode
infection, giant-cells are initiated but cannot develop normally, resulting in the
death of the nematode (Caillaud et al. 2008).

5 Cdl Wall Architectural Modificationsin NFS

Plant cell walls are composed of cellulose microfibrils embedded in a matrix of
hemicellulose and pectin polymers. The cell wall undergoes pronounced changes
throughout plant development by recruiting several different classes of cell-wall
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modifying proteins (CWMPS) and enzymes to the extracellular space. The plant
cell wall also represents a structural barrier to infection by a wide range of plant
pathogens. Sedentary endoparasitic cyst and root-knot nematodes have evolved
sophisticated mechanisms to breach the structural barrier of the plant cell wall dur-
ing the penetration and migration phase of the life cycle yet fine-tuned their
manipulation of the cell wall for the establishment of feeding sites.

Cyst and root-knot nematodes secrete a battery of cell-wall modifying proteins to
facilitate penetration and migration, albeit by different modes (i.e,, intracellular vs.
intercellular, respectively) through host root tissues. CWMPs are encoded by
nematode parasitism genes, the details of which are covered in Davis et d. (2008). A
large number of genes encoding CWM Ps have been identified in cyst and root-knot
nematodes, yet there is very little evidence to support arole during the induction and
formation of syncytia and giant-cells. Accumulating evidence suggests that the
CWMPsinvolved in the extensive wall modifications within feeding cells are of plant
origin (GodlIner et al. 2001; Karczmarek et al. 2008; Mitchum et al. 2004; Vercauteren
et a. 2002; Wang et al. 2007; Wieczorek et a. 2006, 2008).

Despite the conserved function of syncytia and giant-cells as nutrients sinks,
their ontogeny particularly differs with regard to alterations in cell wall architec-
ture. Giant-cells are formed by hypertrophy of single vascular parenchyma cells up
to 100x their normal size. In contrast, syncytia form by progressive cell wall dis-
solution and fusion of adjacent cells. Although giant-cells and syncytia differ in the
extent of cell wall degradation, the walls of both types of feeding structures reguire
loosening for expansion and elongation. Additional characteristic cell wall modifi-
cations shared by both giant-cells and outer walls of syncytia include thickening
and formation of finger-like ingrowths adjacent to xylem vesselswhich increase the
plasmalemma surface area to support increased solute uptake. Although the nature
of the thickened walls is not clear, it may involve callose or lignin deposition
(Grundler et al. 1998; Jones and Northcote 1972) to strengthen the walls so that the
NFS can withstand the increasing turgor pressure. The extensive cell wall architec-
tural modifications, namely loosening, dissolution, growth, and thickening, appear
to be mediated by atightly regulated cohort of CWMPs.

Detailed molecular studies to characterize host gene expression changes specifi-
cally occurring within syncytia and giant-cells have implicated an important role
for several different classes of plant CWMPs in the observed cell-wall architectural
modifications (Table 2). The first molecular study to characterize cell wall changes
induced in nematode feeding cells was conducted on a tobacco extensin (EXT)
(Niebel et al. 1993). Extensins are hydroxyproline-rich glycoproteins (HRGPs) and
the most abundant structural protein family of the plant cell wall. Expression of a
tobacco extensin was shown to increase in roots infected with root-knot nematodes
but not cyst nematodes. The extensin promoter was active in the center of initiating
galsasearly as2 dai and peaked at 7 dai. After one week, expression was restricted
to the cortex, endodermal and pericycle layers that divide to form the gal. It
remains to be shown whether the expression of extensin during the early stages of
the root-knot nematode host interaction is important for giant-cell formation or
whether thisis areflection of a general defense response elicited by the plant in an
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Table 2 Nematode-responsive plant genes encoding cell wall modifying proteins
Putative AGI or
Genename function accession # Cyst RKN References
Endo-B-1,4-glucanases
(EGases)
NtCEL2 Endo-B-1,4-  AF362948 Up-regulated Up-regulated Goellner et al.
glucanase 7-9 dai IRae 7-14 dai (2001)
NFS®
NtCEL4 Endo-B-1,4-  AF362950 Up-regulated Up-regulated Goellner et al.
glucanase 7-9 dai IR® 7-9 dai (2001)
IR®
NtCEL5 Endo-B-1,4-  AF362951 Up-regulated Up-regulated Goellner et al.
glucanase 7-9 dai IR® 7-9 dai (2001)
IR®
NtCEL7 Endo-B-1,4-  AF362947, Up-regulated 7 Up-regulated Godlner et d.
glucanase DQ156498 dai NFSbe 7-14 dai (2001), Wang
promoter NFSbe etd. (2007)
NtCEL8 Endo-B-1,4-  AF362949 Up-regulated 7 Up-regulated Goellner et a.
glucanase dai NFSePe 7-14 dai (2001)
NFS
AtCEL1 Endo-B-1,4-  Atlg70710; ND NFsPd Up-regulated Mitchum et al.
glucanase X98543 3-13 dai (2004),
promoter NFS Wieczorek
et al. (2008)
AtCEL2 Endo-B-1,4-  At1g02800 Up-regulated N.I. Wieczorek et .
glucanase 5-7 dai NFS' (2008)
and 10 dai
NFS
AtCEL3 Endo-B-1,4-  Atlg71380 Up-regulated N.I. Wieczorek et a.
glucanase 5-7 dai (2008)
NFSY, up-
regulated
5-15dai IR®
AtCEL5 Endo-B-1,4-  At1g22880 ND NFS5-7 N.I. Wieczorek et al.
glucanase daid (2008)
KOR Endo-B-1,4-  At5g49720 Up-regulated N.I. Wieczorek et a.
glucanase 5-7 dai NFS* (2008)
KOR2 Endo-B-14-  Atlg65610 ND NFS5-7 N.I. Wieczorek et al.
glucanase dai¢ (2008)
KOR3 Endo-B-1,4-  At4g24260 Up-regulated N.I. Wieczorek et a.
glucanase 5-7 dai NFS* (2008)
and 10 dai
NFS
AtCEL Endo-B-1,4-  At1g19940 ND NFS5-7 N.I. Wieczorek et al.
glucanase dai¢ (2008)
AtCEL Endo-B-1,4-  At1g23210 ND NFS5-7 N.I. Wieczorek et al.
glucanase daid (2008)
AtCEL Endo-B-1,4-  At1g48930 ND NFS5-7 N.I. Wieczorek et al.
glucanase daid (2008)

(continued)
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Putative AGI or
Genename function accession # Cyst RKN References
AtCEL Endo-B-1,4-  At1g64390 Up-regulated N.I. Wieczorek et al.
glucanase 5-7 dai (2008)
NFSY, up-
regulated
5-15 dai IR®
AtCEL Endo-B-1,4-  Atlg75680 ND NFS5-7 N.I. Wieczorek et al.
glucanase dai¢ (2008)
AtCEL Endo-B-1,4-  At2g32990 Up-regulated N.I. Wieczorek et al.
glucanase 5-7 dai (2008)
NFS, up-
regulated
5-15 dai IR®
AtCEL Endo-B-1,4-  At2g44540 ND NFS 5-7 N.I. Wieczorek et al.
glucanase daid (2008)
AtCEL Endo-B-1,4-  At2g44550 ND NFS5-7 N.I. Wieczorek et al.
glucanase dai¢ (2008)
AtCEL Endo-B-1,4-  At2g45560 ND NFS5-7 N.I. Wieczorek et al.
glucanase daid (2008)
AtCEL Endo-B-1,4-  At2g44570 ND NFS 5-7 N.I. Wieczorek et al.
glucanase daid (2008)
AtCEL Endo-B-1,4-  At3g43860 ND NFS5-7 N.I. Wieczorek et al.
glucanase dai¢ (2008)
AtCEL Endo-B-1,4-  At4g02290 Up-regulated N.I. Wieczorek et al.
glucanase 5-7 dai (2008)
NFS, up-
regulated
5-15 dai IR®
AtCEL Endo-B-1,4-  At4g09740 ND NFS 5-7 N.I. Wieczorek et al.
glucanase daid (2008)
AtCEL Endo-B-1,4-  At4g11050 ND NFS5-7 N.I. Wieczorek et al.
glucanase dai¢ (2008)
AtCEL Endo-B-1,4-  At4g38990 ND NFS5-7 N.I. Wieczorek et al.
glucanase daid (2008)
AtCEL Endo-B-1,4-  At4g39000 ND NFS 5-7 N.I. Wieczorek et a.
glucanase daid (2008)
AtCEL Endo-B-1,4-  At4g39010 ND NFS5-7 N.I. Wieczorek et al.
glucanase dai¢ (2008)
AtCEL Endo-B-1,4-  At4g23560 ND NFS5-7 N.I. Wieczorek et al.
glucanase daid (2008)
SCel1 Endo-3-14-  U13054 ND 7 dai IR® N.I. Karczmarek et dl.
glucanase (2008)
SCel2 Endo-B-1,4-  U13055 ND 7 dai IR® N.I. Karczmarek et d.
glucanase (2008)
SCel3 Endo-B-1,4-  U78526 ND 7 dai IR® N.I. Karczmarek et d.
glucanase (2008)
SCel4 Endo-3-1,4-  U20590 ND 7 dai IR® N.I. Karczmarek et d.
glucanase (2008)
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SCel5 Endo-B-1,4-  AF077339 ND 7 dai IR® N.I. Karczmarek et d.
glucanase (2008)
SCd7 Endo-B-1,4-  Y11268 Up-regulated N.I. Karczmarek et d.
glucanase 7 dai IRe, (2008)
up-regulated
2-10 dai
NFSe
S9Cel9C1  Endo-B-1,4-  AF098292 Up-regulated N.I. Karczmarek et d.
glucanase 7 dai IR®, (2008)
up-regul ated
5-10 dai
NFSe

Extensins (EXT)

NpEXT Extensin M34371 Up-regulated Up-regulated Niebel et al.
during 2-7 dai (1993)
migration®” NFS;

7+ dai
gallsebe

GMEXTL  Extensin-like BU577532 Up-regulated N.I. Ithal et al.
2-10da IR" (20074)

GmEXTL  Extensin-like BI971744 Up-regulated N.I. Ithal et al.
2-10dai IR; (20074)
up-regulated
2dai NFSoh

GMEXTL  Extensin-like CK606454 Up-regulated N.I. Ithal et al.
2-10da IR" (20074)

GmEXTL  Extensin-like CF807746 Up-regulated N.I. Ithal et al.
2-10dai IR; (20074)
up-regulated
2dai NFSoh

GMmEXT Extensin BM 139486 Up-regulated 2 N.I. Khan et al.
dai IR" (2004)

GmEXTL  Extensin-like BU577532 Up-regulated 2 N.I. Ithal et al.
dai NFS (2007h)

GmMEXTL  Extensin-like AW348859 Up-regulated 2 N.I. Ithal et al.
da NFS (2007b)

GMEXTL  Extensin-like AW307368 Up-regulated 2 N.I. Ithal et al.
dai NFS (2007h)

GmEXTL  Extensin-like BQ454193 Up-regulated 2 N.I. Ithal et al.
dai NFS (2007h)

GMEXT Extensin AW757140 Down-regulated N.I. Ithal et al.
2-10dai IR" (20072)

GMEXTL  Extensin-like AW185750 Down-regulated N.I. Ithal et al.
2 dai NFS (2007h)

GmEXTL  Extensin-like BQ453262 Down-regulated N.I. Ithal et al.
2 dai NFS (2007h)

GMEXTL  Extensin-like BI497973 Down-regulated N.I. Ithal et al.
2 dal NFS (2007b)
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GmMEXTL  Extensin-like CF807748 Down-regulated N.I. Ithal et al.
o 2 dai NFS 652007b)
GMEXTL  Extensin-like BI974583 Down-regulated N.I. Ithal et al.
2 dal NFS (2007b)
Expansins (EXP)
LeEXPA5  Expansin AF059489 N.I. ND4orl10 Gdetd.
dai NFS* 2005
AtEXPA1  Expansin At1g69530 upregulated 5-7 upregulated Jammeset d.
dai NFSP 7-14dai 2005;
gals" Wieczorek
et a. 2006
AtEXPA2  Expansin At5g05290 ND NFS 5-7 N.I. Wieczorek et al.
dai¢ 2006
AtEXPA3  Expansin At2937640 upregulated 5-7  N.I. Wieczorek
dai NFSeod et al. 2006
AtEXPA4  Expansin At2g39700 upregulated 57 N.I. Wieczorek
dai NFSP et a. 2006
AtEXPA5  Expansin At3g29030 ND NFS5-7 N.I. Wieczorek
dai¢ et al. 2006
AtEXPA6  Expansin At2g28950 upregulated 3-15 upregulated Jammeset a.
dai NFS2bd 14-21 dai 2005;
gals" Wieczorek
et a. 2006
AtEXPA7  Expansin At1g12560 ND NFS 5-7 upregulated  Jammeset al.
dai¢ 14-21 dai 2005;
gals Wieczorek
et al. 2006
AtEXPA8  Expansin At2g40610 upregulated 57 N.I. Wieczorek et al.
dai NFS 2006
AtEXPA9  Expansin At5g02260 ND NFS5-7 N.I. Wieczorek et al.
dai¢ 2006
AtEXPA10 Expansin At1g26770 upregul ated upregulated  Jammes et al.
5-7 dai 14-21 dai 2005;
NFS?bd gals" Wieczorek
et a. 2006
AtEXPA11  Expansin At1g20190 ND NFS 5-7 upregulated  Jammeset al.
dai¢ 14-21 dai 2005;
gals Wieczorek
et al. 2006
AtEXPA12  Expansin At3g15370 ND NFS5-7 N.I. Wieczorek et al.
dai 2006
AtEXPA13 Expansin At3g03220 ND NFS5-7 N.I. Wieczorek et al.
dai¢ 2006
AtEXPA14  Expansin At5g56320 ND NFS 5-7 N.I. Wieczorek et al.
dai¢ 2006
AtEXPA15 Expansin At2g03090 upregulated 5-7 upregulated Jammeset .
dai NFSP 7-14dai 2005;
galls" Wieczorek
et al. 2006
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AtEXPA16 Expansin At3g55500 upregulated 5-7 upregulated  Jammes
dai NFSeod 14-21 dai et al. 2005;
gals" Wieczorek et a.
2006
AtEXPA17  Expansin At4g01630 ND NFS5-7 N.I. Wieczorek et al.
dai¢ 2006
AtEXPA18  Expansin At1g62980 ND NFS 5-7 N.I. Wieczorek et al.
dai¢ 2006
AtEXPA19  Expansin At3929365 ND NFS5-7 N.I. Wieczorek et al.
daid 2006
AtEXPA20 Expansin At4g38210 upregulated 57 N.I. Wieczorek et al.
dai NFS 2006
AtEXPA21  Expansin At5g39260 ND NFS 5-7 N.I. Wieczorek et al.
dai¢ 2006
AtEXPA22  Expansin At5g39270 ND NFS5-7 N.I. Wieczorek et al.
daid 2006
AtEXPA23  Expansin At5g39280 ND NFS5-7 N.I. Wieczorek et al.
dai¢ 2006
AtEXPA24  Expansin Atg39310 ND NFS 5-7 N.I. Wieczorek et al.
dai¢ 2006
AtEXPA25  Expansin At5g39300 ND NFS5-7 N.I. Wieczorek et al.
daid 2006
AtEXPA26  Expansin At5g39290 ND NFS5-7 N.I. Wieczorek et al.
dai¢ 2006
AtEXPB1  Expansin At2g20750 ND NFS5-7 upregulated  Puthoff et al.
dai%; down- 7-14dai 2003;
regulated 3 gals" Jammes et al.
dai IR" 2005;
Wieczorek et a.
2006
AtEXPB2  Expansin At1g65680 ND NFS 5-7 N.I. Puthoff et al.
dai¢; upregu- 2003;
lated 3 dai Wieczorek et a.
IR 2006
AtEXPB3  Expansin At4g28250 upregulated 5-7 upregulated  Jammeset a.
dai NFS 7-14dai 2005;
gals Wieczorek et al.
2006
GmMEXPA3  Expansin BM091956 upregulated 2 N.I. Ithal et al. 2007b
da NFS
GmMEXPA4 Expansin AF516880, upregulated 2 N.I. Ithal et al. 2007b
CF805822 da NFS
GmEXPAS5  Expansin AW509184 upregulated N.I. Ithal et al.
2-10 dai IR"; 2007a,b
upregulated 2
da NFS
GMEXPA6 Expansin CA785167 upregulated 2 N.I. Ithal et al. 2007b
da NFS
GmMEXPA8  Expansin Al759701, upregulated 2 N.I. Ithal et al. 2007b
CF805734 dai NFS
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GmMEXPA10 Expansin CD394837 upregulated 2 dai N.I. Ithal et al. 2007b
NFS

GmMEXPA15 Expansin CD417217 upregulated N.I. Ithal et al.

2-10 dai IRM; 2007a,b
upregulated 2
dai NFS’

GmEXPL  Expansin- BQ742395 upregulated 2-10 N.I. Ithal et al. 2007a
related dai IR

Xyloglucan Endotransglycosylase (XET)

AXET Xyloglucan At4g14130 downregulated 3 N.I. Puthoff et al.
endotransg- dai IR 2003
lycosylase

AXET Xyloglucan At4g30290 N.I. downregulated Jammes et al.
endotransg- 7-21 dai 2005
lycosylase gdls

AXET Xyloglucan At3g48580 N.I. upregulated 7 Jammes et al.
endotransg- dai gallsr 2005
lycosylase downregu-

lated 21 dai
gals'

GmXET Xyloglucan AW310549 downregulated  N.I. Ithal et al. 2007a
endotransg- 2-10 dai IR"
lycosylase

GmXET Xyloglucan BM568229 upregulated 2 dai N.I. Ithal et al. 2007b
endotransg- NFS
lycosylase

GmXET Xyloglucan BQ298739 upregulated 2 dai N.I. Ithal et al. 2007b
endotransg- NFS
lycosylase

GmXET Xyloglucan AW707175 upregulated 2 dai N.I. Ithal et al. 2007b
endotransg- NFS?
lycosylase

GmXET Xyloglucan CDA414740 upregulated 2 dai N.I. Ithal et al. 2007b
endotransg- NFS?
lycosylase

GmXET Xyloglucan BG363116 upregulated 2 dai N.I. Ithal et al. 2007b
endotransg- NFS?
lycosylase

GmXET Xyloglucan CK 605938 upregulated 2 dai N.I. Ithal et al. 2007b
endotransg- NFS?
lycosylase

Polygalacturonase (PG)

GmPG1 Polygalac- AF128266 upregulated 1-3  N.I. Malalingam
turonase dai IRY et al. 1999

GmPG2 Polygalac- AF128267 upregulated 1-3  N.I. Malalingam
turonase dai IRY et al. 1999

AtPG Polygalac- At2g41850 upregulated 3 dai N.I. Puthoff et al.
turonase IR 2003

(continued)
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AtPG Polygalac- At1g05660 downregulated 3 N.I. Puthoff et al.
turonase dai IR 2003
Pectinacetylester ase (PAE)
AtPAE Pectinace- AY 050847 upregulated 3 upregulated  Vercauteren
tylesterase dai NFS; ND 1-5 dai et al. 2002
NFS 7 daiac NFS
AtPE Pectinesterase  At2g45220 downregulated 3 N.I. Puthoff et al.
dai IR 2003
AtPE Pectinesterase  At1g53830 downregulated 3 N.I. Puthoff et al.
dai IR 2003

GmPE Pectinesterase BE822184 upregulated 2-10 N.I. Ithal et al.

dai IR" 2007a

GmPE Pectinesterase B1967224 upregulated 2-5 N.I. Ithal et al.

dai IR 2007a

GmPE Pectinesterase  BF066411 upregulated 2-5 N.I. Ithal et al.

dai IR 2007a

GmPE Pectinesterase  BI970277 downregulated  N.I. Ithal et al.

2-10dai IR" 2007a

GmPE Pectinesterase BE821923 upregulated 2 N.I. Ithal et al.

dai NFS 2007b

GmPE Pectinesterase  AW309342 upregulated 2 N.I. Ithal et al.

dai NFS 2007b

GmPE Pectinesterase BE475550 downregulated  N.I. Ithal et al.

2dai NFS 2007b

Pectate Lyase (PEL)

AtPEL Pectate lyase  At1g67750 N.I. upregulated  Jammes et al.
21 dai 2005
galls"

AtPEL Pectate lyase  At4g24780 N.I. upregulated  Jammes et al.
7-14 dai 2005
galls"

AtPEL Pectate lyase  At1g04680 N.I. upregulated  Jammes et al.
14-21 dai 2005
galls"

AtPEL Pectate lyase  At3g27400 N.I. upregulated  Jammes et al.
14-21 dai 2005
galls"

AtPEL Pectate lyase  At3g09540 N.I. upregulated  Jammes et al.
14-21 dai 2005
galls"

Glycosyl Hydrolase

AtGH Glycosyl hydro- At1g71380 upregulated 3 N.I. Puthoff et al.

lase family da IR" 2003
9 protein
AtGH Glycosyl hydro- At3g60140 upregulated 3 N.I. Puthoff et al.
lase family dai IR" 2003
1 protein
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AtGH Glycosyl At5g49360 N.I. downregu- Jammes et al.
hydrolase lated 7-21 2005
family 3 dai gals
protein

AtGH Glycosyl At3g15720 N.I. upregulated  Jammes et al.
hydrolase 7-21 dai 2005
family 28 gals’
protein

GmGH Glycosyl BQ612383 upregulated 2-10 N.I. Ithal et al.
hydrolase dai IR" 2007a
family 28
protein

GmGH Glycosyl BQO080473 upregulated 2-10 N.I. Ithal et al.
hydrolase dai IR 2007a
family 1
protein

GmGH Glycosyl BG507836 upregulated 2-10 N.I. Ithal et al.
hydrolase dai IR 2007a
family 1
protein

GmGH Glycosyl CA819291 upregulated 2-10 N.I. Ithal et al.
hydrolase dai IR" 2007a
family 17
protein

GmGH Glycosyl BU926932 upregulated 5-10 N.I. Ithal et al.
hydrolase dai IR 2007a
family 1
protein

GmGH Glycosyl CD407063 upregulated 2 N.I. Ithal et al.
hydrolase da NFS 2007b
family 8
protein

GmGH Glycosyl Al416659 upregulated 2 N.I. Ithal et al.
hydrolase da NFS 2007b
family 8
protein

GmGH Glycosyl BE658250 upregulated 2 N.I. Ithal et al.
hydrolase da NFS 2007b
family 8
protein

GmGH Glycosyl B1971040 upregulated 2 N.I. Ithal et al.
hydrolase da NFS 2007b
family 3
protein

GmGH Glycosyl B1969847 upregulated 2 N.I. Ithal et al.
hydrolase da NFS 2007b
family 17
protein
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GmGH Glycosyl CD396678 upregulated 2 NLI. Ithal et al.
hydrolase dai NFS 2007b
family 17
protein

GmGH Glycosyl AW309536 downregulated 2 N.I. Ithal et al.
hydrolase da NFS 2007b
family 1
protein

GmGH Glycosyl BI785739 downregulated 2 N.I. Ithal et al.
hydrolase da NFS 2007b
family 1
protein

GmGH Glycosyl CA799910 downregulated 2 N.I. Ithal et al.
hydrolase da NFS 2007b
family 31
protein

GmGH Glycosyl AW705239 downregulated 2 N.I. Ithal et al.
hydrolase da NFS 2007b
family 3
protein

GmGH Glycosyl BU551231 downregulated 2 N.I. Ithal et al.
hydrolase dai NFS 2007b
family 1
protein

GmGH Glycosyl BQ612438 downregulated 2 N.I. Ithal et al.
hydrolase da NFS 2007b
family 1
protein

GmGH Glycosyl BU549884 downregulated 2 N.I. Ithal et al.
hydrolase da NFS 2007b
family 3
protein

GmGH Glycosyl CD416483 downregulated 2 N.I. Ithal et al.
hydrolase dai NFS 2007b
family 20
protein

Abbreviations: At = Arabidopsis thaliana; dai = days after infection; Gm = Glycine max;
IR = infected roots, ND = not detected; NFhS = nematode feeding site;
N.I. = no information; Np = Nicotiana plumbaginifolia; Nt = Nicotiana
tabacum; Sl= Solanum lycopersicum
ain situ hybridization
b promoter-GUS

¢ antibody

4 feeding cell specific cDNA library
¢ RT-PCR infected root segments

fRT-PCR LCM feeding cells

9 microarray LCM feeding cells
" microarray; infected root segments

" differential display; infected root segments

I Northern blot; infected root segments
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attempt to ward off an invading pathogen by strengthening the cell walls. It has
been suggested that extensin expression in the gall pericycle may be contributing to
a need for new structural cell wall components in dividing cells. Furthermore,
expression in the gall cortex may be required to increase the rigidity of thewallsin
response to mechanical pressure created by the swelling of the central cylinder
(Niebel et al. 1993). More recent microarray studies have shown that extensins are
also up-regulated during cyst-nematode plant interactions (Ithal et al. 2007b; Khan
et a. 2004; Puthoff et al. 2003). Similarly, up-regulation of peroxidases, enzymes
that play an important role in strengthening of the cell wall through rapid cross-
linking of cellulose, HRGPs, and lignin, has been observed. Increased expression
of structural cell wall proteins and peroxidases in nematode-infected roots (Puthoff
et al. 2003; Ithal et al. 2007b) may be one mechanism used to maintain a balance
between cell wall strengthening and loosening during feeding cell formation.

In contrast to cell wall strengthening, cell wall loosening for expansion, elonga-
tion, and dissolution requires the activity of different classes of hydrolytic enzymes,
and several have been implicated in NFS formation (Goellner et a. 2001; Mitchum
et al. 2004; Vercauteren et a. 2002). Beta-1,4-endoglucanase (EGases) are hydro-
Iytic enzymes that cleave beta-1,4-glucosidic linkages, and there is considerable
evidence supporting arole for these enzymesin awide range of plant developmen-
tal processesinvolving changesin cell wall architecture. EGase genes are up-regul ated
in both root-knot and cyst nematode infected root tissues compared to uninfected roots,
and their expression has been localized within developing giant-cells and syncytia
(Goellner et al. 2001; Karczmarek et al. 2008; Wieczorek et a. 2008). Five tobacco
EGases and two of at least eight tomato EGases were found to be up-regulated by
the tobacco cyst nematode and potato cyst nematode, respectively, in nematode-
infected roots (Goellner et al. 2001; Karczmarek et a. 2008). Seven of the 25
members of the Arabidopsis EGase gene family are up-regulated in syncytia
induced by the beet cyst nematode. Two of these family members, AtCEL2 and
AtKORS, are exclusively expressed in shoot tissues during normal plant growth and
development but are strongly up-regulated in developing syncytia. A reduction in
female development on cel2 and kor 3 mutants indicates that these two EGases play
an important role in nematode feeding site formation. Similarly, growth and devel-
opment of potato cyst nematodes was severely hampered on potato (Solanum
tuberosum) plants silenced for SCEL7 or SCELIC1 (Karczmarek et a. 2008). An
Arabidopsis pectin acetylesterase (PAE) gene was also shown to be up-regulated in
initiating giant-cells, syncytia, and cells surrounding the nematode (Vercauteren
et a. 2002). The level of PAE declined in giant-cells at later time-points but was
still detectable in parenchyma, endodermis, and pericycle cells of the root gall.
PAEs catalyze the deacetylation of esterified pectin thereby increasing the acces-
sibility of pectin to degrading enzymes. The expression of the same EGase and PAE
genes in both types of feeding cells suggests that similar mechanisms for cell
growth involving loosening of the primary cell wall and middle lamella contributes
to their formation. On the other hand, distinct expression of individual gene family
membersin either giant-cells or syncytia may contribute to observed differencesin
the extent of cell wall dissolution for each cell type. This is true for the promoter
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of the Arabidopsis elongation-specific EGase gene, AtCel1, which was shown to be
expressed in developing giant-cells but not syncytia (Mitchum et al. 2004,
Wieczorek et al. 2008), suggesting that this EGase plays a unique role in giant-cell
formation.

More recently, the differential expression of plant expansins has been observed
in cyst and root-knot nematode infected roots (Gal et a. 2005; Jammes et a. 2005;
Puthoff et al. 2003; Wieczorek et al. 2006). Expansins are cell-wall loosening pro-
teins that function by disrupting noncovalent bonds between cellulose and hemicel-
lulose polymers to assist in the elongation and expansion of cell walls. In galls
induced by root-knot nematodes on tomato roots, LeEXPAS transcript was detected
in gall cells surrounding the giant-cells, but not within giant-cells at either 4 or 10
dai (Gd et a. 2005). The use of an antisense construct to disrupt expansin expression
in tomato roots resulted in reduced galling upon infection by root-knot nematodes
suggesting that expansins play an important role in gall formation. Similarly, an
Arabidopsis gene expression profiling experiment comparing gall tissue to unin-
fected root tissues detected up-regulation of seven AtEXPA genes, two AtEXPB
genes, and two expansin-like (AtEXL) genes in developing galls (Jammes et al.
2005). It remains to be shown whether these expansins are specifically expressed
within developing giant-cells to contribute to their formation. On the contrary,
Wieczorek et al. (2006) have characterized the expression of the Arabidopsis o.- and
B-expansin gene families in cyst nematode-infected roots and demonstrated the
expression of severa different expansins within developing syncytia. Of the 26
member Arabidopsis o-expansin genefamily, nine members were up-regulated and two
members were down-regulated within developing syncytia. Of the three B-expansin
members tested, only AtEXPB3 was shown to be up-regulated in the syncytium.
Interestingly, two of the a-expansins (AtEXPA3 and AtEXPA16) up-regulated in the
syncytium were found to be shoot-specific. Similarly, laser-capture microdissection
coupled with microarray profiling has also identified the specific up-regulation of
seven soybean a-expansins (GmEXPA) in syncytiainduced by soybean-cyst nema-
tode (Ithal et al. 2007b).

More recent microarray analysesin Arabidopsis and soybean (Jammes et a. 2005;
Puthoff et al. 2003; Ithal et al. 2007a,b) have identified the differential regulation of
several additional classes of CWMPs, including xyloglucan endotransglycosylases
(XETSs), B-xylosidases, reversibly glycosylated polypeptides (RGPs), and pectate
lyases (see Li et al. 2008). From these studiesit is evident that feeding cell formation
isacomplex processthat likely requires the synergistic activity and coordinated regu-
lation of several different types of plant CWMPs, aswell asthe differential expression
of individual gene family members. Moreover, the processes that give rise to feeding
cells involve recruitment of plant genes that are not necessarily expressed in roots
during their growth and development. The regulation of genes encoding CWMPs
within developing feeding cells also appears to be conserved among diverse plant
species which is consistent with the idea that nematodes interfere with fundamental
aspects of plant development. Conserved activity of tobacco EGase promoters in
nematode feeding sites induced in Arabidopsis, tomato, and soybean supports this
idea(Mitchum et al. 2004; Wang et al. 2007). Phytohormones function askey regulators
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of plant hydrolytic enzymes and the altered phytohormone balance within devel oping
feeding cells (see Sect. 9) may trigger adevelopmental cascade leading to the control-
led regulation of genes encoding CWMPs. Future exploitation of genomic informa-
tion for the detailed characterization of entire gene families will aid in determining
subsets of gene family members that are either specifically expressed or suppressed
within feeding cells. This information can be compared to gene expression in other
tissues and developmental processesto provide important insight into their formation.
In addition, gene knock-out approaches will alow therole of individual family mem-
bers in feeding cell formation to be assessed.

6 Transport Routes of Nutrients and Water into NFS

Sedentary nematodes continuously withdraw nutrients from metabolically active
feeding sites as they develop. Therefore, these NFS represent major sinks for
metabolites such as sugars and amino acids imported from the phloem. This occurs
symplastically through plasmodesmata or apoplastically via transmembrane trans-
porter proteins. Plasmodesmata connecting the syncytium with neighboring cells
were assumed to be nonfunctional because of cell wall deposits, and this was sup-
ported by the fact that fluorescent dyes injected into syncytia were unable to move
into neighboring cells (Bockenhoff and Grundler 1994; Bockenhoff et al. 1996).
These data led to the widely accepted concept that transport from the phloem into
H. schachtii-induced syncytiais apoplastic, involving transmembrane transporters.
However, Hoth et a. (2005) challenged this concept by demonstrating the trafficking
of GFP from unloading phloem into syncytia. Recent grafting experiments, using
transgenic A. thaliana scions expressing GFP in the phloem along with wild-type
rootstocks, unequivocally confirmed the movement of GFP from the phloem into
syncytia and corroborated the existence of a symplastic route (Hofmann and
Grundler 2006; Hofmann et al. 2007). In tomato, nematode-induced galls are also
connected to the phloem by plasmodesmata (Dorhout et al. 1993).

Nevertheless, several studies have shown up-regulation of transporter proteinsin
NFS which would indicate the importance of an apoplastic route. A. thaliana genes
encoding sucrose transporters were expressed higher in NFS than in uninfected
roots [shown for AtSUC2 and AtSUC4 in syncytia (Hofmann et a. 2007) and for
AtSUCL1 in giant-cells (Hammes et al. 2005)]. The role of these transporters was
validated via competitive inhibition using maltose in the plant growth medium
which inhibits SUC activity. Nematode development was significantly reduced in
comparison to sucrose or glucose athough root growth was not affected (Hofmann
et al. 2007). A comprehensive microarray analysiswas performed on the expression
of 634 transport proteins represented in the Arabidopsis Membrane Protein Library;
30 were found to be up-regulated and 20 down-regulated at severa time-points
after infection with Meloidogyne (Hammes et al. 2005). Expression of different
members of a gene family is often divergently affected. Functional and protein
localization studies will be needed to determine the potential role of these transport-
ersin plant-nematode interactions.
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The current model for solute transport from the phloem into NFS (based on
syncytium research) takes into account both apoplastic and symplastic transport. In
initial feeding cells, plasmodesmatal connections with surrounding cells close in
response to the infecting nematode, except at sites of cell fusion. In the following
days, the turgor pressure increases in the syncytium, and increased expression of
transporter proteins facilitates nutrient supply from the phloem (at 7 dai 80% of the
studied syncytia are still symplastically isolated and thus dependent on transporter-
based solute import) (Hofmann et a. 2007). As syncytia approach their final stage
of expansion, plasmodesmata reopen (around 12 dai).

Sijmons et d. (1991) estimated that developing juveniles of H. schachtii with-
draw an amount of solute equivalent to four times the syncytial volume every 24 h
(Sijmons et a. 1991). The water necessary for replenishing this comes from the
xylem, with the invaginations of cell wall and plasma membrane facilitating this
drain. Genes encoding water channel proteins (aquaporins) are highly up-regulated
in NFSto support this massive water transport. For example, the TobRB7 gene from
tobacco isinduced in giant-cellsfrom 4 dai until 35 dai (Opperman et a. 1994), and
the corresponding gene in tomato was also shown to be highly up-regulated in giant-
cells (He et a. 2005). TobRB7 was not up-regulated in tobacco syncytia, but the
soybean aguaporin GmPIP2.2 showed a sevenfold enhanced expression in soybean
syncytiaformed by H. glycines (Klink et a. 2005). This apparent contradiction can
again be explained by dissimilar expression patterns of different genes from the
same family as clearly illustrated by two A. thaliana aguaporin genes. The expres-
sion of AtPIP2.5 wasinduced 17-fold in galls compared to control root tissue while
AtPIP2.6 was expressed at similar levelsin both tissues (Hammes et a. 2005).

7 Increased Metabolic Activity of NFS

Metabolic reprogramming is a key feature of nematode feeding cells. Consistent
with their role as nutrient sinks, elevated sugar levels and increased rates of
metabolism through the glycolytic and pentose phosphate pathways have been
observed in both syncytia and giant-cells. Early physiological studies detected
high levels of glucose-6-phosphate and 6-phosphogluconate dehydrogenase
(G6PDH) activity in histochemical preparations of nematode feeding cells (Endo
and Veech 1968), hinting at an increased flux through these pathways and the
simultaneous production of a wide array of intermediates for use in other meta-
bolic processes. Glucose-6-phosphate serves as a precursor for glycolysis and the
pentose phosphate pathway (PPP). In glycolysis, glucose is oxidized to pyruvic
acid, a process that generates energy in the form of ATP, NADH, and three-car-
bon and six-carbon intermediates for other biosynthetic pathways. G6PDH is the
first step in the oxidative pentose phosphate pathway catalyzing the conversion of
glucose-6-phosphate to 6-phosphogluconate. More recent molecular studies are
beginning to confirm some of these earlier observations. For example, an
Arabidopsis phosphoglycerate mutase/biphosphoglycerate mutase (PGM/bPGM)
gene was up-regulated early in both giant-cells and syncytia, and its expression
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increased during feeding cell development (Mazarei et al. 2003). PGM catalyzes
the reversible interconversion of 3-phosphoglycerate and 2-phosphoglycerate, a
key step in sugar metabolism during glycolysis. In addition, microarray analysis
of laser-captured syncytia induced in soybean identified the up-regulation of
genes encoding enzymes at each step of the glycolytic and PP pathways (Ithal et
a. 2007b). The PPP plays several rolesin plant metabolism. Cells utilize the PPP
to maintain a pool of reducing molecules in the form of NADPH to protect
against oxidative stress. During the nonoxidative phase of the PPP, carbohydrate
intermediates are produced. Carbohydrate intermediates such as ribose-5-phos-
phate serve as the building blocks of ribose and deoxyribose for the synthesis of
nucleic acids. Consistent with this, the promoter of a soybean phosphoribosyl-
formyl-glycinamidine (FGAM) synthase, an enzyme of the de novo purine bio-
synthetic pathway, was shown to be activated during syncytia formation
(Vaghchhipawala et al. 2004). Erythrose-4-phosphate, another product of the
PPP, serves as a precursor to the shikimate pathway for the production of plant
phenolic compounds including aromatic amino acids for protein and IAA synthe-
sis, flavonoids, alkaloids, lignin, and other secondary metabolites. An essential
role for the pentose phosphate pathway in feeding cell maintenance is supported
by a study of the Arabidopsis RPE gene. RPE encodes ribul ose-phosphate 3-epi-
merase (RPE), an enzyme that catalyzes the reversible conversion of ribulose-5-
phosphate and xylulose-5-phosphate. RPE is up-regulated in giant-cells and
during the late stages of syncytium development, suggesting increased flux
through the PPP (Favery et al. 1998). Mutations in RPE result in a lethal pheno-
type due to the inability of the plant to maintain sugar phosphate levels; however,
partial rescue can be established with exogenous sucrose to produce dwarf plants
with light green leaves and reduced root systems that eventually die. Upon root-
knot infection, rescued rpe dwarfs do not support gall development, highlighting
the importance of the PPP in this process. In contrast, cyst nematode devel opment
was not impaired on rpe mutants (Favery et al. 1998). Currently, there is not
enough data to explain the observed differences in the requirement of the PPP
pathway for giant-cell but not syncytia formation.

8 Signal Transduction Pathways and Transcription Factors

Transcription factors and protein kinases involved in signal transduction pathways
are crucial in cell differentiation processes. Those found to be up- or down-regu-
lated in NFS, therefore, merit particular attention. For example, Puthoff et al.
(2003) found genes encoding serine-threonine kinases, a calmodulin-related
protein and a calcium-dependent protein kinase to be down-regulated in cyst
nematode-infected roots of Arabidopsis thaliana. More recent microarray
analyses have added several genes potentially important in NFS signaling
(Jammes et al. 2005; Khan et al. 2004; Ithal et al. 2007b). Proteins encoded by
gene families are often involved in complex pathways; therefore, their specific
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roles in NFS formation are difficult to grasp without detailed functional stud-
ies. Some transcription factors, however, have been analyzed more thoroughly.
For example, the Mt-KNOX transcription factor is highly expressed in giant-
cells while its role in uninfected plants is to maintain meristem function and
develop lateral organs (Koltai et al. 2001). Disruption of auxin transport was
found to mimic KNOX over-expression, and a strict correlation between
KNOX expression and elevated cytokinin levels has been observed. The
importance of auxin and cytokinin in NFS development is discussed below.
KNOX expression isin turn regulated by the transcription factor PHAN, which
is also highly expressed in giant-cells (Koltai et al. 2001). Another transcrip-
tion factor highly expressed in both early giant-cellsand syncytiais AtWRKY23.
This gene is induced by auxin and is important for primary root development
and nematode infection (Grunewald et al. 2008; Gheysen, unpublished
results). Another transcription factor, AtABI3, is up-regulated in early syncy-
tiabut not giant-cells (De Meutter et al., 2005). ABI3 was originally identified
as a central signaling factor in desiccation during embryogenesis, but further
analyses have indicated an important role for this protein in cell differentiation
and meristem quiescence (Rohde et al. 2000). An EREBP-domain protein
(EREBP; ethylene-responsive element-binding protein) is a transcription
factor down-regulated in the compatible soybean—H. glycines interaction but up-
regulated in the incompatible interaction (Mazarei et al. 2002). Overexpression
of this transcription factor results in the up-regulation of several PR-proteins
suggesting that its down-regulation in the compatible interaction may interfere
with the plant defense response to facilitate successful nematode infection
(Mazarei et al. 2007).

The only plant receptor kinasesin the plant—nematode interaction that have been
studied in some detail are part of a remarkable common signal transduction path-
way for root-knot nematodes and rhizobial Nod factors in Lotus japonicus
(Weerasinghe et a. 2005). Root-knot nematodes invoke root-hair waviness and
branching in Lotus root hairs similar to the effect of Nod factors. Furthermore, the
ability of root-knot nematodes to establish feeding sites and reproduce was notably
reduced in mutant lines defective in the Nod factor receptor genes NFR1, NFR5,
and SYMRK (Table 1) (Weerasinghe et al. 2005).

9 Developmental Reprogramming for NFS Formation

Comparisons with better understood systems of plant cell differentiation and organ
formation may be helpful for our understanding of NFS development. It was pos-
tulated by Nutman (1948) that microbes can tap into plant developmental pathways
and, more specifically, that nodulation was related to lateral root formation. In addi-
tion, root-knot nematodes and endosymbiotic rhizobia induce similar structures
within plant roots (galls and nodules, respectively) and this has inspired studies
comparing gene expression between these two processes (reviewed in Davis and
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Mitchum 2005). The genes encoding the transcription factors PHAN and KNOX,
the early nodulin gene ENODA40, and the cell cycle gene CCSb2 are highly
expressed in nodules, giant-cells, and lateral root initials (Koltai et a. 2001).
Similarly, MtENOD11, encoding a cell wall proline-rich protein, is up-regulated by
Rhizobium and Meloidogyne infection (Boisson-Dernier et a. 2005). However, a
larger-scale comparison (Favery et a. 2002) revesled that similarities in gene
expression between nodules and galls may be limited. Only 2 of 192 genes
expressed in nodules in Medicago truncatula were up-regulated upon root-knot
nematode infection in their experimental set-up.

The correlation of genes expressed in NFS and initiation sites of lateral roots is
striking. In atagging experiment where 103 lines were first selected for their expres-
sion in NFS, 38% of these lines also displayed expression at the base of developing
latera roots (Barthels et a. 1997). Among those studied in more detail were Att0001
and Att0728 (Barthels et al. 1997) in which the AtWRKY23 and TIFY10a genes were
tagged, respectively. Thisformer gene encodesaWRKY transcription factor involved
in root development (Grunewald and Gheysen, unpublished results) while the latter
is a member of the JAZ protein family. The similarity in the expression pattern of
these genesis not only in their early expression in NFS (giant-cells and syncytia) but
also their up-regulation upon auxin treatment (Grunewald and Gheysen, unpublished
results). Other auxin-regulated genes involved in feeding cell formation include cell
cycle genes, expansins, and cell-wall hydrolyzing enzymes.

Auxin has long been suspected to play a central role in NFS formation. Auxin
also seemsto be a common factor in root developmental events such as lateral root
initiation, symbiotic nodules, root-knot galls, and syncytia (Mathesius 2003).
Many of the cellular changes occurring when nematodes become sedentary can be
partially mimicked by application of indole-3-acetic acid (IAA), i.e., endoredupli-
cation (Valente et al. 1998), acytokinetic mitosis (Naylor et a. 1954), cell enlarge-
ment (Jones et al. 1998), cell-wall breakdown (Fan and Maclachlan 1967), and
lateral root formation (Torrey 1950). Resistant peach rootstocks are susceptible to
M. javanica following auxin treatment (Kochba and Samish 1971), and the auxin-
insensitive tomato mutant diageotropica is resistant to M. incognita (Richardson
and Price 1984). Ever since, evidence for the role of auxin in NFS formation has
continuously accumulated. The auxin-responsive promoter GH3 is rapidly and
transiently activated in initiating rhizobial nodules and during root gall initiation
by Meloidogyne in white clover (Hutangura et al. 1999). Auxin appeared to
accumulate basipetal (above) and was reduced acropetal (below) to the forming
gall, indicating a block in auxin transport at the infection site. DR5 is an artificial
promoter with auxin-responsive elements derived from the GH3 promoter and it is
often used as a sensitive and specific indicator of the presence of auxin in plant
tissues. Strong and local DR5::GUS activation was visible in A. thaliana roots
infected by M. incognita or H. schachtii (Karczmarek et a. 2004) at 18 h after
infection (the earliest tested time-point). Although the possible secretion of auxin-
like compounds by the nematode or increased plant auxin biosynthesis or sensitiv-
ity cannot be excluded, the most likely explanation is an accumulation of auxin
due to disruption of polar auxin transport. Hutangura et a. (1999) demonstrated a
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local accumulation of intracellular flavonoids in initiating root galls of white clo-
ver rootsinfected by M. javanica. Several flavonoids are known to be potent auxin
transport inhibitors. Disturbance of auxin gradients in the plant medium by addi-
tion of N-(1-naphtyl)phtalamic acid (NPA), a polar auxin transport inhibitor,
results in abnormal feeding cells, and auxin-insensitive mutants hardly support
cyst nematode reproduction (Goverse et a. 2000) (Table 1). These experiments
demonstrate that auxin is an essential plant hormone for successful root-knot and
cyst nematode infection.

For cytokinins, on the other hand, there is only support for arole in root-knot
nematode infection. High cytokinin levels, either endogenous or applied, correlate
with plant susceptibility to root-knot nematodes, and biologically active cytoki-
nins have been shown to be produced by Mel oidogyne spp. (Bird and L oveys 1980;
De Meutter et al. 2003; Dropkin et al. 1969; Kochba and Samish 1971; Kochba
and Samish 1972). The cytokinin-responsive promoter ARRS is up-regulated in
young galls induced by M. incognita, at the base of lateral root primordia and in
rhizobial-induced nodule primordia (Lohar et a. 2004), again illustrating similari-
ties between these processes. Nevertheless, in roots expressing cytokinin oxidase
(causing a decrease in cytokinin levels), lateral root formation is greater while the
numbers of both nodules and galls are decreased compared to wild-type roots
(Lohar et al. 2004).

A third plant hormone which has emerged as a player in plant—cyst nematode
interactionsis ethylene. A. thaliana ethylene-insensitive mutants are less susceptible
to H. schachtii compared to wild-type plants (Table 1) (Wubben et a. 2001), while eth-
ylene-overproducing A. thaliana mutants attract more juveniles and result in larger
syncytia and females (Table 1) (Goverse et a. 2000). Enhanced syncytia cell wall
dissolution and expansion in the latter mutants suggests that ethylene-induced cell
wall degradation is involved in syncytium formation (Goverse et a. 2000). More
recent experiments on a different mutant with increased ethylene susceptibility and
hypersusceptibility to H. schachtii confirms the importance of ethylene for cyst nema-
tode infection (Table 1) (Wubben et al. 2004).

Concerning the hormones that have a distinguished role in plant defense signal-
ing after pathogen or insect attack, namely salicylic acid (SA) and jasmonic acid
(JA), conflicting results have apparently been obtained (Bhattarai et al. 2008;
Cooper et a. 2005; Wubben et al. 2008). More research is certainly needed to
understand the role of these hormones in plant—nematode interactions.

10 [Initiation of NFS

The identification of the nematode signal(s) triggering NFS development also
promises to provide new opportunities for unraveling the infection process. In con-
trast to nodulation by Rhizobia, where Nod-factors are the key moleculesin nodule
initiation, the nematode almost certainly uses a medley of different enzymatic and
regulatory molecules for establishing a successful parasitic interaction. At least,
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thisis what can be deduced from the variety of proteins that are secreted from the
esophageal glands into the plant roots (De Meutter et al. 2001; Gao et al. 2003;
Huang et al. 2003a; Jaubert et al. 2002). For more details, see Davis et a. (2008);
however, we will discuss several “parasitism proteins’ to illustrate the range of pos-
sibilities for their role in NFS formation.

Cyst nematodes and root-knot nematodes both secrete chorismate mutases
(Jones et a. 2003; Lambert et al. 1999). Chorismate mutase converts chorismate to
prephenate in the shikimate pathway. Compounds derived from chorismate include
auxin and salicylic acid, while avariety of secondary metabolites are derived from
prephenate, including flavonoids which can act as auxin transport inhibitors. It is
not known whether this nematode-secreted enzymeinterferes with auxin biosynthe-
sis or transport, plant defense, or other metabolic processes of host cells.

Nematode-secreted peptides increasingly demand attention as possible actorsin
NFS establishment. A secreted peptide from H. glycines containing a conserved
CLAVATASZ/ESR (CLE) motif characteristic of plant CLE peptides (Olsen and
Skriver 2003) was shown to partialy rescue the A. thaliana clv3-1 mutant pheno-
type, and its expression in wild-type plants caused a wuschel-like phenotype typical
for CLV 3 overexpression (Wang et al. 2005). These results suggest that cyst nematode-
secreted CLE peptides may function as ligand mimics of host plant CLEs for the
redifferentiation of root cells for syncytium formation (reviewed in Mitchum et al.
2008). A secreted peptide from Meloidogyne incognita that is essential for parasit-
ism (Huang et al. 2006b) may also interfere with root cell differentiation for giant-
cell formation because it has been shown to interact with the SAW domain of SCL6
and SCL 21, two Scarecrow-Like (SCL) transcription factors (Huang et al. 2006a)
which belong to the GRAS protein family (Bolle 2004). Although the functions
of SCL6 and SCL21 are unknown, several other members of the GRAS protein
family have been shown to play important rolesin plant development and signaling
(Bolle 2004).

The ubiquitination pathway plays a prominent role in many plant regulatory
pathways: as part of hormone signaling, for cell cycle regulation, during rhizobial
nodulation, and pathogen infection (Zeng et al. 2006). There is mounting evi-
dence that cyst nematodes exploit the host ubiquitination pathway in order to
manipulate the plant response. Several cyst nematodes secrete an ubiquitin-
extension protein from their dorsal gland cells (Tytgat et al. 2004). Other proteins
similar to those involved in ubiquitination pathways are also expressed in their
dorsal gland including S-phase kinase associated proteins (Skp-1) and RING-H2
proteins, which are subunits of the complex that transfers ubiquitin tags to target
proteins (Gao et a. 2003). Although understanding the role of the ubiquitination
pathway in syncytium development still requires more research, it isintriguing to
note that changes in ubiquitination pathways can affect cell cycle regulation in
some organisms and give rise to cells that go through multiple S phases with no
intervening mitosis (Lammer et a. 1998). This results in hypertrophic nuclei
similar to those found in syncytia.
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11 Conclusions

The mechanisms used by phytonematodes to redifferentiate plant cells into mor-
phologically distinct cell types with ontogenies unique to each plant—nematode
combination have long fascinated researchers. Although our knowledge of the com-
plex molecular mechanisms underlying feeding site formation still remains frag-
mentary, substantial progress to characterize gene expression in these cells over the
last decade has established the framework necessary to begin to unravel the genetic
networks directly involved in their formation. Despite the fact that significant
progress has been made in cataloguing plant and nematode genes involved in the
compatible interaction, the ultimate question of how sedentary nematodes trigger
feeding site development remains a puzzle with many missing pieces. Thus, an
exciting and challenging road lies ahead and promises to unveil new molecular
insights into our understanding of nematode feeding sites.
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Resistant Plant Responses
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Abstract Resistance to nematodes takes place at different functional and morpho-
logical levels. Thefirst level of resistance is the so-called pre-infectional resistance
and occurs before the nematode has had a chance to enter the plant. Against patho-
gens that can overcome this first level of resistance, plants have evolved a second
level of basic resistance, called nonhost immunity. The nonhost immune system has
many similaritiesto the innate immune system of animals. Host resistance, however,
is only effective against particular (sub)populations of the pathogen, mostly within
a species. ldentification of genes underlying quantitative and qualitative nematode
disease resistance is the first step to increase our knowledge of the different resist-
ance gene mechanisms. Ultimately, understanding the mechanisms underlying the
co-evolution between host plant resistance and nematode (a)virulenceis essential for
the development of durable crop protection strategies.

1 Introduction

Plants are constantly under attack from a wide range of pathogens and pests
including bacteria, viruses, fungi, oomycetes, insects, and nematodes. Fortunately,
the majority of plant—pathogen interactions are incompatible due to the failure of
the pathogen to localize a potential host plant or to recruit the appropriate battery
of modifying enzymes needed for parasitism. In addition, co-evolution between
plants and pathogens resulted in the development of an immune system which, in
contrast to animals that have both an adaptive and an innate immune system, is
completely innate (Zipfel and Felix 2005). This defense system is composed of
overlapping layersincluding nonhost immunity (e.g. specific recognition of nonspecific
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pathogen-derived components), host resistance, which is only effective against a
specific pathogen race or population, and induced systemic resistance (ISR).

The development of molecular techniques has made it possible to gradually
uncover the mechanisms underlying the different layers of disease resistance in
plants. In the last decade an increasing number of defense-related genes involved
in resistance to various pathogens have been isolated from different plant species,
and several elicitors of defense responses were identified from a wide range of
pathogens (reviewed by Bonas and Lahaye 2002). However, the molecular mech-
anisms underlying resistant plant responses to parasitic nematodes are still
largely unknown.

Cyst and root-knot nematodes are major pathogens of a number of agronomically
important crops such as cereal's, soybean, potato, tomato, and sugar beet. The lack
of natural enemies and the shortage of adequate resistance genes in crop plants
are factors that underlie the very substantial damage caused by these organisms.
The estimated worldwide losses caused by plant-parasitic nematodes are about
US $ 125 billion annually (Chitwood 2003). One way to control them is the use
of nematode resistant cultivars. To that end a broad range of resistances to either
cyst or root-knot nematode species has been identified over the years in several
crop species in order to develop durable crop protection strategies (Williamson
and Hussey 1996; Williamson 1998; Jung and Wyss 1999; Williamson 1999;
Bakker 2002).

To date, five genes conferring resistance to cyst and root-knot nematodes have
been isolated from beet (Cai et a. 1997), potato (Van der Vossen et al. 2000; Paal
et a. 2004), and tomato (Milligan et al. 1998; Vos et a. 1998; Ernst et a. 2002),
which alow structural and functional analyses to unravel their role in nematode
recognition and the activation of a disease resistance response. The corresponding
nematode-derived dlicitors, however, are not yet identified. Many aspects of disease
resistance signaling in response to plant-parasitic nematodes are thought to resemble
the mechanisms underlying the defense responses to other plant pathogens, which
are often better characterized. Therefore, the aim of this chapter is not only to
present acomprehensive overview of the molecular genetic aspectsinvolved in plant
resistance responses to cyst and root-knot nematodes, but aso to place this in the
context of what is currently known in the field of disease resistance in general.

2 PreInfectional Resistance

Before a pre-parasitic juvenile from cyst and root-knot nematodes is able to
parasitize a plant species, it has to hatch from the egg, become attracted to the
plant roots and penetrate the plant tissue. If the infective juvenile is blocked at
any of these stages, the plant apparently is not a suitable host for this particular
nematode and therefore de facto resistant. Because this resistance occurs before
the pre-parasitic nematode has had a chance to enter the plant, we will refer to
this type of resistance as pre-infectional resistance.
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Egos of sedentary endoparasitic nematodes hatch under the influence of plant
components released by the plant into the soil. In 1953, Jones and Windlow noticed
that pre-parasitic juveniles from best, potato, and carrot cyst nematodes hatch when
soaked inroot diffusates of their respective hosts but not when soaked in root diffusates
of nonhosts. However, sometimes infective juveniles do hatch in the presence of
certain plant species that cannot be successfully parasitized by the nematode.
Apparently, nematode infection isthen blocked at alater stage of the infection process.
Such phenomena can be of great agronomical value because these plants can be used
as so-called trap crops to reduce the number of cysts in the soil. For instance, the
density of cysts from the soybean cyst nematode Heterodera glycines was reduced
between 70 and 90% after cultivation of the nonhost species Crotalaria juncea and
C. spectabiliswhen compared to fallow (Kushidaet al. 2003). Interestingly, it was also
noticed that the number of juveniles entering the C. juncea and C. spectabilisroots did
not differ significantly from those entering the susceptible soybean roots.

Plant cells are protected by the presence of arigid cell wall to ward off foreign
invaders. However, based on severa studies regarding nematode infection of resist-
ant and susceptible cultivars aswell ashost and nonhost plants (reviewed by Kaplan and
Keen 1980) it can be concluded that nematodes freely penetrate roots of host and non-
host aike and that these mechanical barriers rarely appear to be effective against
plant-parasitic nematodes. The presence of a typical robust hollow spear (stylet)
located in the head region of the nematode enables the nematode to overcome this
major barrier. The action of stylet thrusting combined with the release of cell-wall
degrading enzymes via this stylet facilitate the penetration of the root and subse-
quent migration of endoparasitic nematodes to the appropriate feeding site (for
details see Chap. 2 on parasitism genes and the review by Davis et al. 2004).

In some cases, plants can prevent nematode invasion with a chemical barrier by
releasing naturally occurring nematicides or repellants. For instance, the ornamen-
tal grass species Eragrostis curvula has a high concentration of pyrocatechol in its
roots, preventing Meloidogyne species from entering (Scheffer et a. 1962) and
cucumbers harboring the dominant Bi (bitter) locus attract far fewer M. incognita
juveniles than near isogenic cucumbers that lack this locus (Da Costa 1971)

3 Nonhost Immunity to Nematodes

Against pathogens that can overcome constitutive barriers as mentioned in the
previous section, plants evolved a so-called nonhost immune system that has many
similarities to the innate immune system of animals (Zipfel and Felix 2005). This
type of resistance is based on the recognition of nonspecific factors, which can be
wound- and injury-related structuresindirectly derived from pathogens upon infec-
tion (Matzinger 2002) or pathogen-associated molecular patterns (PAMPs) directly
derived from pathogens themselves (Janeway Jr and Medzhitov 2002). PAMPs
have to be functionally important components because they are shared between all
members of a certain pathogen group (Chisholm et a. 2006). To date, a hnumber of
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PAMPs have been identified including flagellin from bacteria, and xylanase and
chitin from fungi (reviewed by Nurnberger and Lipka 2005).

Currently, two plant receptors have been identified that are involved in the
recognition of nonspecific elicitors, i.e. FLS2 from A. thaliana, which recognizes
flagellin (Gomez-Gomez and Boller 2000) and LeEIX from tomato, which rec-
ognizes xylanase (Ron and Avni 2004). Interestingly, FL S2 consists of a protein-
kinase, a trans-membrane domain, and an extracellular leucine-rich repeat and
thereby resembles the XA21 protein from rice that confers host-specific resist-
ance to Xanthomonas oryzae (Song et al. 1995). The LeEIX receptor also has a
trans-membrane domain and an extracellular leucine-rich repeat but lacks the
protein-kinase. This receptor structurally resembles the tomato race-specific
resistance proteins Cf-2, Cf-4, Cf-5, and Cf-9 that are protective against
Cladosporium fulvum (Jones et al. 1994; Dixon et al. 1996, 1998; Thomas 1997).
These findings contribute to the assumption that similar pathways are induced in
nonhost immunity and host-specific resistance, which is supported by the activa-
tion of a mutual defense cascade involving Mitogen-Activated Protein Kinases
(MAPKS) (Zhang and Klessig 2001).

Nonhost immunity in plants manifestsitself by local changes and enforcement
of the plant’s basal defense system due to the enhanced production of various
defense compounds like waxes, cutin, suberin, lignin, and callose, or the pro-
duction of oxidative reaction elements like reactive oxygen species (ROS), free
radicals, and peroxidases (Kawalleck et al. 1995). In response to nematode
infection, plants were shown to reinforce the cell wall by depositing callose at
the site of stylet penetration (Grundler et al. 1997). Additionally, the protease
inhibitor LeMir was found to be induced early in the interaction between root-
knot nematodes and tomato as well as after wounding of the roots. LeMir shows
similarity to the soybean trypsin-inhibitor family and can be secreted outside
the roots, which suggest its interaction with soil-born microorganisms like
nematodes (Brenner et al. 1998).

In several studies, oxidative defense responses to nematodes were shown. Upon
infection of the nonhost Arabidopsis thaliana with the soybean cyst nematode
H. glycines, alocal cell death response was observed (Grundler et a. 1997) and
the production ROS found (Waetzig et al. 1999). An induction of ascorbate free
radical (AFR) reductase was shown to occur during the incompatible interaction
between tomato and root-knot nematodes as well as after wounding (Lambert
et al. 1999). In the same study the up-regulation of genes with a similarity to a
wide variety of peroxidases was found.

These results suggest the induction of a nonhost immune response upon cyst and
root-knot nematode infection, athough nothing is known yet about potential factors
that could be recognized by the plant. Considering the fact that nematodes use a
whole battery of plant cell-wall degrading enzymes to facilitate penetration of and
migration through the root, it could be proposed that plant-derived components
resulting from cell wall degradation play arole as elicitors in nonhost immunity to
nematodes.
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4 Host-Specific Disease Resistance to Nematodes

4.1 Quantitative and Qualitative Disease Resistance

In contrast to nonhost immunity, host resistance is only effective against particu-
lar subpopulations of the pathogen, usually within a species. Host-specific
resistance is called gene-for-gene resistance if it requires the presence of both a
race-specific avirulence (Avr) gene in the pathogen and a corresponding cultivar-
specific single dominant resistance (R) gene in the host plant (Flor 1942). The
biochemical interpretation of this concept is a receptor—igand model in which
plants activate a defense mechanism upon R protein-mediated recognition of a
pathogen-derived AVR product (Van Der Biezen and Jones 1998). Although
several pairs of cognate R and Avr genes are identified, direct interaction could
only be proven in four cases (Jia et al. 2000; Deslandes L et al. 2003; Dodds et
al. 2006; Ueda et al. 2006). Alternatively, other plant components were shown
to interact with avirulence proteins (reviewed in Bogdanove 2002) supporting
the so-called guard model (Dangl and Jones 2001) in which AVR protein-
induced modifications of host products are recognized by R proteins that
“guard” these host products.

Not all cases of host-specific resistance comply with either the gene-for-gene or
the guard model. It is possible that intermediate resistant phenotypes occur which
can be an indication that resistance is controlled by multiple resistance loci. These
resistance phenotypes tend to be measured quantitatively, so they are known as
guantitative resistance characters, and the genetic loci associated with them are
called quantitative trait loci (QTL). Structure and function of the proteins encoded
by QTL are unknown, but quantitative resistance is assumed to be more durable
than resistance conferred by a single R gene (Parlevliet 2002).

R gene-mediated resistance has several attractive features for disease control.
In many cases, a single R gene can provide complete resistance to a particular
population, strain, or certain species of pathogen when present in an otherwise
susceptible plant. Monogenic resistances are desirable for breeding purposes
because of their simplicity in being introgressed. The plant responseisalso usually
very fast and local, which restricts the collateral damages in the plant caused by a
pathogen infection. Unfortunately, in many plant—pathogen interactions, this type
of resistance can be broken down relatively fast due to alterations in the coevolv-
ing pathogen.

Plant breeders were using disease resistance genes to control plant disease long
before they were identified and analyzed. Over the years, various nematode resist-
ances have been mapped and some of the underlying R genes have now been cloned
(Table 1). This work has been extensively reviewed (Williamson 1999; Bakker
et al. 2006; Williamson and Kumar 2006) and therefore, we will only focus on new
reports on cyst and root-knot nematode resistance in major crops that have appeared
since the last review paper.



Table1 Overview of loci that confer resistance to root-knot and cyst nematodes in major crop species

Gene Pathogen SD2or QTL®  Origin Crop Cloned Chromo-some References

Grol.4 Globodera rostochiensis QTL Solanum spegazzinnii Potato no I Kreike et al. (1996)

H1 G. rostochiensis SD S. tuberosum ssp. andigena  Potato No \% Kreike et a. (1993), Pineda et al. (1993),
Bakker et a. (2004)

GroVI G. rostochiensis SD S vernei Potato No \% Jacobs et al. (1996)

Grol G. rostochiensis SD S. spegazzinnii Potato Yes VII Barone et al. (1990) Ballvoraet al. (1995),
Paal et al. (2004)

Grol.2 G. rostochiensis QTL S spegazzinnii Potato No X Kreike et al. (1996)

Grol.3 G. rostochiensis QTL S. spegazzinnii Potato No Xl Kreike et al. (1996)

Hero A G. rostochiensis SD Lycopersicon pimpernel- Tomato  Yes 11 Ganal et a. 1995; Ernst et a. (2002)

lifolium

Grpl G. pal/G. ros QTL Solanum spp.c Potato No \% Rouppe Van Der Voort et a. (1998)

Gpa G. pallida QTL S. spegazzinnii Potato no \% Kreike et al. (1994)

Gpa2 G. pallida SD S tuberosum ssp. andigena  Potato Yes X1 Rouppe Van Der Voort et d. (1997), Van der
Vossen et d. (2000)

Gpa3 G. pallida SD S tarijense Potato No Xl Wolters et a. (1998)

Gpad G. pallida QTL S tuberosum ssp. tuberosum  Potato No v Bradshaw et a. (1998), reviewed by
Gebhardt and Valkonen (2001)

Gpab G. pallida QTL Solanum spp.c Potato No \% Rouppe van der Voort et a. (2000)

Gpab G. pallida QTL Solanum spp.c Potato No IX Rouppe van der Voort et al. (2000)

GpaVSspl G. pallida QTL S. sparsipilum Potato No \% Caromel et al. (2005)

GpaXISspl G. pallida QTL S sparsipilum Potato No XI Caromel et al. (2005)

GpaM1 G. pallida QTL S spegazzinnii Potato No \% Caromel et al. (2003)

GpaM2 G. pallida QTL S. spegazzinnii Potato No VI Caromel et al. (2003)

GpaM3 G. pallida QTL S. spegazzinnii Potato No X1 Caromel et al. (2003)

Rmcl Meloidogyne chitwoodi ~ SD S bulbocastanum Potato No Xl Brown et al. (1996), Rouppe Van Der Voort
et al. (1999)

RMc1-hou M. chitwoodi SD S hougasi Potato No XI Draaistra (2006)

RMcl-fen M. chitwoodi/M. fallax ~ SD Sfendleri Potato No Xl Draaistra (2006)

MfaXIll spl. M. fallax Major QTL S. sparsipilum Potato No X1l Kouassi et al. (2006)

RMf-chc M. fallax QTL S. chacoense Potato No ? Draaistra (2006)

RMh-chcA, M. hapla QTL S chacoense Potato No ? Draaistra (2006)

RMh-chcB
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Draaistra (2006)

Yaghoobi et al. (1995), Yaghoobi et a.
(2005)

Aarts et d. (1998), Milligan et . (1998), Vos
et a. (1998)

Veremis et al. (1999)

Ammirgju et a. (2003)

Lorieux et al. (2003)

Concibido et a. (1997), Ruben et a. (2006)
Meksem et al. (2001a)

Lange et al. (1993; Cai et a. (1997)

Lange et al. (1993)

Kleine et a. (1998)

Kleine et al. (1998)

Lange et al. (1993)

Kleine et a. (1998)

Barr et a. (1998)

Kretschmer et al. (1997)

Barr et a. (1998)

Barr et al. (1998)

De Majnik et al. (2003)

Eastwood et a. (1994), De Majnik et al.
(2003)

Jahier et d. (2001)

Ogbonnaya et al. (2001)

Paull et al. (1998)

Asiedu et al. (1990)

aSD = single dominant R gene
bQTL = quantitative trait locus

‘Mapped in (tetraploid) clonethat is an interspecific hybrid between S. tuberosum and severa wild potato speciesincluding S. vernei, S. vernei ssp. ballsii, S. oplocense, and
S tuberosum ssp. andigena
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Recently, the first nematode resistance gene was found in rice. The mapping of
genesand QTL for nematode resistance in rice was initiated with the recent discov-
ery of anatural source of resistance against the cyst nematode Heterodera sacchari,
which is harmful for sugar cane and rice, in the African Oryza spp. germplasm
(Lorieux et al. 2003). By means of linkage mapping, using segregating popul ations
derived from O. sativa and O. glabberrima, the Hsa-1°9 was mapped to chromo-
some 11 in rice. Hsa-1°¢ is a major gene controlling the resistance to H. sacchari
and exhibits codominant inheritance.

In potato, five additional QTL have been identified against different populations
of the potato cyst nematode Globodera pallida. Three QTL named GpaM1,
GpaM2, and GpaM3 were found in the wild potato species Solanum spegazzinnii
and mapped on chromosome V, VI, and XII, respectively (Caromel et al. 2003).
These three could explain about 72% of the total variation. Moreover, two QTL
originating from the wild species S. sparsipilum, namely GpaVespl and GpaXlsspl,
were proven to explain 89% of phenotypic variation and mapped to chromosome V
(major effect) and chromosome XI (minor effect) (Caromel et al. 2005).

Several resistance loci against root-knot nematode populations that represent an
asexual mode of reproduction, and are therefore less variable than populations in
outcrossing species, have been found in potato and proven to follow a quantitative
mode of action. Three QTL encoding resistance to Meloidogyne fallax (R, ) ahd
M. hapla (R, A R,...B) were mapped in an S. chacoense hybrid (Draaistra
2006). However, dueto thelarge differencesin AFL P patterns between S. chacoense
and S tuberosum, the identification of the linkage group could not be established.
Another quantitative resistance locus against M. hapla was mapped in an S tari-
jense hybrid (Draaistra 2006). R, ... could be placed on the distal end of the short
arm of chromosome V1. In addition, thetwo single dominantloci R, , . adR, .
derived from S. hougasi and S. fendleri, respectively, were mapped on chromosome
XI (Draaistra 2006). They underlie resistance against M. chitwoodi, but interest-
ingly, R, ., Was aso proven to be effective against M. fallax.

In soybean, the digenic resistance to the soybean cyst nematode Heterodera
glycinesiscontrolled by two loci Rhgl and Rhg 4, which map on the linkage groups
G and A2, respectively (Meksem et a. 2001a). Recently, an integrated physical and
genetic map of the 0.2-cM interval that encompasses the Rhgl locus was con-
structed and the molecular characterization of the protein encoded by a candidate
resistance gene was described (Ruben et al. 2006).

4.2 ldentification and Characterization of Nematode R Genes

R genes encode for proteins with a modular structure and they can be classified in
different groups based on the specific combination of functional domains of which
they are composed (Fig. 1). The mgjority of R genes belong to the super family of
nucleotide-binding (NB) — leucine-rich repeat (LRR) genes (Ellis and Jones 1998;
Meyers et a. 1999). This class of genesis very abundantly present in plant species
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Fig. 1 Schematic drawing of the modular structure and the predicted localization of different
types of disease resistance genes. The products encoded by the nematode resistance genes Mi-1,
Hero, Gpa2, Grol, and Hslpro-1 as well as the bacterial resistance gene Pto are located in the
cytoplasm, while the Cf and Xa21 gene products have an extracellular LRR domain asthey contain
a transmembrane domain

and encodes large proteins ranging from 860 to about 1,900 amino-acids. In
Arabidopsis, it is estimated that at least 200 different NB-LRR genes exist compro-
mising up to 1% of the genome (Meyerset a. 1999). On the basis of the N-terminal
part, the NB-LRR proteins can be further subdivided into two classes containing
either a coiled-coil (CC) domain or a Toll-Interleukin receptor (TIR) homology
domain. The CC-NB-LRR proteins are present in both monocots and dicots,
whereas monocots are lacking the TIR-NB-LRR proteins. A current overview of
plant R protein structure and function can be found in the review written by McHale
et a. (2006).

In 1997, the first nematode resistance gene was cloned from sugar beet by Cai
et al. (1997). The gene Hsl1P! confers resistance to the beet cyst nematode
Heterodera schachtii. Sequence comparison revealed that it encodes an R protein,
which shows no homology with any known R gene athough it contains an atypical
LRR domain of only 146 amino acids and a putative transmembrane domain.
Investigation of gene expression patterns under biotic and abiotic stresses by means
of apromoter: reporter gene fusion showed that Hs1P°! is up-regulated only during
the incompatible plant—-nematode interaction and its promoter activates a feeding
site-specific gene expression pattern (Thurau et al. 2003).

The identification and characterization of four other nematode resistance genes
(Mi-1, Gpa2, Hero, Grol) from potato and tomato showed that they do belong to
the super family of NB-LRR resistance genes. Grol distinguishes itself from the
other three by having a TIR domain, whereas the others have a CC domain. Despite
the structural similarities, some differences in function do occur. The two genes
identified in potato, Gpa2 (Van der Vossen et al. 2000) and Grol (Paal et al. 2004),
confer resistance against specific populations of the potato cyst nematodes G. pallida
and G. rostochiensis, respectively: whereas the tomato gene Hero (Ernst et al. 2002)
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recognizes a broad spectrum of potato cyst nematode species and populations.
It confers resistance to al economically important pathotypes of both G. rosto-
chiensis and G. pallida (Sobczak et a. 2005). A similar broad spectrum resistance
is mediated by the tomato gene Mi-1 (Milligan et a. 1998; Vos et al. 1998), which
is effective against the three major root-knot nematode species: M. incognita,
M. javanica, and M. arenaria. Additionally, the Mi-1 gene confers resistance to
piercing/sucking insects, i.e. the potato aphid Macrosiphum euphorbiae (Vos et a.
1998) and the whitefly Bemisia tabaci (Nombela et al. 2003), which suggests multiple
recognition specificities.

Interestingly, both the Mi-1 protein and the HERO protein harbor an unusual
N-termina domain. Although in both proteins two CC regions are predicted
(Williamson et al. 2000; Ernst et al. 2002), the two domains do not show any sig-
nificant sequence or structural similarity (Ernst et a. 2002). The N-terminal domain
of Mi-1 resembles that of the late blight resistance protein Rpi-blb2 (Van der
Vossen et a. 2005), which is positioned in a homologues region in potato and has
an overall amino acid identity of 82%. Apart from that, like the N-terminal domain
of HERO, it has no significant similarity to other sequences. Interestingly, prelimi-
nary datafrom sequence analysis of the H1 locusin potato, conferring resistance to
the potato cyst nematode G. rostochiensis, revealed the presence of resistance gene
candidates with a similar N-terminal domain (amino acid homology with both
Mi-1 and Rpi-blb2 is around 50%) (Tomczak et al., unpublished data).

Recently, an R gene candidate gene was identified in soybean at the Rhgl locus,
which is involved in resistance against the soybean cyst nematode H. glycines
(Ruben et al. 2006). Sequence comparison revealed that this putative resistance
gene belongs to a distinct class of R genes consisting of three functional domains
including an LRR domain composed of 12 extracellular repeats, a trans-membrane
domain, and a kinase domain. The encoding protein shows high homology to
the bacterial resistance gene Xa21 from rice and an Arabidopsis receptor-like
kinase gene family.

4.3 Activation of R Gene-Mediated Nematode Resistance

Mapping and cloning of R genes conferring resistance to endoparasitic nematodes
isamajor contribution to the elucidation of the genetic and molecular mechanisms
underlying nematode resistance. Resistance to cyst and root-knot nematodes is
characterized by an arrest in feeding cell induction and development often as the
result of alocal hypersensitive response (HR) at theinfection site. TheHR isaform
of programmed cell death (Greenberg 1997; Morel and Dangl 1997; Pontier et a.
1998), and shares several features with apoptosis in mammalian cells (Lamb and
Dixon 1997; Mittler et a. 1997). A number of nematode-resistance phenotypes
have been described for both cyst and root-knot nematodes (Bakker et al. 2006).
Responses range from the complete abolishment of nematode development when
the establishment of the feeding site is arrested in an early stage of infection, to a
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significant reduction of the number of fully developed adult females and cysts when
feeding cell development is blocked in alater stage. The structure and histology of
feeding cell formation in resistant plants is extensively described for root-knot
nematodes in Chap. 5 and for cyst nematodes in Chap. 6.

The modular structure of the encoding R proteins allows the study of their sepa-
rate roles in nematode recognition and the induction of a defense response that
leads to nematode resistance. Unfortunately, these structure-function studies are
seriously hampered by the fact that the corresponding elicitors from the nematodes
are still unknown. However, an elicitor-independent hypersensitive response for the
Mi-1 gene was obtained in an agroinfiltration assay in Nicotiana benthamiana
leaves upon expression of a chimeric construct that consisted of the N-terminal
domain from Mi-1.1, a nonfunctional homologue that is 91% identical to Mi-1.2,
the functional Mi-1 gene. For the same chimeric R gene, no transgenic tomato
plants could be recovered (Hwang et al. 2000), suggesting that an HR reaction takes
place in cells that express this gene. In this paper, it was shown that a six-amino
acid region in the LRR in Mi-1 is required but not sufficient for resistance. In a
follow-up study, the amino acids that are essential for nematode resistance were
determined (Hwang and Williamson 2003) by introducing each of the 40 amino
acid differences between the LRR of Mi-1.2 and Mi-1.1 into Mi-1.2. They found 24
amino acids that appeared to be required for signaling and three consecutive amino
acids that may be involved in nematode recognition. Apparently, the N-terminal
part 1 (NT-1), which consists of the first 161 amino acids, was able to repress the
transmission of a signal by the LRR domain that leads to an HR and a model was
proposed in which this negative regulation was compromised in the presence of a
root-knot nematode elicitor (Hwang and Williamson 2003).

Similar results were obtained in a structure-function study of the potato resist-
ance gene Rx1, which is a close relative (93% nucleotide identity) of the nematode
resistance gene Gpa2. Physical interactions were observed between the N-terminal
CC domain and the NB-LRR domains or between the CC-NBS domains and the
LRR domain in the absence of the elicitor, the coat protein from the potato virus
X. However, those interactions were disrupted in the presence of the avirulent coat
protein, suggesting the activation of Rx-mediated signaling by relieving the nega-
tive intramolecular regulation of the NBS domain (Moffett et al. 2002). This
domain, also called the NB-ARC (nucleotide binding adaptor shared by NOD-LRR
proteins, APAFL, R proteins, and CED4) domain (McHale et a. 2006), seemsto be
involved in specific binding and hydrolysis of ATP aswas shown for the two tomato
resistance genes Mi-1 and 12 (Tameling et a. 2002). ATP hydrolysis is thought to
result in conformational changes that regulate downstream signaling.

High sequence homology between the closely related viral resistance gene Rx1
and the nematode resistance gene Gpa2 suggests that a similar model might be
applicable for the activation of a resistance response to the potato cyst nematode.
To study the mechanisms underlying Gpa2-mediated resistance in potato, a series
of domain swap constructs between different domains from Rx1 and Gpa2 are cur-
rently under investigation using agroinfiltration assays and nematode resistance
tests. Preliminary data show that nematode specificity resides in the LRR domain
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of Gpa2 as a chimeric construct between the CC-NBS domain of Rx1 and the LRR
domain of Gpa2 is able to confer nematode resistance in a gene-for-gene specific
manner (Koropacka et al., unpublished data).

4.4 R Gene-Mediated Defense Responses to Nematodes

Plant responses to pathogens are associated with massive changesin gene expression.
For example, in Arabidopsis, a change in the gene expression levels of more than
2,000 genes has been observed within 9 h upon inoculation with the bacterial
pathogen Pseudomonas syringe (Tao et al. 2003). It is thought that early activa-
tion of genes involved in phytohormone biosynthesis modifies the hormonal bal-
ance of the host plant, leading to the appropriate transcriptome changes. Gene
expression studies of several plant—nematode interactions showed that different
defense-related genes are up-regulated upon infection of both susceptible and
resistant plants, including genes encoding peroxidase, chitinase, lipoxygenase,
extensin, and proteinase inhibitors (reviewed in Williamson and Hussey 1996;
Gheysen and Fenoll 2002). Furthermore, genes encoding enzymes involved in
biosynthetic pathways are induced early during infection. For example, glyceollin
in soybean appears to be involved in phytoalexin biosynthesis after M. incognita
infection (Kaplan et a. 1980) and chalcone synthase is produced in white clover
upon infection with M. javanica (Hutangura et al. 1999).

Expression of these defense-related genes in both the compatible and the
incompatible interaction suggests a role in basal resistance. However, it is
hypothesized that the defense response is only strong and quick enough to pre-
vent successful nematode infection in the presence of afunctional R protein that
can recoghize the appropriate AV R protein from the nematode. The induction of
toxins, PR-genes and the hairpin-induced hinl-like gene during the compatible
interaction between root-knot nematodes and tomato suggests that the nema-
todes are identified as pathogens (Bar-Or et al. 2005). However, in the absence
of components necessary for a host-specific defense reaction (like a functional
R gene), no HR is elicited and the defense response is not fully effective.

There is now a significant amount of evidence pointing to specific MAPKs as
fundamental components of defense pathways that play arolein both basal defense
and in more specific interactions involving R gene-mediated resistance (Pedley and
Martin 2005). They are involved in the generation of ROS (Kovtun et a. 2000; Ren
et al. 2002), the induction of PR protein expression and in gene transcription
(Ahifors et al. 2004; Kim and Zhang 2004; Lee et al. 2004). Although there is no
direct evidence yet for the role of MAPKs in nematode resistance, it was recently
shown that Mi-1-mediated aphid resistance was abolished in tomato when
LeMKK2, LeMPK2, LeMPK1, or LeMPK3 were silenced (Li et a. 2006). It will
be interesting to see whether MAPKs play a similar role in Mi-1-mediated nema-
tode resistance.
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An oxidative burst, Ca?* uptake, and phosphorylation changes are among the
earliest responses associated with a host-specific resistance response. Rapid pro-
duction of ROS, some of which may be generated by a multi-subunit NADPH
oxidase complex in the plasma membrane (Doke et a. 1996; Xing et a. 1997), is
often associated with cell death. Recent research has implicated nitric oxide (NO),
together with ROS, in the induction of a HR during plant—pathogen interactions
(Shapiro 2005). Generation of elevated levels of NO was shown in tomato plantsin
response to avirulent root-knot nematodes (Melillo et a. 2006b).

Two key components in R gene-mediated resistance signaling are SGT1 and
RARL (Austin et al. 2002; Azevedo et al. 2002; Liu et a. 2002; Peart et a. 2002).
In yeast, SGT1 is a component of the SCF (SKP cullin F-box) complex, which is
an integral part of protein ubiquitination (Kitagawa et a. 1999). This suggests that
protein degradation isimplicated in resistance signaling, which is supported by the
observation that the Arabidopsis R protein RPM1 is degraded when the elicitor
(AvrRpm1 or AvrB) is present (Boyes et al. 1998). Another important protein
involved in R gene-mediated signaling is HSP90 (heat shock protein 90) (Liu et al.
2004) which directly interacts with SGT1 and RAR1 (Holt et a. 2003; Shirasu and
Schulze-L efert 2003). RAR1, SGT1, and HSP90 are suggested to form a chaperone
complex mediating the folding of R proteins and their incorporation into functional
complexes (Shirasu and Schulze-Lefert 2003). For Mi-1-mediated resistance to
aphids and nematodes, it appears that HSP90 is required while RAR-1 is not for
either resistance (Kaloshian et a., unpublished results). It was reported that differ-
ent R proteinsvaried in their requirement for SGT1 and RAR1 to function. Whether
SGT-1 isinvolved in Mi-1-mediated resistance remains to be seen.

Another gene specificaly required for Mi-1-mediated resistance is Rme-1,
which is unlinked to Mi-1 and not required for the functioning of other resistance
genes like Pto. Rme-1 acts early in the Mi-1 pathway, either at the same step as the
Mi-1 product or upstream of Mi-1 (Martinez De llarduya et a. 2004). Interestingly,
the rme-1 mutant also compromised the Mi-1-mediated aphid resistance (De
Ilarduya et a. 2001). The structure and function of Rme-1 has to be investigated,
including the possibility that Rme-1 is a potential virulence target for nematodes
and aphids, guarded by the Mi-1 protein.

Considering the practical applications for isolated resistance genes, it is impor-
tant to know if they can be transferred to a range of economically important crops
where similar resistance is not available. So far, there has been limited success in
transferring functional R genes to other species (Williamson and Kumar 2006). For
example, the Mi-1 gene confers effective resistance against root-knot nematodes
and the potato aphid when transferred into susceptible tomato. When introduced
into tobacco or Arabidopsis, however, it does not confer any of these resistance
specificities (Williamson et al., unpublished). On the other hand, a heterologous
expression of the Mi-1 gene in eggplant caused resistance to root-knot nematodes
but no longer resistance to the potato aphid (Goggin et al. 2006). The tomato gene
Hero, which confers resistance to potato cyst nematodes (PCN), was not effective
in potato according to another report (Sobczak et al. 2005).
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Thus, the influence of the plant’s genetic background can be proposed as afactor
determining the heterologous gene functionality, probably through the presence of
other gene components necessary for the resistance response (Williamson and
Kumar 2006). It was shown that even within cultivated tomato; genotype differ-
ences were influencing the efficacy of Mi-1 resistance (Jacquet et a. 2005).
Understanding this phenomenon will be a challenge but it seemsto be necessary for
asuccessful transfer of nematode resistance to a new species. It might also provide
insight into host factors that mediate specificity of recognition and signaling
(Williamson and Kumar 2006).

5 Evolution of Nematode Resistance Specificity

5.1 Genomic Organization and Molecular Evolution
of Nematode R Gene Clusters

Genome-wide sequence analysis and genetic mapping of R gene candidates have
shown that disease resistance genes are often located in clusters of homologous R
genes spread throughout the plant genome (reviewed by Gebhardt and Valkonen
2001). R gene clusters from different genotypes and even related species are often
located in the same chromosomal region. These regions are therefore called “hot-
spots of resistance.” Remarkably, in potato, QTL conferring resistance to the potato
cyst nematode often co-localize with hot-spots of single dominant resistance genes,
suggesting that they may contribute to partial resistance to nematodes. Another option
suggests that quantitative resistance is mediated by an R gene but that the potato cyst
nematode populations used to screen for resistance consist of a mixture of virulent
and avirulent genotypes. Most of the cyst nematodes reproduce by obligate outcross-
ing, and there is generally great variation in host range and response to specific
resistance genes between and within field populations (Bakker et al. 1993).

The multigenic nature of most resistance loci may facilitate meiotic instability
in aheterozygous state. Unequal crossing-over and gene conversion have been sug-
gested to play a role in the generation of new R gene specificities (Hammond-
Kosack and Jones 1997; Hulbert 1997; Parniske et al. 1997). However, since these
processes tend to homogenize the paralogs, divergent evolution must be strong
enough to counteract the homogenization process.

With the exception of the beet cyst nematode resistance gene Hs1P! (Cai et al.
1997), all nematode resistance genes cloned to date reside in complex loci harbor-
ing tandemly repeated R gene homologues. The root-knot nematode gene Mi-1
(Milligan et al. 1998; Vos et al. 1998) is located in a cluster of seven homologous
R genes on chromosome V| of tomato, whereas the potato cyst nematode resistance
gene Hero (Ernst et al. 2002) is located in a genomic region containing at least 14
homologous genes on chromosome 1V of tomato. The gene Grol (Paal et al. 2004)
is also member of a large cluster containing 13 R gene homologues located on
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chromosome VI of potato, whereas the potato gene Gpa2 (Van der Vossen et al.
2000) is present in a relatively small cluster of four highly homologous genes on
chromosome XII.

The specificities of the other members of these nematode R gene clusters are
unknown except for the Gpa2 locus in potato. For bacterial and fungal resistance
loci, members of an R gene cluster often confer resistance to different isolates or
strains from the same pathogen species. Interestingly, the Gpa2 cluster also harbors
the resistance gene Rx1 (Bendahmane et a. 1999), which confers extreme disease
resistance to a completely unrelated pathogen, namely the potato virus X. The fact
that these two highly homologous resistance genes (88% amino acid identity)
reside in the same cluster and on the same haplotype of the diploid potato clone
SH83-92-488 (Rouppe Van Der Voort et a. 1997) strongly suggest that unequal
crossing-over and gene conversion play arole in the evolution of the two specifici-
ties. The other two members of this cluster are a pseudogene and a putative resist-
ance gene of unknown specificity.

In plants, the LRR domain likely acts as the receptor for pathogen-generated
elicitors. Each LRR comprises a core of about 26 amino acids containing an
LxXXLxXLXLxxN/C motif, which forms a -sheet. The LRR domain isinvolved in R
gene specificity; therefore, to study the mechanisms underlying the evolutionary
dynamics of this R gene cluster, the LRR domain of three additional resistance gene
homologues with a high sequence similarity to Gpa2 and Rx1 has been isolated
from the susceptible haplotype of the resistant diploid potato clone SH83-92-488
and of another six homologues from the susceptible diploid potato clone RH89-
039-16 (Bakker et al. 2003). Sequence comparison of these 13 homologous LRRs
shows a patchwork of sequence similarities, indicating mosaic evolution.
Interestingly, breakpoints often coincide with hypervariable amino acid positions
present in the LRR domain (as defined by Parniske et al. 1997), suggesting arole
for unequal crossing-over and gene conversion in the generation of new R gene
specificities in the Gpa2/Rx1 cluster (Bakker 2003).

The ratio of nucleotide changes that result in asynonymous amino acids (K) and
those that result in synonymous amino acids (K can be away to identify the evolu-
tionary pressure on a stretch of coding sequences (Parniske et al. 1997). When the
evolutionary pressure is neutral, the amount of changes resulting in the same amino
acid should equal the amount of changes resulting in different amino acids with an
end result of K /K_=1. When K /K_ < 1, the changes are not favored and the evolu-
tionary pressure is towards conservation. The third possibility is K/K_> 1. In that
case, changes in the amino acid composition are favored and the evolutionary pres-
sure is towards diversification. Analysis of the nucleotide sequence of the LRR
domain of the Gpa2/Rx1 homologues revealed amean K /K _ratio of 2.69. Thisratio
is well above 1 and therefore, the LRR domain of the Gpa2/Rx1 homologues is
under positive selection pressure. Analyses of the LRR -strand/ -turn motifs, which
harbor the solvent-exposed residues thought to be involved in protein—protein inter-
action, resulted in a mean K /K_ ratio of 3.33. These findings support the idea that
the LRR domain and more precisely the solvent-exposed residues of the LRR

-strand/ -turn motifs are involved in R gene specificity. The strong positive selection
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pressure that acts on these regions is an indication that diversifying selection aso
plays arole in the development of new R gene specificities (Bakker 2003).

In contrast to the Gpa2/Rx1 cluster, sequence analysis of the Mi-1 locus in
tomato did not point at arole for unequal crossing-over and gene conversion (Seah
et al. 2004). The Mi-1 gene is introgressed from the wild relative and supposedly
ancestral progenitor Lycopersicon peruvianum. Although evidence has been found
for an inversion of this locus between the two species, the copy numbers of the
homologues in each of the two clustersis conserved.

5.2 The Genetic Basis of Nematode Virulence

The gene-for-gene hypothesis assumes that host resistance is determined by
complementary pairs of pathogen-encoded avirulence genes (Avr gene) which are
recognized by products encoded with plant resistance genes (R gene). The evolution
of such a gene-for-gene interaction is often compared with a co-evolutionary “arms
race’ (Dawkinsand Krebs 1979; Michelmore and Meyers 1998). Thistheory assumes
that the parasite is always capable of overcoming resistance by developing anew way
to circumvent recognition by the host. This results in elevated selection pressure on
the host population for new resistance that matches the virulent pathotype while the
overcome resistance gene declines. However, it has been suggested that a “trench
warfare” model assuming repeated advances and retreats of resistance and virulence
aleles may be more appropriate (Frank 1992; Stahl et al. 1999).

Only the interaction between the potato cyst nematode G. rostochiensis and
potato has demonstrated Mendelian proof of a gene-for-gene interaction (Janssen
et a. 1991). Selection of pure parasitic and nonparasitic lines of G. rostochiensis
and subsequent reciprocal crosses using these lines have shown that parasitism is
recessively inherited at a single locus and that the inheritance is not sex-linked
(Janssen et al. 1990, 1991). A dominant locus H1 present in resistant potato culti-
vars was demonstrated as only being effective against certain pathotypes of
G. rostochiensis, while nematodes carrying recessive parasitism alleles could repro-
duce normally on these plants. Because of a segregation pattern of 3:1 nonparasitic
to parasitic, which is typical for single gene inheritance and a proven dominant
nature of the H1 resistance, it has been proposed that this interaction classifiesas a
gene-for-gene type of mechanism (Janssen et a. 1991).

For a limited number of other incompatible plant—-nematode interactions, the
genetic basis of nematode virulence was investigated. Studies using three highly
homozygous inbred lines were performed for the soybean cyst nematode H. glycines
(Dong and Opperman 1997). The inbred line crosses clearly demonstrated that
parasitic ability isinherited in a Mendelian fashion. Both dominant and recessive
genes were found and proven by linkage analysis to be unlinked loci (Dong
1998). In the case of root-knot nematodes, analysis of virulence segregation in
progeny of a controlled cross of M. hapla indicated that virulence in the nematode
is inherited as a single recessive trait, and that the nematode—bean interaction
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might be classified as a gene-for-gene interaction (Chen and Roberts 2003).
Aiming to facilitate map-based cloning of genes that mediate plant—-nematode
interactions, a genetic map has been constructed for the potato cyst nematode G.
rostochiensis (Rouppe van der Voort et a. 1999). Because of the outcrossing
nature of G. rostochiensis and technical limitations in using individua offspring
genotypes for map construction, this map was made with a bulked offspring
population. To our knowledge, this map has not yet been used to map parasitism
or avirulence genes.

5.3 Nematode Avirulence Genes

To establish aparagitic relationship with their host plants, cyst and root-knot nematodes
have to overcome multiple layers of defense responses to modify host root cellsinto
beneficia feeding structures. Several cyst and root-knot nematode genes encoding
secreted proteins produced in the esophageal glands were shown to have the features
of pathogenicity factors (reviewed in Vanholme et a. 2004; Davis et a. 2004). Avr
proteins are generally considered to be virulence factors required for successful infec-
tion of the host plant and as such, these nematode parasitism genes are good candi-
dates to encode avirulence proteins. However, proof has not been obtained yet for any
of them to act as a resistance gene-dependent plant defense licitor.

In an attempt to identify avirulence gene products involved in Mi-mediated
resistance in tomato, cDNA-AFLP fingerprinting was used for pairwise comparison
of the expression profiles of nearly isogenic lines from the root-knot nematode
M. incognita, avirulent and virulent on Mi-resistant plants (Semblat et al. 2001).
This resulted in the identification of several differentially expressed genes includ-
ing map-1, which was shown to encode for a protein containing a predictive signal
peptide for secretion and two classes of repetitive motives. Immunolocalization
experiments confirmed that the MAP-1 protein is secreted by the amphids, which
arethe principal chemosensory organs of the nematode. The role of map-1in aviru-
lence, however, has never been demonstrated. In addition, a transcript present in
avirulent but absent in virulent lines of M. javanica has also been identified.
Curiously, this gene does not resemble map-1, suggesting that there may be more
than one gene that can mediate nematode recognition in tomato plants with the
Mi-1 gene (Williamson and Gleason 2003).

The amount and variability of putative nematode pathogenicity factors and limited
knowledge about hematode resistance mechanisms make it very difficult to predict
which proteins secreted by nematodes can play arolein avirulence. Besides secreting
amixture of cell-wall degrading enzymesthat act on the plant cell walls and facilitate
migration, nematodes aso release secretions into the feeding site initiation cell
(Williamson and Hussey 1996). Most of the proteins have predicted signa peptides
and are proven to be produced exclusively in esophageal glands, although some pro-
teins lack such asignal and have been shown to be secreted by potato cyst nematode
Globodera spp. as well (Robertson et a. 2000; Fioretti et a. 2001). The predicted
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cytoplasmic localization of nematode resistance genes and the secretion of signaling
molecules into the plant cell suggest that these pathogenicity factors are potential
candidates for nematode avirulence products.

6 Induced Resistance to Nematodes

In 1960, Ross observed that tobacco plants challenged with tobacco mosaic virus
(TMV) subsequently developed increased resistance to a secondary infection in
distal tissues (Ross 1961). For this phenomenon he coined the term systemic
acquired resistance (SAR). Kuc et al. (1959) observed a similar type of induced
resistance against scab disease in apple that was chemically induced. They intro-
duced the term induced systemic resistance (ISR). Later, it was proved that this
effective defense response occurs in various plant species against the whole spec-
trum of pathogens (Kuc 1982; Ryals et al. 1994; Sticher et a. 1997). A historic
account of the use of the SAR and ISR termsiis extensively given by Tuzun (2006).
He proposes to name all actively induced systemic defense mechanisms as ISR,
regardless of the inducer (pathogenic, nonpathogenic, or chemical).

ISR can be induced by certain strains of nonpathogenic rhizobacteria (e.g.
Pseudomonas spp.), by Arbuscular Mycorrhizal fungi, or by the application of
certain chemical compounds (e.g. salicylic acid and benzothiadiazole) (Van Peer
et a. 1991; Wei et a. 1991). ISR to nematodes induced by rhizobacteria has been
observed in potato against G. pallida (Hasky-Ginther et al. 1998), in tomato
against the root-knot nematodes M. incognita and M. arenaria (Sikora 1992; Santhi
and Sivakumar 1997), and in white clover against the clover cyst nematode H. trifoli
(Kempster et al. 2001). Colonization by the Arbuscular Mycorrhizal fungus Glomus
versiforme was proven to be effective against M. incognita in grapevine and seemed
to involve a transcriptional activation of the Class |11 Chitinase Gene VCH3 (Li
et a. 2006). Finally, several chemical elicitors of induced resistance were tested on
wheat and barley for their ability to reduce the number of H. avenae and H. latipons
cysts. Only the application of DL-B-amino-n-butyric acid (BABA) induced effective
resistance (Oka and Cohen 2001).

Interestingly, bacterial components such as the lipopolysaccharides extracted from
the surface of the Gram negative Rhizobium etli, and more specifically the O-antigen,
were observed to play an important rolein ISR (Van Peer and Schippers 1992; Leeman
et a. 1995; Van Wees et d. 1997). However, it is not the O-antigen but the oligosac-
charides of the core-region of LPS and to a lesser extent the A-fraction that induce
systemic resistance to the potato cyst nematode G. pallida (Reitz et al. 2002).

SA is assumed to be a key molecule required for ISR activation because an
exogenous application of salicylic acid (SA) induces systemic resistance to TMV
in tobacco (White 1979). However, there is evidence that this processis more com-
plex and that many other signal molecules are involved. Two other signal molecules
(i.e. jasmonic acid and ethylene) have also been identified as playing arolein ISR.
Usually SA-dependent pathways are jasmonic acid (JA) and ethylene (ET)
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independent and vice versa (Penninckx et al. 1996; Dong 1998; Pieterse and Van
Loon 1999). Moreover, SA-dependent signaling and JA-dependent signaling can
inhibit each other (Guptaet al. 2000). In addition, the accumulation of pathogenesis-
related (PR) proteinsisthought to contribute to resistance and the proteins are often
treated as markers for the enhanced resistance state mediated by ISR (Kessmann
et al. 1994; Ryals et al. 1994).

ISR has also been observed in incompatible nematode—plant interaction.
Systemic changes in gene expression in resistant potato plants carrying the H1 gene
following root infection with the cyst nematode G. rostochiensis were found
(Hammond-Kosack et al. 1989). The changes involved the disappearance of innate
proteins and the accumulation of novel gene products. Because SA treatment
showed a similar gene expression pattern, it can be assumed that a SA-dependent
pathway was induced. Follow-up studies documented the changes in B-1,3-
glucanases activity in leaves after infecting potato roots of cultivars carrying differ-
ent resistance specificities with four potato cyst nematode populations. The
resulting range of compatible and incompatible interactions elicited various classes
of B-1,3-glucanases, both extra- and intracellularly targeted (Rahimi et a. 1996).
One of them, B-p-glucosidase, was demonstrated to be significantly more activein
the resistant cultivar carrying the H1 gene infected with an avirulent potato cyst
nematode population. The same effect could not be induced by the application of
silver nitrate. These observations suggest that B-p-glucosidase is specifically up-
regulated in this type of resistance response. The same potato cultivars were later
tested for increased chitinase activity after Globodera spp. infection. The intercel-
lular fluid of the leaves of all the nematode-infected plants tested showed signifi-
cant increases in exochitinase activity (Rahimi et al. 1998). Endochitinase activity
was up-regulated exclusively in roots of a S. vernei-derived resistant clone after
infection with three out of four tested potato cyst nematode populations. Therefore,
it can be concluded that although a lot of pathogenesis-related genes are induced
unspecifically, some of them can be linked to certain types of host resistance or
host—parasite combinations. |n addition, PR-protein accumulation has been reported
for a few incompatible plant—nematode interactions, suggesting the activation of
ISR. Strong induction of PR-1 transcription and slight induction of PR-5 expression
was observed for tomato roots carrying the nematode resistance gene Hero after
infection with the potato cyst nematode G. pallida (Sobczak et a. 2005).

SA, JA, and ET do not seem to solely play arolein ISR. It has been shown that
SA playsacrucial rolein defense responses mediated by the Mi-1 root-knot nema-
tode resistance gene. Tomato plants carrying the Mi-1 gene and expressing the
NahG gene, which encodes salicylate hydroxylase, an enzyme that degrades sali-
cylic acid to catechol, partly lost the resistance to root-knot nematodes (Branch
et al. 2004) and aphids (Li et al. 2006). Benzothiadiazole, an analog of SA, com-
pletely restores nematode resistance in Mi-1 resistant roots transformed with NahG
but does not confer resistance in susceptible tomato roots (Branch et al. 2004).

To study the role of JA in both basal and Mi-1-mediated root-knot nematode
resistance, the jai-1 mutant compromised in JA perception and wild-type parents
was used for infection studies. Nematodes reproduced significantly lower on jai-1
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plants compared to the wild-type parents. Knowing that SA is required for root-
knot nematode resistance, the lower nematode reproduction on jai-1 plants suggests
the existence of cross talk between SA and JA signaling in nematode resistance.
However, the introduction of the jai-1 mutation in the Mi-1 background showed no
role for JA in Mi-1-mediated resistance (Kaoshian et a., unpublished data).

7 Perspectives

Co-evolution between parasitic nematodes and their host plants has resulted in the
development of a gamut of nematode resistances in the center of origin of different
crop plants. Resistance to cyst and root-knot nematodes provides an important dura
ble crop protection strategy and as such, breeders have put much effort into the
identification of resistance sources from variouswild relatives. However, just asmall
portion of the genetic diversity has been explored to date. Recently, a small nhumber
of genes underlying nematode resistance have been characterized, but it is antici-
pated that this number will increase in the near future as results of the ongoing plant
genome sequencing efforts and high-throughput analysis methods become available.
Meanwhile, sequence information related to nematode resistance genes is being
used to speed up the breeding process through marker-assisted selection.

The identification of nematode R genes has shown that they share structural and
functional similaritiesto other plant pathogen disease resistance genes. Therefore, data
derived from model systems like the potato virus X resistance gene Rx1 from potato
can be used to study the mechanisms underlying the resistance responses induced by
different types of nematode R genes. However, structural and functional analyses of
nematode resistance genes are still hampered by laborious and time-consuming nema:
tode resistance assays on host plant roots. We expect that once a nematode avirulence
gene has been identified, these studies will advance much faster as they allow the use
of elegant in planta systems such as agroinfiltration assays (ATTA).

A major challenge in the field of nematode resistance is the identification of the
first avirulence gene which is able to induce aresistance response in a gene-for-gene
specific manner in the presence of the corresponding R gene. Most likely the
encoding avirulence product will normally play arole in nematode virulence and
as such, it is anticipated that candidate elicitors are already present in the large set
of parasitism genes known to date. It will be interesting to see how these nema-
tode-derived moleculeswill be — directly or indirectly — recognized by the resistance
genes and how they interact as virulence factors with other plant components during
the establishment of a parasitic relationship.

To discover a nematode Avr gene, Mil virulent and avirulent near isogenic lines
(NILs) of M. incognita were compared using the AFLP display technique (Semblat
et al. 2001). Comparing 25,000 fragments resulted in 30 bands that were present only
in avirulent NILs. One of these bands was studied in more detail and cDNA analysis
revealed a putative protein of 458 amino acids containing a predicted N-terminal
signal peptide. Immunolocalization in second-stage juveniles showed that the protein
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was present in the amphidial secretions of the nematode. Later, a similar approach
was used, thistime using cONA-AFLP , till in pursuit of AvrMil (Neveu et al. 2003).
Comparison of 24,025 bands resulted in 22 differentia transcript-derived fragments
that were present in the avirulent NILs and absent in the virulent NILs. The differen-
tial expression of nine genes was confirmed with reverse transcription and in situ
hybridization of five of these sequences showed that two were specific for the intes-
tina cells, one for the subventral and two for the dorsal esophageal gland. Recently,
in another attempt to discover AvrMil, a virulent M. javanica strain was obtained
from an avirulent M. javanica strain after selection on resistant tomato plants harbor-
ing the Mil gene (Gleason et a. 2008). Comparing the virulent with the avirulent
strain using cDNA-AFLP resulted in one fragment, Cg-1, that was present in the
avirulent strain and absent in the virulent strain. Subsequent silencing of Cg-1 in
avirulent M. javanica by soaking J2 juvenilesin dsRNA corresponding to part of the
predicted transcript of Cg-1 (RNAI) resulted in again of virulence.

A completely different approach startswith aknown parasitism gene. Chorismate
mutase is a secreted enzyme produced in the esophageal glands of H. glycines
(Bekal et al. 2003) that shows different forms in lines that are either virulent and
avirulent to soybean plants harboring a H. glycines resistance. It was aso shown
that after selection on three different resistant soybean plants, one chorismate
mutase allele dropped significantly in frequency on one of the three resistant plants,
while the allele frequency on the other two resistant plants remained the same
(Lambert et al. 2005). Thisresult suggests that one of the chorismate mutase aleles
is specifically unfavorable for one type of resistance and might indicate a correla-
tion with a resistance-specific (a)virulence.

One of the most intriguing questions for further exploration is how cyst and
root-knot nematodes are able to modulate or circumvent the host defense system.
A common mechanism, which is shared by both plant and mammalian parasitic
nematodes, is the capacity to neutralize host-generated reactive oxygen species
(ROS) by the presence of antioxidants at the cuticular surface of (pre)parasitic
juveniles (reviewed by Jasmer et al. 2003). Another mechanism is the suppression
of defense responses by for example fatty acid- and retinol-binding proteins,
which were shown to inhibit precursors of plant defense compounds and systemic
jasmonic acid signaling (Prior et al. 2001). To avoid recognition by disease resist-
ance genes, cyst and root-knot nematodes are expected to have evolved mecha
nismsthat allow diversification of avirulence genes. Understanding the mechanisms
underlying the co-evolution between host plant resistance and nematode (@)viru-
lence will be essential for the development of durable crop protection strategies.
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Development of the Root-Knot Nematode
Feeding Cell

R. Howard Berg(t=), Thomas Fester, and Christopher G. Taylor

Abstract The root-knot nematode feeding cell is a remarkable example of the
reprogramming of plant cells by biotrophic pathogens. With the aid of molecules
secreted into plant cells from three esophageal gland cells, the root-knot nematode
Meloidogyne sp. orchestrates a fundamental change in those cells surrounding its
head in the plant root. These cells expand in volume over tenfold and become a
virtual factory for the production of cytoplasm that is arich source of nutrients for
the nematode. Because of the large size of the cells, Treub (1887) coined the term
“giant-cell” to describe them. Giant-cells have attracted the attention of biologists
for over 100 years (reviewed in Christie 1936) and they continue to challenge inves-
tigators that are using modern techniques in molecular biology, biochemistry, and
microscopy to answer long-held questions. This chapter examines giant-cells from
acell biologist's point of view, i.e., with an eye on identifying notable features of
development at a cellular and subcellular level.

Abbreviations C: caja body; ER: endoplasmic reticulum; FT: feeding tube;
G: Golgi stack; GC: giant-cell; M: mitochondrion; MT: microtubule; N: nucleolus;
Ne: nematode; Nu: nucleus; P: plastid; Pl: phloem; SER: smooth endoplasmic
reticulum; TGN: trans Golgi network; V: vacuole; Ve: vesicle; WL: wall
labyrinth; Wt: wall thickening; X: xylem

Unless otherwise indicated, all micrographs are thin section transmission el ectron
micrographsof high-pressurefrozen, freeze-substituted tissue (preparation described
in Sect. 2.1). Sections are poststained in uranyl acetate and lead citrate. The tissue
is root-knot galls of Arabidopsis thaliana infected with Meloidogyne incognita,
grown in plate culture, unless otherwise noted.
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1 Introduction

Root-knot nematode-induced giant-cells are focused on the acquisition and concen-
tration of nutrientsfor their final transfer to the parasite. Nutrient acquisition by giant-
cells is supported by a network of newly formed vascular tissue surrounding these
feeder cells and by the cell wall ingrowths of these cells. Within the giant-cells the
nutrients obtained are transformed into a dense cytoplasm with a high proportion of
proteins and lipids. Critical features of giant-cells include: large number of nuclei
(formed by repeated nuclear division without cytokinesis), numerous secondary cell
wall ingrowths (increasing the surface area of the feeder cells) and numerous
organelles including Golgi stacks, small vacuoles, plastids, endoplasmic reticulum,
and mitochondria. Perhaps the most unusual cytological feature, however, is the for-
mation of the nematode feeding tube, which isalso formed in syncytiainduced by the
cyst nematode (Sobczak and Golonowski 2008). The feeding tube extends from the
cell surface into the giant-cell for dozens of micrometers, has a crystalline wall struc-
ture, and is surrounded by plant cell endomembrane components. Its formation is
dicited by secretions produced in the nematode esophageal gland cells and injected
into the parasitized cell viathe nematode stylet. The feeding tube serves as a conduit
for cell sap uptake by the nematode. We will examine these intriguing features of
giant-cells from the perspective offered by cellular imaging techniques. A historical
perspective on the more controversial aspects of giant-cell development is provided
for those readers new to the study of these cells.

2 Giant-Cdl Initiation

Invasion of the root is effectively imaged using video-enhanced contrast light
microscopy, as shown by Wyss et a. (1992). They anayzed the infection of
Arabidopsisthaliana roots by second-stage juveniles (J2) of Meloidogyne incognita.
The J2s enter rootsin the elongation zone near root tips by penetrating and destroying
epidermal cells. Within the root, the J2s intercellularly penetrate the tissue, avoid-
ing plant wound responses and cell death, migrating to the meristem and then back
into the vascular tissue, coming to rest with their head near the elongation zone of
vascular tissue. This contrasts with infection of roots by cyst nematodes, the other
large group of sedentary nematode parasites. Infection by these pathogens involves
repeated wounding of plant cells during nematode intracellular migration within the
root (Wyss et al. 1992; Sobczak and Golonowski 2008). Within 24 h of infection
plant cells adjacent to the M. incognita J2s are in various stages of mitosis, with
some cells exhibiting pre-mitotic phragmosomes and others post-mitotic structures
including phragmoplasts and early stages of cell plate formation (Jones and Payne
1978). Asfeeding sites develop they are manifested as swollen regions on the root,
referred to as the root knot or gall.

Giant-cells are most commonly formed from parenchymatic cells within the
stele that surround the anterior end of the nematode, suggesting that esophageal
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gland secretions are the primary molecules stimulating giant-cell formation.
Indeed, removing or inactivating the nematode prevents further giant-cell devel-
opment (Bird 1962). These secretions are released from the nematode stylet, a
protrusible hollow mouth spear that is used to pierce cell walls and come into
contact with the plant cell membrane, where a minute hole is formed in the mem-
brane to provide access to the cytoplasm of the parasitized cell (see Sect. 6).
During early development, pericycle and cortical cells of the root proliferate
around the nematode (Dropkin and Nelson 1960; Jones and Payne 1978; Paulson
and Webster 1970) increasing the root’s girth and forming a gall. This prolifera-
tion is correlated with a high level of expression of transcriptional regulators
(PHAN, KNOX) and a nodule mitogen (ENOD40) in this tissue (Koltai et al.
2001; Gheysen and Mitchum 2008).

A root-knot nematode secreted parasitism protein encoded by a parasitism gene
designated as 16D10, which is expressed in the two subventral pharyngeal gland
cells, appears to mediate an early signaling event in the Meloidogyne-host interac-
tion (Huang et al. 2003, 2006; Davis et al. 2008). This parasitism gene encodes a
small, novel secreted peptide of 13 amino acids, including a 30-amino acid
N-termina hydrophobic signal peptide, and is conserved in Meloidogyne species.
When the 16D10 peptide is over-expressed in Arabidopsis, root growth is signifi-
cantly accelerated, giving rise to a much-enlarged root system without affecting
shoot growth (Huang et a. 2006). The 16D10 peptide was shown to directly bind
to the SAW domain of two Arabidopsis SCARECROW-like (SCL) transcription
factors, AtSCL6 and AtSCL 21, in ayeast two-hybrid screen for 16D10-interacting
proteins (Huang et al. 2006). SCL transcription factors are members of the GRAS
protein family, which play important roles in plant development and signaling (Bolle
2004). These data suggest that the 16D 10 peptide functions as asignaling peptide that
specifically induces root growth by directly interacting with a host intracellular
SCL transcription regulator. Furthermore, since the conserved Meloidogyne-
secreted signaling peptide is strongly expressed in the subventral pharyngeal gland
cells of second-stage juveniles at the time when the giant-cells are being devel oped,
this peptide is speculated to have arole in the reprogramming of gene expression
required for giant-cell formation (Davis et a. 2008; Gheysen and Mitchum 2008).

This reprogramming of root cells includes stimulation of the production of high
cytoplasmic density in giant-cells (and in syncytia, Sobczak and Golinowski 2008).
Bird (1961) measured protein content with a microspectrometer in sections of giant-
cells stained with mercuric-bromophenol blue, finding that protein content increases
to amaximum at the egg-laying stage when nematode demands on the host are high-
est. The high cytoplasmic density of giant-cells is evident in the mature giant-cell
(with fully developed cell walls containing transfer cell 1abyrinths) shownin Fig. 1a.
Unlike parenchyma cells, there is no large vacuole. The cell volume is predomi-
nantly filled by cytoplasm, rich in ribosomes, plastids, mitochondria, endoplasmic
reticulum (ER), Golgi stacks, and small vacuoles (Fig. 1b, c). These are not uni-
formly distributed (Fig. 1c), suggesting cellular processes are regionally sequestered
within the cell. The large population of small vacuolesin mature giant-cells usually
is not distributed near the cell periphery (Fig. 1c; Jones and Payne 1978), being
excluded perhaps by cytoplasmic components functioning at the cell surface.



Fig. 1 Cytoplasmic density in mature giant-cells. (a) Light micrograph of resin section, mature
giant-cell with fully developed transfer cell wall labyrinth. Note dense cytoplasm lacking a large
vacuole. (b) Cytoplasm is rich in organelles including; Golgi stacks, small vacuoles, plastids,
endoplasmic reticulum, and mitochondria. (c) Organelle distribution is non-uniform, forming
islands of organelle-rich regions, and the small vacuoles are less abundant at the cell periphery.

Scale bars: (a) 20 um; (b) and (c) 2 um
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2.1 Electron Microscopy of Giant-Cells

The large, dense volume of giant-cells presents a challenge for preparing them
adequately for thin section transmission electron microscopy (TEM). Chemical
fixation (CF, typically performed with glutaraldehyde and osmium tetroxide) is an
oxygen-consuming process (Hayat 1981) dependent on diffusion of fixative into
the cells. This process is particularly slow in the case of large, dense giant-cells,
subjecting them to a long period of chemical stress that likely compromises cel-
lular structure. Furthermore, the subsequent dehydration steps required for embed-
ding the tissue in resin subjects the cells to abrupt changes in water content,
atering cell volume which leads to shrinkage and swelling artifacts (Hayat 1981).
To circumvent these problems, we use ultra-rapid freezing (high-pressure freezing,
HPF) to physically fix the tissue in a few milliseconds. Dehydration artifacts are
avoided by freeze-substituting (FS) the specimen whileit isfrozen, at (-) 80°C, in
acetone containing 2% osmium tetroxide and 0.1% urany| acetate. The cells are
then slowly thawed and embedded in conventional resin (Epon/Araldite) for thin
sectioning. This approach is considered the best method for electron microscopy
analysis of plant cell structure (Hess 2007). That this is the case for giant-cellsis
shown in Fig. 2, comparing CF (a) with HPF/FS material (b) in aregion near the
cell wall labyrinth of the giant-cell (see Sect. 4.3). The wall labyrinth (WL) in CF
cells appears uniform in density, whereas HPF/FS displays local regions of higher
electron density in the WL (arrow) which are apparently extracted using CF. The
cell membrane becomes distorted by shrinkage during dehydration after CF, leading

Fig. 2 Comparison of chemically fixed (a) and high-pressure frozen, freeze-substituted (b) giant-
cells (see text Sect. 2.1). The wall labyrinth in freeze-substituted tissue contains electron-dense
pockets (arrow) not preserved in chemical fixation. Chemical fixation leads to plasma membrane
shrinkage artifacts at the labyrinth (arrows) and extraction of mitochondria and the cytoplasm.
Scale bars: 500 nm
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to gap artifacts between the membrane and wall labyrinth (arrows); HPF/FS does
not produce this artifact, preserving a smooth membrane profile closely pressed to
the wall labyrinth. Organelles are extracted and dilated in structure using CF. For
example, mitochondria (M) in the CF image lack electron density due to leaching
of matrix material in contrast to mitochondria from HPF/FS images. Plastids (P),
Golgi stacks (G), and microtubules (MT) are well-preserved by HPF/FS. Ground
cytoplasm is uniform in electron density in the HPF/FS specimen while it is
extracted in the CF specimen, leading to non-uniformity and higher contrast. All
further micrographs presented in this chapter have been produced from HPF/FS
specimens, offering a more accurate evaluation of cellular structure. Though older
microscopic techniques were critical and extremely useful for the early analysis of
giant cells, newer techniques such as HPF/FS are improving our observational
analyses of nematode feeding sites.

3 Giant-Cdl Formation

Historically, the mode of giant-cell formation has been the subject of controversy,
with one school maintaining that a giant-cell forms by the expansion of a single
cell, and the other school attributing giant-cell formation to rupture or degradation
of cell walls and merging of protoplasts. The latter explanation was more widely
accepted in the early literature, reviewed by Christie (1936) and Huang (1985). Beille
(1898) first proposed that cell walls disintegrate during giant-cell formation, with
the result that protoplasts exposed by this process fuse to form a large giant-cell.
He maintained that giant-cell expansion was limited by the developing vascular
tissue (xylem elements) that formed around giant-cells during their development.
The fusion of protoplasts was given as the explanation for the large numbers of
nuclel in giant-cells. However, an aternate view of how giant-cells form was pro-
posed soon thereafter. Nemec (1910) was the first scientist to propose the currently
held view that giant-cells devel op by expansion and not by cell wall degradation. In
addition, he also pointed out that this expansion is accompanied by repeated rounds
of mitosiswithout cell wall formation — providing an explanation for the high num-
bers of nuclei in these large cells. The occurrence of repeated cell cycles within
giant-cells was shown by de Almeida Engler et al. (1999) through in situ hybridiza-
tion using cell-cycle specific probes as well as the application of cell-cycle inhibi-
tors. These experiments showed that giant-cell development is dependent on
progression through G2 of the cell cycle. Further details of cell cycle activation in
nematode feeding sites are reviewed in Goverse et al. (2000) and Gheysen and
Mitchum 2008. Gene expression in feeding sitesis reviewed by Gheysen and Fenall
(2002) and Gheysen and Mitchum (2008); Li et al. (2008). Debate between the two
viewpoints of the mode of giant-cell formation revolved around whether mitosis
was sufficient to explain total nuclear numbers and whether cell wall breakdown
occurs during giant-cell devel opment.
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3.1 Mitosis

From the early work of Tischler (1901) and Nemec (1910), mitosis was known to
occur in giant-cells. It was first quantitatively analyzed by Huang and Maggenti
(1969). They counted chromosome numbers in giant-cells of Vicia faba infected
with M. javanica, finding that the numbers per cell werein ageometric progression,
suggesting a synchronous rate of mitosisin giant-cells. This observation is consist-
ent with giant-cell nuclei being derived from the expansion of a single cell com-
bined with synchronous mitotic cycles, i.e., synchronous duplication of nuclear
counts. On the other hand, if a giant-cell wasto result from fusion of multiple cells,
then chromosome counts would vary arithmetically. The results from Huang and
Maggenti were contested by Bird (1972, 1973). Using microspectrometric meas-
urement of Feulgen-stained nuclei, he found highly variable DNA content per
nucleus (Bird 1972). Like Huang and Maggenti, he observed mitotic synchrony that
in older giant-cells was out of phase (Bird 1973). In contrast to Huang and
Maggenti, he found the chromosome number in nuclei of a single giant-cell was
arithmetically (rather than geometrically) variable, concluding that this was con-
sistent with acquisition of nuclel via cell fusion. The source of discrepancy in
chromosome counts from the two labsis not apparent, other than the possibility that
giant-cell size and numbers of nuclei (up to 150 have been reported, Dropkin and
Nelson 1960) make accurate measurements difficult.

The large number of giant-cell nuclei (and the endoreduplication within them,
Wiggers et a. 1990; Gheysen and Mitchum 2008) correlates with the need to pro-
duce copious amounts of protein comprising the giant-cell cytoplasm. As shown in
the group of approximately 20 nuclei in Fig. 3a, these organelles tend to group
together in the center of giant-cells (Dropkin and Nelson 1960). The obliquely
sectioned nucleusin Fig. 3b clearly shows the lobed morphology that istypical for
giant-cell nuclei (and for syncytial nuclei, Sobczak and Golinowski 2008). Electron
dense patches of heterochromatin are most often bound to the nuclear envelope (Fig. 3b,
arrows, Fig. 3c, d). Thethick section (0.5 um) in Fig. 3c gives depth information on
nuclear structure, confirming that most heterochromatin is bound to the envelope.
The non-bound internal heterochromatin in this nucleus is associated with two
nucleoli, which in general are prominent features of giant-cell nuclei. Salivary
secretions from the nematode contain protein, some of which have nuclear localiza-
tion signas (Davis et a. 2008). Whether these impact endoreduplication and nucleo-
lar functions (as detailed below) or elicit surveillance responses from the micro-RNA
(miRNA) and small-interfering RNA (siRNA) pathways associated with Cajal bod-
ies (see below) is unknown. Giant-cells have long been known to contain promi-
nent, deeply staining nucleoli (Christie 1936; Dropkin and Nelson 1960). Nucleoli
are the sites for a number of molecular processes besides ribosome assembly.
Ribosomal proteins comprise only ~27% of the nucleolus proteome (of 217 pro-
teins) in Arabidopsis (Pendle et a. 2005), leaving much to understand about
nucleolar cell biology. Currently the list of nucleolus-associated functionsincludes:
ribosomal RNA synthesig/processing/assembly, transfer RNA (tRNA) transcription/
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processing, messenger RNA (mRNA) maturation, and biogenesis or storage of signal
recognition particles and telomerase ribonucleoprotein complexes (Pontes and Pikaard
2008; Shaw and Brown 2004). Cajal bodies (Fig. 3d) associated with the nucleolus and
aso distributed freely in the nucleoplasm are the sites of miRNA and SSIRNA process-
ing in plants (Pontes and Pikaard 2008), with products impacting plant devel opment,
chromatin structure, gene silencing, and other processes. Bird (1973) quantified
nucleolar volume per giant-cell nucleus, showing up to a~tenfold increase compared
to nearby parenchyma cells. The presence of this large number of nucleoli in giant-
cellsmay be areflection of the cell’s need for protein synthesis and processes affecting
gene function. The ultrastructure of the giant-cell nucleolusis comprised of four com-
ponents that correlate well with steps in ribosome biogenesis as indicated in Fig. 3d:
(1) condensed heterochromatin adjacent to the nucleolus (the granules are nucleo-
somes that participate in DNA condensation); (2) region of DNA decondensation/
transcription; (3) finefibrillar region of rRNA processing; (4) granular region of ribos-
ome assembly.

3.2 Cell Wall Stubs

Whether giant-cell development results from cell wall breakdown/protoplast fusion
or from single cell expansion was debated for decades in many papers using light
microscopy evidence (e.g., Christie 1936; Dropkin and Nelson 1960). Jones and
Dropkin (1975) used light microscopy to compare cell wall changesin feeding cell
development in the same host (soybean) infected by three different nematodes (the
root-knot nematode, M. incognita, and the cyst nematodes Heterodera glycines and
Rotylenchulus reniformis). For the latter two species they observed a series of
incomplete cell walls within the feeding cell with a gap in their middle, indicating
the digestion of cell walls during the development of these cells (see Fig. 4a).
However, in feeding cells elicited by M. incognita, no cell wall gaps were observed.
Instead, there wasirregular cell wall fragments anchored to one side of the cell with
no corresponding wall fragment on the other side (see Fig. 4b). They concluded that
cell wall breakdown was the mode for feeding cell formation in H. glycines and

<
<

Fig. 3 Thegiant-cell nucleus. (a) Nuclei clump in the cell center. (b) Obliquely sectioned nucleus
showing the highly lobed character of agiant-cell nucleus. Note, heterochromatin binds the nuclear
envelope (arrows). Chemically fixed tomato giant-cell (unpublished micrograph courtesy of
Richard S. Hussey, University of Georgia). (c) Thick section (0.5 pm) showing most heterochro-
matin bound to the nuclear envelope. Two nucleoli also bind heterochromatin. (d) Nucleolus
structure correlates with its function in ribosome synthesis/processing/assembly (see Sect. 3.1). In
(d), (1) shows attached heterochromatin with nucleosomal beads that regulate condensation; (2)
shows region of DNA decondensation/transcription of rrna genes; (3) shows fibrillar component,
RNA processing; and (4) shows granular region and ribosome assembly. Additionally, a putative
Caja body islabeled (c). Scale bars: (a) 10 pum, (b) 3 pm, (c) 5 um, (d) 250 nm
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Fig. 4 Comparison of cell wall stubsin syncytia and giant-cells, phase micrographs of resin sec-
tions. (a) Soybean root syncytium in which cell wall stubs result from broken walls (joined arrows).
(b) Developing giant-cells in A. thaliana in which cell wall stubs (arrows) do not have matching
stubs in opposing walls, suggesting de novo synthesis. Scale bars: (a) 50 um, (b) 25 um

R. reniformis, and that the lack of wall gaps in feeding cells induced by M. incog-
nita indicated that cell wall breakdown does not occur in this interaction. Figure 4
compares the light micrographs of the two cell types, showing the presence of
matching walls on opposite sides (joined arrows) for the feeding cells from cyst
nematodes and the lack of these walls in the case of root-knot nematodes.
Accordingly, the multinucleate feeding cellsinduced by cyst nematodes (Heterodera
spp. and others) derived from the merging of cells by cell wall breakdown are
named “syncytia’ while the feeding cells €licited by root-knot nematodes
(Meloidogyne spp.) formed via expansion of a single cell are named “ giant-cells.”

Initial studies using electron microscopy include Bird (1961) who noted the
presence of cell wall fragments within giant-cells anchored to the giant-cell wall
and attributed them to cell wall breakdown during giant-cell formation. Huang and
Maggenti (1969) did not report cell wall abnormalitiesin their electron micrographs.
Paulson and Webster's paper (1970) was the first analysis of giant-cell ultrastruc-
ture aided by improved electron microscopy preparation methods devel oped subse-
quent to the early papers. They found some evidence for cell wall breakdown by
light microscopy, especially in adjacent cells crushed by the expanding giant-cell.
On the basis of the higher resolution images from electron microscopy, they con-
cluded that there was no unequivocal evidence that cell wall breakdown played a
rolein giant-cell formation.

Jones and Payne (1977, 1978) offer a compelling argument that cell wall stubs/
fragmentsin giant-cells could be aresult of errant cell wall formation. They treated
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dividing cells in Impatiens root tips with caffeine, which interferes with cell plate
formation. TEM showsthat this resultsin the formation of cell wall stubs represent-
ing incomplete cell plate formation, these being attached to opposing mother cell
walls at the site where the plate normally would attach. This observation implied
that for giant-cells (Jones and Payne 1978), which go through the cell cycle and
mitosis repeatedly during development (Goverse et a. 2000) without cytokinesis,
there is nascent but incomplete cell wall formation, with the new walls attached to
the pre-existing cell wall as found in caffeine-treated cells. Early in development
(two nuclei stage) giant-cellsindeed form anascent cell plate, comprised of aligned
vesicles, which soon aborts (Jones and Payne 1978). There are further examplesfor
the formation of multinucleate cells due to errant cell plate formation. For instance,
in nitrogen fixing symbiotic cells of the actinorhizal plants Datisca and Coriaria,
the symbiotic bacterium Frankia induces cell cycling inits host as part of the infection
process. Mitosis without cytokinesis causes invaded cellsto be multinucleate which
has been suggested to be due to mis-targeted callose deposition which is deposited
on the invading bacterium (Berg et al. 1999).

Examples of cell wall stubs/fragments are presented in Fig. 5. In all cases
these stubs do not have a matching partner in the opposite wall, supporting the
studies cited above that suggest they are aresult of mal-formed walls rather than
remnants of broken walls. The stub in Fig. 5a (arrow) appears to have been
formed by folding of the wall, as has been observed by Jones and Payne (1978).
The stub in Fig. 5b (arrow) may represent alater stage in development where the
infolded walls have fused, forming a thick stub with a rounded tip. Stubs
undergo various modifications, including uneven deposition of wall material,
leading to variation in stub thickness along its length and to stub branches
(arrow, Fig. 5c). Continued deposition of wall material can produce remarkably
thick stubs (arrow, Fig. 5d). Wall thickening, followed by development o f the
transfer cell wall labyrinth (TCL) (see Sect. 4.3), progresses during giant-cell
development and may be aresponse to cell cycling in a cell incapable of cytoki-
nesis. Whether the thickening of stubs and the giant cell wall (discussed in the
next section) is only due to material miss-targeted because of the lack of cytoki-
nesis remains to be determined. In conclusion, the structure of cell wall stubs
strongly suggests that giant-cell expansion is not due to cell wall breakdown but
to the expansion of asingle cell. Evidence is presented in Sect. 5 that expansion
may be due to vacuolar enlargement.

4 Cell Wall Development

Thewall of giant-cells goes through significant changes during cellular development.
Thewall thickens and developstransfer cell 1abyrinthsthat increase the surface area
for transport of nutrients into the giant-cell, which is reflected by the proliferation
of vascular tissue surrounding giant-cells. Thisis also the case for syncytia (Chap. 6
of this book).
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4.1 Vascular Tissue Development

From the earliest studies (e.g., Chrigtie 1936) it has been observed that an extensive
network of xylem elements develops around the giant-cell during its growth. Figure 6
illustrates stages of xylem element development around giant-cells in Arabidopss,
making use of glutaraldehyde fluorescence (green) and lignin fluorescence (red) in
glutaraldehyde-fixed tissue (Fester et d. 2008). Because of extensive protein cross-linking
by glutaraldehyde, the green fluorescence signal represents regions of high protein con-
centration. At the earliest stage of development (Fig. 6a) nematode feeding has displaced
the vascular xylem (arrow). Some xylem vessels end abruptly in the region of nematode
feeding; this was interpreted by Christie (1936) to mean that xylem development is
arrested or aberrant under the influence of the nematode. As giant-cells expand, a net-
work of new xylem elements forms between them (Fig. 6b, giant-cells indicated by
asterisks, vascular xylem at arrows). Eventuadly this developsinto an extensive array of
xylem elements that form a cage around giant-cells (Fig. 6¢, giant-cells indicated by
asterisks). These are presumed to serve as a rich source of nutrients for the giant-cell,
with the giant-cell transfer cell wall [abyrinth developing next to them (see Sect. 4.3).

Using GFP reporter constructs of genes expressed in phloem tissue, we have
shown extensive development of phloem tissue around giant-cells (Figs. 6d, e,
unpublished). AtAPLpro::GFP (APL, Altered Phloem Development; GFP, green
fluorescent protein) is a marker for phloem development (Bonke et al. 2003). Its
expression pattern in root knots (Fig. 6d) shows the development of phloem around
the cluster of giant-cells. Thisisalso the casefor the expression of AtSUC2pro:: GFP
(SUC2, Sucrose Transporter-2) serving as a marker for companion cells of the
phloem (Fig. 6€) (Imlau et al. 1999).

That both xylem and phloem are reservoirs of nutrition for giant-cellsisimplied
by the development of extensive transfer cell wall ingrowths in walls of giant-cells
adjacent to these cells as discussed in Sect. 4.3.

4.2 Cdl Wall Thickening

Wall thickenings are present early in giant-cell development and localized to small
patches of the wall (Fig. 7a, b, arrows). These expand to cover larger regions
(Fig. 7c), leading to extensive wall thickening (Figs. 1a, 5d and 9d). However, even
in mature giant-cells (containing transfer cell wall labyrinth) the thickening is non-
uniform (Figs. 8a and 9d), suggesting that the mechanism for adding cell wall
material is asymmetrically distributed during giant-cell development. Golgi stacks
are associated with the wall during thickening (Fig. 7d) and perhaps their cellular
distribution affects this asymmetry. There are instances of unusual wall morphology
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Fig. 5 Cell wall stubs in giant-cells. (a) Early stage of stub formation, via in-folding of a wall
into the giant-cell (arrow). (b) Early stage of stub formation, the infolded wall appears to have
fused together (arrow). (c) Thickened stub with a branch-like structure (arrow). (d) Highly thick-
ened stub (arrow). Scale bars: (a), (b) and (c) 2 um; (d) 5 um
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in thickenings of adjoining giant-cells. As shown in Fig. 7e, thickenings may overarch
thin wall regions, even to the point of enclosing a cavity (arrows). Remarkably, in
some cases, a bordered pit pair is formed (Fig. 7f). Such bordered pit pairs are a
common feature of tracheids from woody gymnosperms but are rarely if ever found
in Arabidopsis. The torus-containing wall (Fig. 7g) does not have plasmodesmata.
Thickened walls are a clear example of the hyperactivity of the machinery for wall
synthesis in developing giant-cells, including developmental programs for wall
production that are out of character for the tissue.

4.3 Transfer Cell Wall Labyrinth

Giant-cells put a significant demand for nutrients on surrounding cells. This is
manifested in their development of transfer cell wall labyrinths (TCL), which have
been long known to be a hallmark of giant-cells (Jones and Gunning 1976; Jones
and Northcote 19724, b). This structureissimilar to wall ingrowths of transfer cells.
These significantly increase the surface area of plasma membrane, facilitating the
transport of nutrients into or out of the cell, i.e,, symplast—apoplast exchange
(Gunning and Pate 1969, 1974; Offler et a. 2002). Transfer cells occur in a variety
of tissues and are involved in the transport of nitrogenous material, minerals, and
sugars. The TCL may vary in morphology according to the cell, with reticulate and
flange morphologies being the predominant forms. The wall ingrowths contain cel-
lulose, hemicellulose, pectin and likely other components (Offler et al. 2002).
Transfer cell induction and regulation is reviewed in Offler et al. (2002).

Cell wall thickening in giant-cellsis the first distinguishing wall modification in
these cells, and most wall labyrinths devel op from the thickened regions (Figs. 8a,
9a, d, e). This suggests that these two structural modifications are developmentally
related, that labyrinths are rooted in these thickenings, and they develop from
molecular nucle within them. These observationsfit with the model for differentia-
tion of transfer cellsin general proposed by Offler et al. (2002), which suggests that
an extracellular signal leads to polarized deposition of a thickened wall (localized
regions of cell wall thickening in giant-cells) from which the TCL is initialized
(TCL grows from thickened regions in the wall). Two candidates for the molecular
nuclei that initiate wall ingrowth formation at specific sites are arabinogalactan
proteins and wall kinases (Offler et a. 2002).

<
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Fig. 6 Vascular tissue development in the root knot. (a), (b), and (c) Confocal light microscopy of
xylem development in feeding sites, glutaraldehyde-fixed tissue. Green is glutaraldehyde fluores-
cence, red is xylem fluorescence. (a) Early feeding stage (nematode position indicated) with vas-
cular xylem displaced (arrow) and xylem development arrested at (X). (b) Xylem elements have
formed at this intermediate stage of development, around three giant-cells (asterisks). Vascular
xylem indicated by arrows. (c) Late in feeding site development, an extensive array of xylem ele-
ments has formed around two giant-cells (asterisks). (d) and (€) Confocal light microscopy of
phloem development in feeding sites. GFP reporter is green with cell walls stained with Congo Red.
(d) Ataplpro::GFP expression indicating phloem development around the periphery of the giant-
cell cluster. (e) Atsuc2pro:: GFP expression showing phloem (companion cell) proliferation around
giant-cells (asterisks). Scale bars: (), (b), (c), and (€) 50 pm; (d) 30 um
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Little is known about the molecular makeup of the giant-cell TCL. Histology
and thin section staining provide evidence that the TCL in plant cells contains cel-
lulose and pectins (Gunning and Pate 1974; Browning and Gunning 1977). Dropkin
and Nelson (1960) note that the thickened wall of mature giant-cells (which con-
tains the TCL) stains positively for cellulose and pectins. Immunogold analysis of
pea nodule TCL shows the presence of callose in mature labyrinths in small
domains, suggesting the existence of channels within the labyrinth (Dahiya and
Brewin 2000), while xyloglucan (hemicellulose) and pectin are uniformly distributed
in the mature labyrinth. These two major polysaccharide components of plant cell
walls are secreted by Golgi stacks (Staehelin and Moore 1995) viavesiclesthat fuse
with the cell membrane. The third major polysaccharide component, cellulose, is
synthesized by cellulose synthase enzyme complexes within the cell membrane
(Delmer 1999). The large number of Golgi stacks in wall regions synthesizing the
labyrinth (Fig. 8b) could be responsible for secretion of pectins and hemicellulose
polysaccharides in this wall-growing region.

Figure 8b is athick (0.5 um) section showing the distribution of organellesin a
TCL-forming region. The three-dimensional morphology of the many mitochondria
associated with the labyrinth can be seen. The added depth in this view shows that
these mitochondria are highly elongated. The ER in labyrinth-growing wall regions
comes into close association with the wall (Fig. 8b, ¢, arrows). Often the margins of
cisternae associate specifically with the tips of growing labyrinths (Fig. 8c, arrows),
which has been observed in the case of other transfer cellsaswell (Gunning and Pate
1969). The concentration of endomembrane secretory organelles (Golgi stacks, ER,
vesicles) at the site of wall synthesisin transfer cellsimplicates their participation in
this biosynthetic process (Offler et al. 2002). The ER in particular is a prominent
feature of al transfer cells (Gunning and Pate 1969), and it has been suggested to be
a compartment for concentrating solutes that have been transported into the cell,
providing an avenue for transport of these solutes to other parts of the cell.

The electron-dense pockets of the TCL seen in freeze-substituted specimens
(Figs. 2b and 94), but absent from chemically fixed specimens (Fig. 2d), are likely
compounds not cross-linked by glutaraldehyde and therefore leached out during
dehydration. In their pioneering study of TCL ultrastructure in freeze-substituted
specimens from a variety of plants, Browning and Gunning (1977) also observed
electron-dense pockets in wall ingrowths of some plant species. Thin sections of
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Fig. 7 Cell wall thickening during giant-cell development. (a) Earliest stage of slight wall thick-
ening, in local wall regions (arrows). (b) More substantial thickening (arrow) in a later stage of
giant-cell development. (c) Even later in development, thickening is more uniform across the wall.
(d) Enfaceview of aGolgi stack cisternum, with peripheral secretory vesicles apparently traffick-
ing to thewall. (e) Three giant-cellswith thick wallsin regions joining them. Thin walls with wall
thickenings on adjacent regions that are so thick that they have fused with others, overarching
cavities (arrows). (f) A bordered pit pair formed between two giant-cells with torus (arrow).
(g) Higher magnification of torusin (f). Note, there are no plasmodesmata in the torus or wall.
Scale bars: (a), (c), (e) and (f) 5 pm; (b) 2 um; (d) 200 nm; (g) 1 um
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these electron-dense patch regions stained lightly with alkaline Ruthenium Red and
densely with the Thiery polysaccharide stain. This was interpreted to represent
pectin for the former and total polysaccharide for the latter. Electron-dense pockets
filling the width of labyrinthine projections (Figs. 2b and 9a) might represent
water-soluble polysaccharide. In the case of cellulose, sections labeled with a cel-
lulase-gold affinity label for this polysaccharide (Berg et al. 1988) show a non-
uniform distribution of gold particles (Fig. 9b, ¢, unpublished). In most cases the
electron-dense pockets are not labeled but rather surrounded by the label.
Combining these two markers (el ectron-dense pockets surrounded by cellulose),
it is possible to morphologically identify labyrinthine components buried in the
thickened wall (opposing arrowheads, Fig. 9¢), suggesting that the thickened wall
contains some wall ingrowths buried in additional, less electron-dense wall material
that was not labeled with the cellulose-specific probe. In contrast, the cellulose-specific
label is dense and uniformly distributed in primary cell walls. Dropkin and Nelson
(1960) additionally noted that the thick wall (from which the labyrinth grows) is bire-
fringent, but the inner wall (corresponding to the labyrinth) is not, indicating more
ordered cellulose microfibrilsin the former and randomly oriented cellulosein the latter.
Such loosely packed cellulose microfibrils have been described in reticulate TCLS of
other plant cells (Browning and Gunning 1977). The cellulase-gold labeling pattern is
congistent with this being the case for giant-cell TCLsaswell.

Unlike conventiona transfer cells, the large surface area of giant-cell walls can
provide hints of the effect of differing adjacent cells on labyrinth development.
Labyrinth density, a measure of the increased surface area, might be expected to
reflect the importance of adjacent cells as a nutrient source. The TCL in nematode
feeding cells has been reported to be most extensive when opposite vascular ele-
ments, with those adjacent to xylem elements more dense than those adjacent to
phloem (Jones and Gunning 1976; Jones and Northcote 19723, b). The giant-cellsin
Fig. 9d, e show patches of labyrinth that match up somewhat distinctly with specific
adjacent cells (e.g., white arrows). There are other cases where the labyrinth covers
only parts of the adjacent cell (e.g., white arrowhead), but thisis uncommon. Xylem
elements are only one example of the many different cell types dliciting labyrinth
formation. The entire circumference of the three giant-cells seen in Fig. 9d has only
three xylem element cells (asterisks) as adjacent cells. Similarly, in Fig. 9e, only
three xylem elements (asterisks) are visible. Most of these elicit labyrinths in the
giant-cell, but those in this example are arelatively small fraction of the total laby-
rinth. Because of this occurrence of TCLs adjacent to considerable numbers of
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Fig. 8 Transfer cell wall [abyrinth development in giant-cells. (a) Labyrinth development only occurs
inregionsof thewall that have thickened cell walls. Phloem cells span the regionsindicated. (b) Thick
section (0.5 um) of a giant-cell wall region synthesizing the wall labyrinth. Thick sections permit
imaging the elongated mitochondria morphology. Endoplasmic reticulum and Golgi stacks are associ-
ated with labyrinth development. (c) Cisterna of the endoplasmic reticulum associate with the growing
tips of new wall in-growths (arrows). Scale bars: (a) 10 um, (b) 2 um, (c) 1 um
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parenchyma cells, it can be concluded that these cells serve as potentia nutrient
sources in addition to those furnished by xylem elements. Furthermore, TCLs can
be observed on cell walls terminating at the giant-cell (black arrows in Fig. 9d, €),
indicating that nutrient transport in the apoplast, pooled from cells further away, may
be a significant source of giant-cell nutrients. As shown in Fig. 9d, walls between
giant-cells are commonly thick and labyrinth-rich, suggesting that nutrients pass
between giant-cells (Jones and Gunning 1976; Jones and Northcote 1972b).

5 Cédl Expansion

Giant-cells expand rapidly, reaching their full size within 14-21 days after commence-
ment of nematode feeding (Bird 1972). On the basis of diameter measurements, giant-
cells are a least ten times bigger than adjacent parenchyma cells. Most papers
analyzing giant-cell development have noted that young giant-cells contain large vacu-
oles making up alarge volume of the cell while mature giant-cells contain small vacu-
oles and the majority of the cell’s volume is cytoplasm (Christie 1936; Dropkin and
Nelson 1960; Huang 1985; Jones and Dropkin 1975; Paulson and Webster 1970). A
similar change in vacuolesisfound in syncytia (Sobczak and Golinowski 2008). It has
been implied that the formation of the large vacuole in young giant-cellsis a cause
of giant-cell expansion (Hammes et a. 2005) based on asimilar mechanism occurring
in expanding plant tissues. Typicaly, rapid expansion of plant cells, e.g., inthe elonga-
tion region of shoots and roots, is facilitated by the expansion of the vacuole as this
largely contains water and therefore does not require extensive protein synthesisto fill
the expanding volume. Nematode parasitism genesthat could be involved in modifica-
tion of cell wallsthat would facilitate expansion are identified in Davis et d. (2008).
The giant-cellsin thelight micrograph in Fig. 10aillustrate the vacuolar changes
seen in different stages of development. The lowermost cells, with fewer nuclei, are
filled with large vacuoles (V) that may aid in the expansion of these young giant-
cells. Later in development, as in the multinucleate cell in the upper left (Fig. 10a),
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Fig. 9 Giant-cell wall labyrinth composition and distribution. (a) Labyrinth grows from a
thickened wall and contains electron-dense pockets; cavities (asterisk) are formed by labyrinthine
growth. (b) Cellulase-gold affinity labeling of cellulose in the labyrinth; the wall thickening
contains regions with uniform, dense label (1), similar to that found in primary walls, and unlabeled
regions (2). The electron-dense labyrinth regions generally are unlabeled but are surrounded
with label (arrow). Label is often aligned along the plasma membrane (arrowhead). (c)
Cellulase-gold-delimited labyrinths (opposing arrowheads) are sometimes buried in the thickened
wall. (d), (e) The giant-cell wall labyrinth is distributed completely across walls of opposing cells
(white arrows), partly across opposing walls (white arrowhead) and at junctions where opposing
walls terminate at the giant-cell wall (black arrows). Xylem elements are indicated by asterisks.
Cell wall labyrinths can form opposite walls that are neither xylem nor phloem elements. Scale
bars: (a), (b) and (c) 1 pm; (d) 20 pm; (€) 10 um
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there are many vacuoles of intermediate and smaller sizes, and a corresponding
increase in cytoplasm content. This suggests that early giant-cell expansion is
driven by vacuole expansion, and this is supplanted with synthesis of cytoplasm as
nuclei increase in number and serve as a source for the extensive amount of ensuing
protein synthesis (Bird 1972). As an example of the remarkable vacuole size attain-
able, the young giant-cell in Fig. 10b is occupied primarily by a vacuole ~200 pm
in diameter. These vacuoles are much larger than vacuoles of parenchyma cellsin
uninfected roots. Because giant-cells derive from parenchyma cells, their vacuoles
must have experienced a remarkable amount of expansion during giant-cell devel-
opment. In the developing feeding site shown in Fig. 10c al of the giant-cells sur-
rounding the nematode head contain large vacuoles (asterisks), illustrating the
importance of vacuoles in expansion of the giant-cell (Hammes et al. 2005). The
large amount of water uptake likely to occur during this expansion can be expected
to be reflected in gene expression of aguaporin water transporters such as tonoplast
intrinsic proteins (T1Ps), which are required for vacuol e biogenesis and rapid influx
of water into expanding vacuoles (Chaumont et al. 1998). This is indeed the case
for developing root knots. Opperman et a. (1994) showed high expression of
TobRB7 in root knots in tobacco, a gene that encodes a 8-TIP aquaporin (Sarda et al.
1999) and is expressed in giant-cells (Gheysen and Mitchum 2008).

The causal dynamics for vacuolar changes during later giant-cell development,
from alarge vacuole to many smaller vacuoles, are subject to debate and could be
elucidated with time lapse studies of living cells. Hints of the mechanism can be
interpreted from electron micrographs. The uppermost of the three giant-cells in
Fig. 10d is the most mature. Instead of alarge vacuole, there are two smaller vacu-
oles at the poles of the cell (asterisks) and many smaller vacuoles. The two younger
giant-cells below contain large vacuoles that are penetrated by cytoplasmic strands
(arrows, the lowermost at higher magnification in Fig. 10e).

Further clues regarding the change in vacuole populations during giant-cell
development come from the study of cell division in highly vacuolated cells
such as in the vascular cambium. Cell division in cambial cells is preceded by
formation of a phragmosome, a cytoplasmic sheet transversing the vacuole that
predicts the future plane of cell plate formation (Evert 2006; Sinnott and Bloch
1940). The phragmosome bisects the vacuol e into smaller vacuol es that occupy
the two daughter cells and is associated with extensive penetration of the

Fig. 10 Vacuole biogenesisin giant-cell expansion. (a) Phase micrograph of aresin section with
large vacuoles in young giant-cells (lower cells) and more numerous smaller vacuoles in more
developed giant-cells (upper cells). (b) DIC micrograph of aresin section of ayoung giant-cell in
which alarge vacuole (~200 pm in diameter) occupies 90% of the cell volume. (c) Confocal light
micrograph of glutaraldehyde-fixed whole mount feeding site showing glutaraldehyde-
fluorescence. All of the devel oping giant-cells surrounding the nematode head have large vacuoles
(asterisks). (d) Vacuolar changes in three developing giant-cells; the uppermost has two vacuoles
(asterisks) at poles of the cell and many smaller vacuoles. The lower two cells are early in devel-
opment and cytoplasmic bridges are bisecting the vacuole (arrows). (€) Higher magnification of
the lowermost cell in (d), showing the cell is binuclear and the structure of the cytoplasmic bridge
(arrow). Scale bars: (a) 20 um; (b) and (c) 50 pm; (d) 10 pm; () 2 um
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vacuole by cytoplasmic strands, mediated by microtubules and actin (Evert
2006; Lloyd 1991).

Fragmentation of the large central vacuole in giant-cells may be accomplished
by a related mechanism. Cytoplasmic bridges in vacuolated feeding cells were
observed in early cytological studies (Christie 1936). Jones and Payne (1978)
describe phragmosome induction in cells near the nematode head in developing
feeding sites, attributing them to cell activation by the nematode. These phragmo-
somes can be seen bisecting vacuoles of developing giant-cells in other studies
(Payne and Webster 1970). The vacuolated cellsin Fig. 10e have already initiated
nuclear divisions (showing two nuclei in the ultrathin section) and the vacuolar
fragmentation caused by the cytoplasmic strand (arrow) may result from phrag-
mosomal activity. The large number of small vacuoles in later stage giant-cells
(e.g., Fig. 10a, upper left cell; Fig. 10d, upper cell) could therefore result from
continued vacuolar fragmentation as the cell is engaged in mitotic cycles without
going through cytokinesis. Cyst and root-knot nematodes activate the cell cycle
by triggering expression of cyclin-dependent kinases and mitotic cyclins (Goverse
et al. 2000; Gheysen and Mitchum 2008), events that would conceivably allow
production of phragmosomes.

A number of studies have emphasized similarities in plant cell signa transduction
pathways induced by rhizobia and parasitic nematodes (Davis and Mitchum 2005;
Kolta et al. 2001; Mathesius 2003; Weerasinghe et a. 2005; Bird et a. 2008; Gheysen
and Mitchum 2008). Of particular relevance here is that root-knot nematodes produce
a compound that mimics Nod factor in its effect on legume root hairs, including
cytoskeletal rearrangements (Weerasinghe et a. 2005). De AlmeidaEngler et a. (2004)
analyzed the actin and microtubul e cytoskeleton in developing syncytiaand giant-cells,
concluding that nematode-induced perturbations of the cytoskeleton are required for
successful establishment of feeding sites. Expression of actin and microtubule genes
was high in developing feeding sites in giant-cells and phragmoplasts were abundant.
However, they were arrested in development and no cell plates were formed.

In legume root nodule development, invading rhizobia induce phragmosome-like
cytoplasmic bridges by cell cycle induction via Nod factors, and these cytoplasmic
bridges provide an avenue for infection thread growth that supports rhizobial
infection (van Brussel et a. 1992; Yang et al. 1994). Fragmentation of vacuoles and
ensuing infection thread formation in developing symbiotic cells of actinorhizal
plants has been proposed to result from asimilar mechanism (Berg 1999). Like Nod
factorsin rhizobia, similar molecules secreted by parasitic nematodes might have a
role in eliciting cell cycle-dependent changes in developing feeding cells that are
critical for their development.

6 Feeding Tubes

Feeding tubes are remarkable structures not only because they are central to parasitism
but also because of their unique cell biology. Their formation is elicited by nematode
secretions that may require participation by plant cell components to form the tube.
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Feeding tubes within giant-cells have a crystalline wall structure that likely is
composed of protein.

6.1 Feeding Tube Formation and Structure

Nemec (1911) was the first to identify feeding tubes formed in reaction to nema-
todes in giant-cells, describing them as proteinaceous threads (Nemec 1932).
Using light microscopy of root knots in soybean roots, Dropkin and Nelson
(1960) observed long rod-like inclusions that were up to 70-um long, number-
ing up to 25 in some cells, and occurring most frequently near the clumps of
nuclei in giant-cells. They suggested that these were coagul ated secretions from the
nematode. Paulson and Webster (1970) were the first to present electron micro-
graphs of these structures (in tomato roots infected with Meloidogyne), which
they identified as crystalline protein storage inclusions, as did Jones and
Northcote (1972b) for protein crystal bodies observed in Coleus roots infected
with Meloidogyne. The narrowness of feeding tubes (~1 pum) makes it difficult
to observe their three-dimensional morphology in thin sections. Thick sections
of 0.5 um, however, clearly show that the feeding tubes in giant-cells are uni-
form in diameter and straight (Fig. 11a). It is easy to see why Nemec mistook
them for mitochondria (Nemec 1910) as they are similar in thickness and over-
all shape (Fig. 8b). Feeding tubes are clearly evident in electron micrographs of
soybean roots infected with R. reniformis published by Rebois et al. (1975),
but they were interpreted as nematode secretions rather than as functional feed-
ing tubes. Razak and Evans (1976) were the first to identify the tubular nature
of these structures, coining the term “feeding tube.” In their investigation of
cowpea roots infected with R. reniformis, they used camera lucida drawings to
show that the feeding tube associated with this nematode has a spiral structure.
They were hesitant to interpret whether the tube was of plant or nematode
origin. As for feeding tube function, their interpretation that they serve as a
sieve with alarge surface area that filters organelles and larger cellular colloids,
preventing them from entering the tube and occluding the nematode stylet, is
still plausible. Feeding tube lumen contents seen in thin sections (Figs. 11-13) are
consistent with this interpretation. The posterior end of the tube is sealed, main-
taining the lumen as a compartment separated from plant cytoplasm (Hussey
and Mims 1991, Sobczak et al. 1999). A survey of feeding tubes in other plant
parasitic nematode feeding sites (Rumpenhorst 1984) shows their occurrence in
response to several nematode genera: Globodera, Heterodera, and Mel oidogyne
(Sobczak and Golinowski 2008).

There have been severa investigations characterizing the size limitation of
molecules taken up through the feeding tube based on fluorescence microscopy.
Bockenhoff and Grundler (1994) used microinjection to introduce lucifer yellow
and fluorescent dextrans of various molecular weights into syncytia in roots of
A. thaliana infected by H. schachtii. They found a size exclusion of less than
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40 kDa, implying a maximum Stokes radius of 3.2—4.4 nm for molecules taken up
by the nematode. Urwin et al. (1997) expressed free GFP in giant-cells of A. thal-
iana which was taken up by M. incognita and this was also found by Goverse et
al. (1998) for the cyst nematode G. rostochiensis in syncytiain potato roots. The
latter interpreted that proteins of ~32 kDa can be taken up by nematodes feeding
on cellsthat form feeding tubes, implying that the feeding tube size exclusion limit
is somewhere between 32 and 40 kDa.

Cell wall penetration by the stylet causes a buildup of wall material around the
stylet, termed the “feeding peg” by Razak and Evans (1976). Using light microscopy
of R. reniformis in cowpea, they observed that the feeding tube is opposite this
structure, which consists of modified host cell wall material according to staining for
polysaccharides (periodic acid-Schiff) and lignin (Toluidine Blue-metachromatic).
Rebois (1980) used electron microscopy of R. reniformisin cotton roots to show that
peg and feeding tube lumen are continuous, that the former is similar in structure to
the cell wall, and that the feeding peg likely stabilizes the nematode stylet in its
juncture with the feeding tube. Sobczak et a. (1999) show that the feeding peg (also
known as feeding plug) is formed in syncytia induced by H. schachtii and that
neither plug nor stylet penetrate the plasma membrane. Hussey and Mims (1991)
found no evidence for feeding plug formation in giant-cellsinduced by M. incognita.
Thismight result in aless stable lodging of the stylet in the giant-cell wall, evidenced
by the rarity of sections with stylet in the wall in their images.

Feeding tube formation isarapid response to the injection of nematode esophageal
gland secretionsinto feeding cells. Using video-enhanced contrast light microscopy,
Wyss and Zunke (1986) observed feeding tube formation within 15 minutes of
insertion of stylet into the host cell in Brassica roots infected with H. schachtii.
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Fig. 11 Feeding tube formation. (a) Thick section (0.5 pm) showing the uniform diameter and
straight morphology of the feeding tube in giant-cells. (b) Juncture of the ring nematode stylet with
plant cytoplasm (see Sect. 6.1). Dome-shaped secretion dome (black arrow) isformed where secretions
contact the plant cytoplasm, surrounded by endoplasmic reticulum. Secretions within the stylet lumen
are amorphous (white arrow). Plasmamembrane surrounds the stylet, which isinserted several pminto
the cytoplasm (chemicaly fixed, reproduced from Hussey et a. (1992) with kind permission from
Springer Science + Business Media). (c) Junction of stylet aperture of ring nematode (asterisk) with
porein plant cell plasma membrane (see Sect. 6.1), formed by appression of this membrane with the
stylet aperturewall (arrows) (chemically fixed, reproduced from Hussey et d. (1992) with kind permis-
sion from Springer Science + Business Media). (d) Feeding tube juncture in a giant-cell with site of
Meloidogyneincognita stylet insertion in the cell wal (arrow, stylet withdrawn). Note intact plasma
membrane (chemically fixed, reproduced from Hussey and Mims (1991) with kind permission from
Springer Science + Business Media). (€) Juncture of stylet of Rotylenchulus reniformis with feeding
tube in a cotton root cell, showing the relationship between stylet aperture (arrow) and feeding tube.
Lumen of the stylet is apparently contiguous with the lumen of the feeding tube (chemically fixed,
reproduced from Rebois (1980) with kind permisson from Leiden-Brill). (f) and
(g) Feeding tube-like structure formed from the surface of the endoplasmic reticulum [arrow, higher
magnification in (g)] in a giant-cell in A. thaliana. (h) A membrane sheath of smooth endoplasmic
reticulum surrounds the feeding tube, in some places contiguous with rough ER (arrows). Scale bars:
(@, (f) and (h) 1 pm; (b) and (g) 200 nm; (c) 100 nm; (d) 500 nm; (€) 2 um
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Their images show rapid growth of the feeding tubes at the basal end from the
stylet tip. Electron micrographs of the feeding tube—stylet juncture are rare due to
the difficulty of serial sectioning large cells in search of this small structure.
Hussey et al. (1992) sectioned the stylet tip of the ring nematode (Criconemella
xenoplax) inserted into a cortical cell of a clover root (Fig. 11b, reproduced from
Hussey et al. 1992). The plant cell membrane is not penetrated but is invaginated
5.6 um around the stylet. The dome of granular material (black arrow) appears to
be in the process of being directly discharged into the cytoplasm by the nematode.
This could be interpreted to show that secretions are converted from amorphous
material in the stylet lumen (white arrow) into granular material upon exposure to
the cytoplasm. Endoplasmic reticulum is aggregated around this site. From the
same study, a section of the ring nematode stylet inserted into a tomato feeding
cell (Fig. 11c) shows that a pore in the plasma membrane is formed due to this
membrane becoming tightly appressed (arrows) to the wall of the stylet aperture
(asterisk). These images are evidence that the stylet does not deeply penetrate into
the feeding cell; instead it comesto arest afew um within the cell without damaging
the plasma membrane. Furthermore, when the stylet comes into physical contact
with the plasma membrane it forms a seal and then releases secretions into the
cytoplasm through an open pore in the plasma membrane. Our interpretation is
that these secretions become granular when in contact with the cytoplasm.
Although afeeding tube per seisnot induced by this nematode, these observations
suggest that secretions react with plant cell components to form structures separat-
ing stylet from plant cytoplasm.

True feeding tubes are made in giant-cells for which there is scant evidence to
settle the question as to whether the stylet l[umen is contiguous with the feeding
tube lumen. In their study of giant-cells, Hussey and Mims (1991) published two
micrographs showing an intact plasma membrane at the juncture of feeding tube
and cell wall, one of these is presented in Fig. 11d. In their micrographs, the stylet
has been withdrawn from the plasma membrane (apparently during fixation), pre-
venting determination of the continuity between stylet aperture and feeding tube. In
the study by Rebois (1980) of feeding tubes in cotton infected with R. reniformis,
there is apparent continuity of stylet and feeding tube lumen in one micrograph
(reproduced here as Fig. 11e, arrow). A definite answer to the question of continu-
ity, however, will require more substantial evidence.

Nevertheless, Fig. 11e provides persuasive evidence that injection of secretions
into feeding cells by sedentary nematodes causes feeding tube formation, apparently
due to a reaction between saliva and plant cytoplasm (Endo 1987; Hussey and
Mims 1991; Rebois 1980; Sobczak et al. 1999). Giant-cell feeding tubes grow
from the stylet tip of the root-knot nematode Mel oidogyne incognita (Hussey and
Mims 1991). Figure 11d (reproduced from the Hussey and Mims publication)
shows an infected tomato cell where the stylet had been inserted and a new feeding
tube formed from the region previously occupied by the stylet tip (arrow). The
micrographs presented so far provide compelling evidence that feeding tubes are
formed after injection of secretions. This does not, however, establish that feed-
ing tubes are actually made of nematode secretory molecules. While its precise
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composition is unknown, there is evidence that the feeding tube is proteinaceous
(see Sect. 6.2). In giant-cells the feeding tube wall has a crystalline structure
(Hussey and Mims 1991; Figs. 11-13); in other sedentary nematode associations
it is not crystalline (Rebois 1980; Sobczak et al. 1999). In addition, there is light
microscopy evidence that feeding tubes are formed in response to secretions
from the nematode dorsal esophageal gland (Wyss and Zunke 1986). Secretory
granules within the end sac of the dorsal gland valve of feeding M. incognita
have a crystalline structure reminiscent of the wall of feeding tubes; but in the
dorsal gland extension (which is further down the secretory path), there are no
crystalline structures (Hussey and Mims 1990). In isolated juveniles (J2) of
M. incognita induced to secrete, the secreted product does not have a crystalline
or tubular ultrastructure (McClure and von Mende 1987) presumably due to the lack
of plant cytoplasmic componentsthat participate in its crystallization. Furthermore,
if the tubes were composed of molecules from secretions, nematodes might choke
when ingesting plant cytoplasm as this would react with secretory molecules in
the esophagus to form an insoluble mass (if rapid pumping of the metacarpus
during injection does not sufficiently clear plant cytoplasm from the [umen).
Indeed, trapping of nematode secretions within the giant-cell forms an insoluble
mass of feeding tube wall material that is associated with alarge configuration of
plant ER (Hussey and Mims 1991). Of the currently known components of nema-
tode secretions (Davis et al. 2008), none have been identified as candidates for
feeding tube composition.

A complex of host cell membranes surrounds growing feeding tubes, in pervasive
contact with the tube wall (Figs. 11d, e, from Hussey and Mims 1991; and Rebois
1980; respectively). Figure 11h shows afeeding tube formed in A. thaliana infected
by M. incognita and demonstrates that this membrane complex consists of smooth
ER with regions contiguous with cisternal rough ER (arrows). That this structural
relationship of ER with active feeding tubes is found for all feeding tube-eliciting
sedentary nematodes emphasizes its importance in successful function of the tube.
Condensation of a feeding tube as secretions meet plant cytoplasm requires a
mechanism that prevents this from happening inside the nematode (for reasons
described above). This requirement could be met if the condensation occurs on the
outer surface of the tube.

Consistent with this, the membranes sheathing the feeding tube might have arole
in tube formation. For example, the feeding tube from a giant-cell in Arabidopsis
thaliana shown in Fig. 11f (and at higher magnification in Fig. 11g) is an unusual
example of atube growing from the surface of the endoplasmic reticulum. Thefidel-
ity of freeze-substituted specimen ultrastructure allows close examination of plant
structures involved in feeding tube formation and maintenance (Fig. 12). The sur-
face of active feeding tubes is a focus of high endomembrane system activity. In
addition to the sheath of smooth ER, Golgi stacks and vesicles (arrows) also assem-
ble around the tube (Fig. 12a) as noted by others (Hussey and Mims 1991; Paulson
and Webster 1970). Details of the relationship of the smooth ER with the feeding
tube surface can be seen at higher magnification (Fig. 12b). The crystalline feeding
tube wall material is contiguous with the surface of the smooth ER, at the single
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black arrow and, in a more elaborate complex, between the opposing black arrows.
The tube wall may be growing here, suggested by the domed “caps’ aong its sur-
face, which are not present in older feeding tubes (Fig. 12g). Golgi stacks have not
been observed within the membrane sheath; instead they interact with its surface
(Fig. 12a, c). Coats on the surface of the trans cisterna (Fig. 12c, arrow) and the
trans Golgi network (TGN) (arrowhead) are contiguous with coats on the smooth
ER of the membrane sheath. Similarly, coats on vesicles bind to the surface of the
feeding tube [Figs. 12d (arrows), e, f]. Presuming these are protein coats on the
surface of endomembrane system components, it is possible that the tube is derived
from coat proteins of the plant endomembrane system. This could be tested by
immunogold labeling with coat protein antibodies. Work has been initiated using
electron tomography (Otegui and Austin 2007) for analyzing the relationship of the
feeding tube to the sheathing complex at high resolution in three dimensions. The
endomembrane system is not associated with dormant, unused feeding tubes (Fig. 129),
suggesting that this association functions under the stimulus of nematode secretions
or during nematode feeding.

Our hypothesis that feeding tubes contain plant material is in conflict with the
more established hypothesis that they are comprised strictly of nematode material.
The salient points of evidence for this (Hussey and Grundler 1998) are: (1) feeding
tube ultrastructure is similar in different species of plantsinfected by Meloidogyne,
(2) they are formed rapidly, (3) healthy plant cells do not form any structure similar
to feeding tubes and (4) the ultrastructure of feeding tubes in a given plant species
differs according to the nematode genus. The first and last points could be inter-
preted to show that tube ultrastructure depends on the nature of secretory molecules
and that the plant components involved are of fundamental importance and found
in most plant cells, as is the case for endomembrane coat proteins. There is no
debate that plant cytoplasm is needed for feeding tube formation, even when they
are formed rapidly. The question is: which component? That healthy plant cells do
not form such structures supports the observation that nematode secretions are
required for their formation. Clearly, whether the feeding tube is of plant or nema-
tode origin (or a hybrid of both) is unresolved.

An aternate hypothesis to explain the close association of endomembranes with
thetubewall isthat the crystalline wall itself is of nematode origin and is composed
of proteins that specifically bind coat proteins of the plant endomembrane system,

<
<

Fig. 12 Endomembrane associations with the feeding tube. (a) In addition to the smooth ER
sheath, the feeding tube is surrounded by other components of the endomembrane system, includ-
ing Golgi stacks and vesicles (arrows). (b) Smooth ER association with the feeding tube. Surface
structures of the smooth ER membrane are linked to the feeding tube (single arrow). Between the
opposing arrows these components are sectioned obliquely to the smooth ER surface, showing
they form an extensive array with the feeding tube. (c) Surface structures of a Golgi stack cister-
num link to the surface of the smooth ER feeding tube sheath (arrow), as do surface structures of
the trans Golgi network (arrowhead). (d), (€) and (f) Coats of endomembrane system vesicles link
to the surface of feeding tubes. (g) Transverse section of a dormant feeding tube. There are no
endomembrane system associations with dormant feeding tubes
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bringing them in close proximity for transport of material contained in the bound
membrane complex. This would support the proposal by Sobczak et al. (1999) that
the ER in contact with feeding tubes in syncytia could deliver sterols synthesized
on the ER to the nematode, which is incapable of sterol synthesis. The lack of
endomembranes around dormant feeding tubes supports this hypothesis. In this
case disassembly of the sheath complex might involve loss of signals contained in
nematode secretions that otherwise maintain coupling of coat proteins to the
crystalline wall. To an extent, both ideas could be combined, i.e., endomembranes
could be involved in feeding tube synthesis and aso in delivering nutrients to the
tube. It is notable that smooth, rather than rough, ER comprises the sheath. This
suggests that potential food products made in the region of the feeding tube by this
organelle are lipids rather than proteins.

6.2 Feeding Tube Composition

Feeding tube composition is largely unknown. Nemec (1932) was the first to
suggest that it is composed of protein. Paulson and Webster (1970) and Jones
and Northcote (1972b) both considered it to be a protein storage body, presum-
ably due to its crystalline structure. The feeding tube is osmiophilic — osmium
not only reacts with lipids but also proteins to a varying degree and nucleic acids
to a limited extent (Hayat 1981). Osmium shows little reaction with polysac-
charides. Further evidence in support of the tube being composed of proteins is
provided by electron energy loss spectroscopy (EELS), a thin-section elemental
analysis technique based on analyzing electron energies resulting from inelastic
scattering of beam electrons by specimen elements (Leapman and Aronova
2007). High-resolution elemental maps of the feeding tube are presented in Fig.
13 with red dots showing elemental distributions for nitrogen (N), phosphorus
(P), and sulfur (S) overlaid on 250-eV (reverse contrast) images. The feeding tube
wall has a high signal for nitrogen and sulfur, indicating a composition of sulfur-
rich proteins. The phosphorus map shows this element in the vacuole and
broadly distributed in other cellular components, including ribosomes (e.g.,
those located on the ER), presumably due to the high phosphorus content of
ribosomal RNA. Therelatively low phosphorus signal on the tube suggests that
it does not contain large amounts of nucleic acids. It also is not likely com-
posed of cell wall material because cell walls do not exhibit high nitrogen and
sulfur signals. The crystalline structure suggests high protein concentrations
which should facilitate proteomic analysis given an appropriate technique for
the isolation of feeding tubes.

In summary, the feeding tube is a significant cell biological component of para-
sitism, a conduit for delivery of plant products to the nematode and therefore a key
element of plant disease caused by nematodes. It is central to a parasite that causes
a billion dollar annual loss in soybean productivity — a billion dollar straw. To
reduce the impact of nematode parasitism on plants, it is imperative to understand
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the factors involved in feeding tube development and maintenance. Furthermore,
the feeding tube represents a novel cell structure, and there is compelling evidence
that this structureis derived from components present in all plant cells and assembled
as aresult of molecules contained in nematode secretions. Understanding how this
is done will shed light on fundamental biological aspects of plant cells.

Fig. 13 Analysis of feeding tube composition using
electron energy loss spectroscopy. Elemental maps
of nitrogen (N), phosphorus (P), and sulfur (S) indi-
cate the tube is rich in nitrogen and sulfur, suggest-
ing it is composed of sulfur-rich proteins
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7 Conclusion

Cellular structure in giant-cells is reviewed, with emphasis on outstanding questions
in development of the giant-cell. These cells derive from root parenchyma cells,
acquiring meristematic characters of proliferation without cytokinesis, and high
cytoplasmic density, under the influence of a number of genes associated with these
phenomenain meristematic cells. The challengeisto elucidate the cellular processes
leading to this transformation and to understand how this includes prevention of
cytokinesis. The prominence of nucleoli in giant-cells suggests that they have asig-
nificant function, ripefor analysiswith newly emerging molecular tools. Devel opment
of the extensive vascular network surrounding giant-cells, and the concomitant devel-
opment of thickened walls and transfer cell labyrinths of the giant-cell, is central to
acquisition of nutrients by the giant-cell and successful nematode parasitism.
Understanding the molecular and cellular biology involved might provide ideas of
how to compromise these processes and the ensuing parasitism. It is now apparent
that vacuolar dynamics have a role in giant-cell expansion and subsequent replace-
ment of the vacuole by cytoplasm. Astherole of cell cycle genes and the cytoskel eton
in this process is explored, coupled with a successful search for feeding site-specific
promoters and the application of RNA interference technology (Bakhetia et al. 2005),
it is conceivable that formation of the root-knot gall could be significantly inhibited.
The most unusua and remarkable structure in the giant-cell is the feeding tube, yet
its molecular composition still eludes us. Its crystalline structure suggests that it has
a homogenous, proteinaceous composition and, if so, proteomic analysis of even a
small sample could bring forth its identification. This could shed light on whether it
iscomposed of plant or nematode molecules and, moreimportantly, help in formulating
a strategy to prevent its formation.
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Structure of Cyst Nematode Feeding Sites

Miroslaw Sobczak(t+d) and Wladyslaw Golinowski

Abstract In susceptible plants the syncytium is generally conserved in anatomy
and ultrastructure. Syncytium development starts from a single cell selected from
cortical or parenchymatic vascular cylinder cells by an infective second-stage
juvenile. The syncytium is enlarged and multinuclear due to fusion of protoplasts
released by local cell wall dissolution. The syncytium is the only source of nutrients
for all sedentary stages of cyst nematodes. Ultrastructurally, it is characterized by
proliferation of cytoplasm, reduction of the volume of vacuoles, hypertrophy of
nuclei and nucleoli, and abundant endoplasmic reticulum, ribosomes, plastids, and
mitochondria. Resistant plants are invaded by infective juveniles that usually induce
syncytia. However, these syncytia reveal atypical features during their development
that lead to their necrosis, or they are surrounded by necrotic cells that result in
syncytium degradation. Depending on the timing of the resistant response in such
syncytia, no development of juveniles beyond the second- or third-developmental
stage occurs, or only adult males develop.

1 Introduction

Sedentary parasitic cyst nematodes from the genera Globodera and Heterodera
are obligatory biotrophs that induce a specific type of plant feeding site called
a “syncytium.” Plant roots are invaded by vermiform second-stage juveniles (J2)
hatched from eggs. After root invasion and penetration of the rhizodermis, the
juvenile intracellularly migrates and selects a single cell that becomes the
Initial Syncytial Cell (ISC). After ISC selection the juvenile stays motionless with
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its stylet inserted into the cell for about 8 h (Wyss 1992). During this so-called
“feeding-preparation period,” no pumping action of the metacorporal bulb occurs.
When the feeding-preparation period is completed, the juvenile retracts its stylet
and re-inserts it in the ISC. Pumping action of the metacorporal bulb begins and a
juvenile starts to feed. Twenty-four hours after ISC selection, cells next to the ISC
are hypertrophied and interconnected with it by dissolution of cell walls. Thus, a
syncytium is formed by fusion of neighboring protoplasts.

Although cyst nematodes reproduce by obligatory amphimixis, their infective J2
juveniles are not differentiated sexually. Their sex is regulated by epigenetic factors
such as the amount and quality of food withdrawn from the syncytium (Betka et al.
1991; Grundler et al. 1991; Mugniéry and Bossis 1985; Mugniéry and Fayet 1981,
1984). Females will develop if their syncytia can provide sufficient food of good
quality. In the event of food shortage or poor quality only males will mature. The
differences in the organization of genital primordia first become evident at the end
of the J2 sedentary stage (Wyss 1992). Males take up food from the syncytium only
during two developmental stages (J2 and J3). After completing the J3 stage they
undergo two subsequent molts and develop into adults. They become vermiform
again, emerge from the cuticle and seek females. Females actively withdraw food
during four developmental stages (J2, J3, J4, and adult). During molts food is not
withdrawn.

Development of juveniles is concomitant with the syncytium, the latter meeting
the increasing nutritional demands of the former. It is calculated that during all
stages of active food uptake a female consumes 29-times more food than a male.
Similarly, females need three-times more food than males during the J2 and J3
stages (Muller et al. 1982). Syncytia associated with males become necrotic soon
after juveniles molt to the adult stage and leave the root (Sobczak et al. 1997).
Syncytia associated with females remain active and provide food during the entire
female lifetime even when eggs are produced (Muller et al. 1982).

2 Susceptible Interactions

Although the structure of the syncytium has been known for about a century, the physi-
ological and molecular mechanisms underlying its development from the I1SC into the
fully functional feeding structure has only significantly progressed over the last several
decades (see Davis et al. 2008; Gheysen and Mitchum 2008; Tomczak et al. 2008;
Li et al. 2008). Establishment of axenic in vitro cultures for Arabidopsis (Sijmons et al.
1991) and other plant species like tomato, potato, or tobacco infected with sedentary
cyst nematodes allows long-time in vivo screening of behavior and development of
juveniles inside the roots. Arabidopsis also appears to be a wonderful model for com-
parative structural and developmental microscopy studies of syncytia associated with
male and female juveniles. Unfortunately, among the more important cyst nematodes,
Arabidopsis is only host to H. schachtii, H. trifolii, and H. cajani. Other species of
Heterodera or Globodera are, in fact, able to invade its roots and induce the ISC but no
further development of syncytium occurs (Sijmons et al. 1991; Grundler et al. 1997).
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2.1 Syncytia Associated with Females

The structure of syncytia associated with females is best described for beet,
soybean, and potato cyst nematodes. In the case of H. glycines most reports are
concerned with the syncytium development in soybean roots (Endo 1964, 1965,
1991; Gipson et al. 1971; Kim et al. 1986; Subbotin 1990). The structure of syncy-
tia induced in a broader range of hosts is described for H. schachtii. Reports are
available describing response of infected sugar beet (Bleve-Zacheo and Zacheo
1987, Holtmann et al. 2000), radish (Grymaszewska and Golinowski 1998; Wyss et
al. 1984), white mustard (Golinowski and Magnusson 1991; Soliman et al. 2005),
oil-seed rape (Magnusson and Golinowski 1991), and Arabidopsis (Golinowski et al.
1996; Sobczak et al. 1997). There are several reports on responses of oat and wheat
infected with H. avenae (Bleve-Zacheo et al. 1995; Grymaszewska and Golinowski
1991; Williams and Fisher 1993) as well as reports describing reactions of potato
and tomato plants to infection with G. rostochiensis and G. pallida (Castelli et al.
2006; Goverse et al. 1998, Jones and Northcote 1972; Melillo et al. 1990a; Rice et al.
1985, 1987; Sobczak et al. 2005). In spite of the diversity of Heterodera and
Globodera species infecting different hosts from unrelated families, there are obvi-
ous ultrastructural and anatomical similarities in their syncytium structure (Table 1).
These similarities indicate that different cyst nematodes modify the same plant
developmental pathways to induce syncytia.

2.1.1 Invasion

J2 may invade main and lateral roots in the elongation or root-hair zones when roots
are in the primary growth state. Rarely are roots invaded in the lateral root forma-
tion zone when they are in the secondary growth state and covered by multilayered
exodermis or peridermis. In such cases J2 usually enter the roots using breakages
caused by emerging lateral roots. A J2 penetrates the plant cell walls using its
robust stylet. However, before the stylet penetrates, cell walls are softened by a
cocktail of cell-wall modifying proteins released from the nematode’s esophageal
glands via the stylet orifice (e.g. Qin et al. 2004; Smant et al. 1998; Vanholme et al.
2004). J2 intracellularly migrate through rhizodermal, cortical, and endodermal
cells towards the vascular cylinder (Wyss 1992; Wyss and Zunke 1986). In the case
of H. schachtii the ISC is selected in procambial or pericyclic cells (Bleve-Zacheo
and Zacheo 1987; Golinowski and Magnusson 1991; Golinowski et al. 1996;
Grymaszewska and Golinowski 1998; Holtmann et al. 2000; Sobczak et al. 1997;
Wyss et al. 1984).

Reports dealing with responses of plants infected with H. glycines, H. avenae,
G. rostochiensis, or G.pallida indicate that cortical parenchyma or endodermal cells
may be selected as ISC (Bleve-Zacheo et al. 1995; Castelli et al. 2006; Endo 1964,
1965, 1991; Gipson et al. 1971; Grymaszewska and Golinowski 1991; Jones and
Northcote 1972; Kim et al. 1986; Rice et al. 1985, 1987; Sobczak et al. 2005;
Williams and Fisher 1993). During root invasion and migration protoplasts of cells



Table 1 Anatomical changes observed in syncytia during susceptible and resistant responses to cyst nematodes

Combination

Initial Syncytial Cell

Incorporated Cells

Hypertrophy

of Syncytial
Elements

Cytoplasm

Vacuole

Susceptible Response

development

Heterodera sp. x pro/cambium, pro/cambium, vascular and stellar | strong electron dense, strong central vacuole is
susceptible hosts vascular parenchyma | parenchyma proliferation substituted by numerous
small ones
Heterodera glycines x | cortical parenchyma, | cortical parenchyma, endodermis, | strong electron dense, strong central vacuole is
soybean endodermis, pericycle | pericycle, phloem parenchyma, proliferation substituted by numerous
cambium small ones
Globodera sp. x cortical parenchyma, | cortical parenchyma, endodermis, | strong electron dense, strong central vacuole is
susceptible hosts endodermis, pericycle, pro/cambium, vascular proliferation substituted by numerous
pericycle, pro/ parenchyma small ones, except of
cambium, vascular elements derived from
parenchyma cortical cells
Resistance Response
H. schachtii x sugar procambium, procambium, pericycle, vascular weak electron dense, large, less numerous
beet (Hs1P™1) pericycle parenchyma proliferating vacuoles
H. schachtii x pericycle, pericycle, procambium, vascular strong in condensed decrease of central
Raphanus sativus procambium parenchyma pericycle derived vacuole, later formation
var. oleiformis (cv. elements, weak of numerous vacuoles that
Pegletta) in others increase in size during
syncytium degradation
H. schachtii x Sinapis | pericycle, pericycle, procambium, moderate condensed, becoming reduced in size
alba (cv. Maxi) occasionally stellar parenchyma, but xylem electron translucent
procambium parenchyma resists incorporation during syncytium




H. glycines x Glycine pericycle primarily pericycle, but also weak dense, but of deteriorating | central vacuole reduced in

max (cv. Bedford) procambium appearance, plasmolysed | size and numerous small
vacuoles

H. glycines x Glycine N.D. N.D. limited proliferating reduced in size, numerous

max (cv. Peking) small vacuoles appear in
degenerating syncytia

H. glycines x Glycine N.D. N.D. weak extremely condensed reduced in size, small

max (cv. Forrest) vacuoles are formed

H. goettingiana x pericycle, pericycle, procambium, vascular moderate proliferating, but weakly reduced and replaced by

Pisum sp. procambium, cortex parenchyma, syncytia associated dense small irregular vacuoles

(future males) with males consist of cortex cells
only
H. avenae x Triticum stellar parenchyma stellar and xylem parenchyma moderate proliferating and decreased in size till 15
aestivum (AUS10894) condensed till 15 DAI DA\ then coalescence of
then degenerating vacuoles

G. rostochiensis (Rol) | inner cortex cortex, endodermis, outer layers moderate not proliferating and decreased in size, but

x Solanum tuberosum of vascular cylinder located paramurally usually central vacuole

ssp. andigena (H1) is preserved and small
vacuoles appear

G. rostochiensis inner cortex, cortex, endodermis, pericycle, strong weak proliferation, decreased in size,

(Rol) x Lycopersicon | pericycle, pro/cambium, vascular located paramurally but central vacuole is

esculentum (Hero) procambium parenchyma preserved and small
vacuoles appear

G. pallida (Pal, Pa3) inner cortex cortex, endodermis, pericycle, N.D. proliferates in some parts, | decreased in size,

x Solanum vernei vascular parenchyma but generally remains but central vacuole is

paramural preserved and small

vacuoles appear

G. pallida (Pa2/3) x cortex cortex, endodermis, few weak proliferating, granular decreased in size, small

Solanum canasense

pericyclic and vascular
parenchyma cells

and retracted from cell
wall

vacuoles appear

(continued)



Table1 (continued)

Combination | Nucleus Nucleolus Plastid Mitochondria Endoplasmic Reticulum
Susceptible Response
Heterodera sp. x hypertrophied, hypertrophied with numerous enlarged, enlarged, dividing, proliferating, rough and
susceptible hosts strongly amoeboid, “vacuoles” dividing, elongated smooth, cisternae often
condensed different shapes arranged in parallel or
nucleoplasm concentric swirls
Heterodera glycines x | ranging in form hypertrophied enlarged enlarged, elongated proliferating smooth-
soybean from convoluted to surfaced cisternae
strongly elongated showing parallel or
concentric arrangement
Globodera sp. x strongly amoeboid, hypertrophied with numerous enlarged, enlarged, dividing, proliferating, rough and
susceptible hosts condensed “vacuoles” dividing, elongated smooth, cisternae often
nucleoplasm different shapes arranged in parallel or
concentric swirls
Resistance Response
H. schachtii x sugar enlarged, amoeboid N.D. numerous numerous almost only rough
beet (Hs1ro?) flattened cisternae,
forming membrane
aggregations in later
stages
H. schachtii x weakly enlarged, N.D. few few generally, poorly
Raphanus sativus convoluted developed, predomination
var. oleiformis (cv. of rough-surfaced
Pegletta) flattened cisternae




H. schachtii x Sinapis | enlarged, amoeboid N.D. small number of numerous lack of tubular smooth ER
alba (cv. Maxi) plastids
H. glycines x Glycine | deteriorating from N.D. N.D. numerous moderate proliferation
max (cv. Bedford) 5 DAI, chromatin
clumps, breakdown
of nuclear envelope
H. glycines x Glycine | enlarged N.D. numerous numerous proliferating, but
max (cv. Peking) aggregating during
Necrosis
H. glycines x Glycine N.D. N.D. N.D. N.D. N.D.
max (cv. Forrest)
H. goettingiana x hypertrophied, hypertrophied with numerous numerous numerous proliferating, forming
Pisum sp. amoeboid “vacuoles” plastids with concentric swirls
starch grains
H. avenae x Triticum hypertrophied, N.D. numerous numerous N.D.
aestivum (AUS10894) | amoeboid, with
scattered chromatin
G. rostochiensis (Rol) | enlarged, amoeboid, | enlarged numerous, numerous, not changed proliferating, forming
x Solanum tuberosum | undergoing accumulating structurally concentric aggregates in
ssp. andigena (H1) karyolysis starch and degenerating syncytium
changing shapes
G. rostochiensis slightly enlarged, N.D. few, some with few weakly developed
(Ro1) x Lycopersicon | weakly amoeboid starch grains
esculentum (Hero)
G. pallida (Pal, Pa3) enlarged N.D. numerous, but numerous proliferates
x Solanum vernei starch grains
appear from 4
DAI
G. pallida (Pa2/3) x enlarged, lobed N.D. few, different few N.D.

Solanum canasense

shapes

(continued)



Table1 (continued)

Combination

Cell wall

Cell-Wall Openings

Cell-wall
Ingrowths

Necrosis

Nematode
Development

Susceptible Response

Heterodera sp. x

generally strongly

wide close to nematode head,

present at walls

single necrotized cells

adult females and males

soybean

during syncytium development

facing vessels

susceptible hosts thickened narrower in distal parts of facing vessels next to nematode or
syncytia from 10 DAI incidentally next to
syncytia
Heterodera glycines x | thickened numerous, increasing in size present at walls N.D. adult females and males

Globodera sp. x
susceptible hosts

generally strongly
thickened

wide close to nematode head in
the cortex bridge region, narrow
in distal parts of syncytia derived

from vascular cylinder

present at walls
facing vessels
from 15 DAI

single necrotized cells
next to nematode or
incidentally next to
syncytia

adult females and males

Resistant Response

cell wall materials
depositions

necrosis of syncytia
induced in procambium
starting from parts being
in contact with the
metaxylem

H. schachtii x sugar weakly thickened narrow absent single necrotized stagnating juveniles,
beet (Hs1Po?) cells, degeneration of occasionally adult males
syncytium from 4 DAI and females
H. schachtii x only slightly narrow and few small and few syncytium degradation males, and few females
Raphanus sativus thickened begins at 4-5 DAI, more
var. oleiformis (cv. advanced in terminal
Pegletta) elements than in parts
close to nematode’s head
H. schachtii x Sinapis | thickened, numerous, but large volumes present on walls | abundant necrosis during | stagnating juveniles, adult
alba (cv. Maxi) heterogeneous of confluent cytoplasm are facing xylem invasion, then necrosis males and few females
structure due to exceptional parenchyma around syncytium and




H. glycines x Glycine thickened narrow and few N.D. necrosis of syncytium N.D.

max (cv. Bedford) from 5 DAI

H. glycines x Glycine prominent thickening | pronounced N.D. degeneration of syncytia dead juveniles

max (cv. Peking) within 5 DAI

H. glycines x Glycine prominent thickening | very small N.D. cells surrounding N.D.

max (cv. Forrest) and appositions next syncytium necrotize from

to necrosis 5 DAI

H. goettingiana x thickened wide N.D. syncytium degradation juveniles up to third stage

Pisum sp. begins at 4 DAI

H. avenae x Triticum thickened next to present N.D. necrosis of endodermis adult males, females

aestivum (AUS10894) | nematode follows necrosis of stopped in fourth stage
syncytium from 15 DAI

G. rostochiensis (Rol) | locally thickened present absent necrosis of cells late second- and third-

x Solanum tuberosum surrounding syncytium stage juveniles

ssp. andigena (H1) follows degradation of
syncytium at 7 DAI

G. rostochiensis thickened present absent syncytium surrounded by | stagnating juveniles, adult

(Ro1) x Lycopersicon layer of necrotized cells males, sometimes adult

esculentum (Hero) at 4 DAI females

G. pallida (Pal, Pa3) x | evenly thickened present absent necrosis of cells next to stagnating second- and

Solanum vernei juvenile and necrosis of few third-stage juveniles
syncytium by 7 DAI

G. pallida (Pa2/3) x N.D. present absent none around nematode, second-stage juveniles are

Solanum canasense

necrotic syncytium from
7 DAI

unable to invade roots or
leave roots after invasion
and migration

N.D.- No Data, Not Described
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punctured by a nematode stylet collapse immediately. Thus, the nematode migration
path is delineated by destroyed cells.

This destructive migratory behavior changes into a subtle and exploratory one
when the J2 reaches the vascular cylinder (Wyss and Zunke 1986). Cells are probed
by the J2 stylet. If the protoplast of the probed cell does not collapse and its reaction
is recognized by the juvenile as functional, the J2 enters into a feeding-preparation
period with the stylet inserted into the selected ISC (Golinowski et al. 1997; Wyss
1992; Wyss and Zunke 1986).

2.1.2 Anatomical Changes

During the feeding-preparation period, the stylet is inserted into the ISC and
covered with a thin layer of electron translucent material (Fig. 1), presumably being
callose as demonstrated by Hussey et al. (1992) for the ectoparasite Criconemella
xenoplax. Cytoplasm of the ISC proliferates and is electron dense. Concomitantly,
the volume of the central vacuole decreases (Golinowski et al. 1997; Sobczak et al.
1999). Callose-like material is also locally deposited in the ISC and in some cells
next to the ISC.

When the feeding preparation period is completed, the J2 withdraws the stylet
and inserts it again into the ISC. This time secretions from the nematode esopha-
geal glands are injected into the cytoplasm of the ISC (Fig. 2). The secretions are
not surrounded by any membrane and mix with the ISC cytoplasm. If the ISC has
been selected in procambial cells, the syncytium spreads to conductive elements of
xylem and phloem via incorporation of procambial cells (Fig. 3). Thus, the syncy-
tium assures direct contact with both conductive tissues.

If all primary xylem vessels are differentiated, they create a barrier that can not
be overcome by the expanding syncytium, and the syncytium only develops on one
side of the xylem bundles. However, if some xylem vessels are not differentiated,
their precursors are primarily incorporated into the expanding syncytium which
extends into the center of the vascular cylinder (Fig. 3). As stated by Magnusson
and Golinowski (1991), successful incorporation of procambial cells located next
to the vessels as well as next to sieve elements is the most crucial event to establish
and develop a fully functional syncytium that will allow adult females to mature.

Cells incorporated into the syncytium during the 3 days after ISC selection are
slightly enlarged but reveal ultrastructural features typical of fully efficient syncytia
(Fig. 4). The cytoplasm is condensed and rich in ribosomes and Endoplasmic

Fig. 3 Anatomy of a syncytium (S) induced in A. thaliana associated with molting J2 male of
H. schachtii (6 DAI). Arrows point to dividing pericycle forming peridermis-like tissue. Bar 20 um
Fig. 4 Ultrastructure of a syncytium (S) induced by H. schachtii in A. thaliana (72 h after ISC
selection). (CW, cell wall; ER, endoplasmic reticulum; M, mitochondrion; Nu, nucleus; PI, plas-
tid; V, vacuole). Bar 2 pm

Fig. 5 Ultrastructure of a syncytium (S) induced by H. schachtii in A. thaliana under conditions
favoring development of males (24 h after ISC selection). (FT, feeding tube; M, mitochondrion;
Ne, necrosis; Pl, plastid; V, vacuole; arrow-cell-wall opening). Bar 2 um
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Fig. 1 Juvenile (N) of H. schachtii selecting the initial syncytial cell (ISC) in A. thaliana (6 h
after ISC induction). (Ne, necrosis; St, stylet; V, vacuole; arrow-callose-like material). Bar 5 pm
Fig. 2 Nematode stylet (St) inserted into ISC selected by H. schachtii in A. thaliana (6 h after
ISC induction). Collapsed callose-like sheath (CS,) formed during feeding-preparation period and
newly formed callose-like sheath around introduced stylet (CS,). Nematode secretions (NS)
injected from the stylet (M, mitochondrion; arrow-plasmalemma). Bar 1 pm
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Reticulum (ER) as well as mitochondria and plastids. The volume of the central
vacuole is decreased and small vacuoles appear.

G. rostochiensis and G. pallida juveniles usually do not enter the vascular cylinder.
They select an ISC in the cortex or endodermis (see Figs. 12 and 13). From the ISC
the syncytium spreads to the vascular cylinder by forming cell-wall openings
between cortical and endodermal cells. This part of the syncytium is called a “cor-
tex bridge” (Sembdner 1963) and is present only in the region next to the nematode
head (Castelli et al. 2006; Jones and Northcote 1972; Rice et al. 1985, 1987,
Sobczak et al. 2005). When the growing syncytium reaches the vascular cylinder,
procambial and pericyclic cells are incorporated into it. Inside the vascular cylinder,
the syncytium spreads axially, preferentially incorporating parenchymatic vascular
cylinder cells located next to xylem or phloem elements (see Fig. 13). Rarely do J2
enter the vascular cylinder and induce syncytia in procambium. In such cases the
syncytium does not contain the cortex bridge.

In Arabidopsis roots, a single syncytium associated with an adult female is
composed of about two hundred cells (Hussey and Grundler 1998) and reaches
its final maximal size at 10 days after infection (Urwin et al. 1997). For sugar
beet roots infected with H. schachtii, it is calculated that J2 associated feeding
sites occupy about 0.04 mm? of the root volume on average (Caswell-Chen and
Thomason 1993). In comparison, the volume occupied by a J3 feeding site is
about 0.27 mm?® while feeding sites of J4 females and adults occupy about 0.5
mmé,

Irrespective of susceptible plant species, syncytia associated with females have
very similar organization. Close to the juvenile’s head, the syncytium has the larg-
est diameter and is composed of the most hypertrophied elements connected by the
broadest cell-wall openings (Figs. 6 and 13). Sometimes this region of the syncy-
tium is free of cell walls except short cell wall stubs, thus syncytial cytoplasm
becomes confluent (Golinowski et al. 1996; Wyss et al. 1984). Distal parts of the
syncytium are composed of smaller elements with narrower and fewer cell-wall
openings than those next to the nematode head. Necroses around syncytia are rare,
restricted only to single cells next to developing syncytia, sometimes even in the
regions remote from the nematode head. Secondary vascular elements often dif-
ferentiate around syncytia (Golinowski et al. 1996). Divisions of the pericyclic
cells not incorporated into the syncytium lead to the formation of peridermis-like
tissue around the vascular cylinder and syncytium (Golinowski et al. 1996, 1997).

»
>

Fig. 7 Ultrastructure of a syncytium (S) induced in A. thaliana associated with J3 female of
H. schachtii (10 DAI). (CW, cell wall; ER, cisternal ER; M, mitochondrion; PI, plastid; arrow
tubular ER). Bar 2 um

Fig. 8 Ultrastructure of nucleus (Nu) and nucleolus (No) in a syncytium induced in A. thaliana
associated with J4 female of H. schachtii (14 DAI). (M, mitochondrion; arrow-nucleolar vacuole).
Bar 2 um

Fig. 9 Cell-wall ingrowths (arrows) formed at interface with vessels (X) in syncytium (S)
induced in A. thaliana associated with J4 female of H. schachtii (14 DAI). (ER, endoplasmic
reticulum; LB, lipid body; M, mitochondrion; PI, plastid). Bar 2 um
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Fig. 6 Anatomy of a syncytium (S) induced in A. thaliana associated with J3 female of
H. schachtii (10 DAI). Proliferating pericyclic cells surround syncytium and form peridermis-like
tissue (Pd). (PX, primary xylem; SX, secondary xylem). Bar 20 pum
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2.1.2.1 Cytological Changes

Like their anatomy, the ultrastructure of syncytia associated with feeding nematodes
is also conserved. The syncytial cytoplasm strongly proliferates and is electron dense
(Figs. 4, 5, 7, 9-12 and 14). Its streaming increases in comparison to nonsyncytial
cells, indicating increased metabolic activity (Wyss 1992; Wyss and Zunke 1986).

2.1.2.2 Vacuolar Changes

In functional syncytia associated with juveniles of Heterodera sp., the vacuolar sys-
tem consists of many small vacuoles (Bleve-Zacheo and Zacheo 1987; Bleve-Zacheo
et al. 1995; Gipson et al. 1971; Golinowski et al. 1996; Grymaszewska and
Golinowski 1998; Holtmann et al. 2000; Kim et al. 1986; Soliman et al. 2005).
However, in syncytia associated with Globodera sp., large vacuoles are preserved in
the cortex bridge during the entire time of syncytium development (Fig. 12). In these
elements cytoplasm is paramurally located (Sobczak et al. 2005). Similarly, in syn-
cytia of Heterodera and Globodera, elements derived from the vascular cylinder
cells contain no central vacuoles that are de-differentiated during the precondition-
ing phase before cell incorporation into syncytium. Small vacuoles are apparently
formed de novo by widening the ER cisternae (Fig. 14; Golinowski et al. 1996;
Magnusson and Golinowski 1991). From electron micrographs, Subbotin (1990)
calculated that the respective surface of the vacuole decreases from 85% in nonin-
fected parenchymatic vascular cylinder cells to 37% in syncytia associated with J2
and up to 0.7% in syncytia associated with young females in syncytia induced by
H. glycines in soybean roots. The presence of the remnants of the central vacuoles
in some syncytial regions at the leading edges of the syncytium indicates that these
were from recently incorporated cells and that the syncytium grows apically.

2.1.2.3 Nuclear Changes

Syncytial nuclei enlarge and are often irregular in outline with reduced number and
size of heterochromatin (Bleve-Zacheo and Zacheo 1987; Bleve-Zacheo et al.
1990a, 1995; Gipson et al. 1971; Golinowski et al. 1996, 1997; Grymaszewska and

»

Fig. 11 Feeding tube (FT) in a syncytium (S) induced in A. thaliana associated with J4 female
of H. schachtii (14 DAI). Feeding tube consists of electron opaque wall (arrows) and electron
translucent lumen (asterisks). Connections with endoplasmic reticulum (ER) are indicated by
arrowheads. (CW, cell wall; FP, feeding plug). Bar 2 pm

Fig. 12 A syncytium (S) induced in susceptible tomato cv. “Money Maker” by G. rostochiensis
(3 DALI). (CB, cortex bridge; FP, feeding plug; ISC, initial syncytial cell; N, nematode; Ne, necrosis;
V, vacuole). Bar 5 pm

Fig. 13 Anatomy of a syncytium (S) induced in susceptible potato cv. “Desiree” by G. pallida
(6 DALI). Section was taken just above juvenile head. (CB, cortex bridge; ISC, initial syncytial cell;
Ph, phloem; X, xylem). Bar 20 pum. (courtesy of S Janakowski)
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Fig. 10 Feeding plug (FP) with nematode stylet (St) covered with layer of callose-like material
(arrow) in syncytium (S) induced in A. thaliana associated with J3 female of H. schachtii (N) (10
DAI). (CW, cell wall; ER, endoplasmic reticulum). Bar 1 um
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Golinowski 1991, 1998; Williams and Fisher 1993). The nucleoplasm is electron
dense (Figs. 8 and 14). Nucleoli are enlarged and numerous nucleolar vacuoles are
formed (Fig. 8). Structural changes of nuclei and nucleoli indicate that changes in
gene expression in syncytium occur very early after its induction (Gheysen and
Fenoll 2002; Opperman et al. 2008). From Endo’s work (1971), it is known that
DNA synthesis occurs in syncytia induced by cyst nematodes, but no mitosis is
observed in syncytial elements although dividing cells are abundant around syncy-
tia (Figs. 3, 6 and 13). Recently, it has been shown that syncytial nuclei undergo
endoreduplication without karyokinesis (de Almeida Engler et al. 1999).

2.1.2.4 Changes in Other Organelles

Plastids and mitochondria rapidly proliferate in syncytial cytoplasm (Figs. 5, 7, 9
and 14). They acquire different shapes that signal that some are dividing. The mito-
chondria (except those that are dividing) are not morphologically or structurally
changed. They are round or rod-shaped on sections and have a well-developed
system of cristae (Figs. 5, 7, and 9).

Plastids reveal a mixture of ultrastructural features typical of proplastids and
amyloplasts. They may morphologically and structurally change during syncytium
development. In syncytia associated with J2, they are usually spherical or slightly
rod-shaped (Figs. 4, 5, and 14). They are often constricted during division and usu-
ally devoid of starch grains that are subjected to intensive turnover (Hofmann et al.
2008). In syncytia associated with J3, plastids are larger and many appear cup- or
ring-shaped on sections (Fig. 7). In syncytia associated with J4 or adult females,
their size increases and they often have irregular outlines (Fig. 9). The majority of
plastids contain no starch grains unless the syncytium is necrotic (Hofmann et al.
2008), but in many plastids, thylakoid membranes are well-developed and they eas-
ily synthesize chlorophyll when exposed to the light (Urwin et al. 1997).

In soybean, the respective surface occupied by mitochondria and plastids
increases from 0.7 to 0.5%, respectively, in noninfected vascular parenchyma
cells, up to 2.7 and 2.5%, respectively, in syncytia associated with young females
of H. glycines. The mean length of the mitochondria in both axes only increases by

»

Fig. 15 Ultrastructure of A. thaliana infected with H. glycines (3 h after ISC selection). Juvenile
(N) remains with the stylet (St) inserted into the selected initial syncytial cell (ISC). The stylet is
embedded in a thick layer of callose-like material (arrow). Most of the vascular cylinder cells are
necrotic (Ne). Bar 2 ym

Fig. 16 Ultrastructure of a syncytium (S) induced in resistant radish cv. “Pegletta” associated
with J3 male of H. schachtii (10 DAI). Section taken close to the nematode head. Arrows point to
stubby cell-wall ingrowths, and arrowhead indicates narrow cell-wall opening. (Nu, nucleus; X,
xylem). Bar 2 pm. (courtesy of G Grymaszewska)

Fig. 17 Ultrastructure of a syncytium (S) induced in resistant white mustard cv. “Maxi” associ-
ated with J3 male of H. schachtii (10 DAI). Syncytium is composed of pericyclic cells and sur-
rounded by necrotic cells (Ne). Arrows point to narrow cell-wall openings. Nuclei (Nu) are weakly
enlarged and amoeboid. Central vacuoles (V) or their remnants are still present in some syncytial
elements. Bar 5 pm. (courtesy of AH Soliman)
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Fig. 14 Ultrastructure of vascular cylinder derived part of syncytium (S) induced in susceptible
potato cv. “Desiree” by G. pallida (15 DAI). Strongly dilated cisterna of endoplasmic reticulum
(ER) is marked with asterisk; arrows point to cell-wall ingrowths. (CW, cell wall; No, nucleolus;
Nu, nucleus; PI, plastid; Se, sieve tube; X, xylem). Bar 2 um. (courtesy of S Janakowski)
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one-third during syncytium development while the mean length of plastids is more
than doubled (Subbotin 1990).

The amount of syncytial ER is high during the entire time of syncytium develop-
ment (Bleve-Zacheo and Zacheo 1987; Gipson et al. 1971; Golinowski and
Magnusson 1991; Golinowski et al. 1996; Grymaszewska and Golinowski 1998;
Holtmann et al. 2000; Melillo et al. 1990a; Soliman et al. 2005; Wyss et al. 1984).
The ER forms an extensive system of large cisternae, often arranged in parallel or
in circular swirls, and numerous small tubular structures (Figs. 7 and 9-11). The
former are usually located in paramural parts of syncytial cytoplasm and are
sparsely covered with ribosomes. The latter predominate in central parts of syncy-
tial elements and are free of ribosomes. Ribosomes present in the syncytial cyto-
plasm are arranged into polysomes.

Dictyosomes are numerous in syncytial cytoplasm and are not morphologically
or structurally changed. In syncytia associated with J4 and adult females, numerous
lipid bodies appear (Fig. 9; Golinowski et al. 1996; Subbotin 1990).

In spite of being abundant in syncytia, the cytoskeleton elements, microtubules and
microfilaments, are randomly arranged. No cortical microtubules, mitotic spindles, or
phragmoplasts are formed in functional syncytia (de Almeida Engler et al. 2004).

2.1.2.5 Cell Wall Changes

Syncytial cell walls fulfill opposing requirements. On one hand, the cell wall
counteracts increasing osmotic pressure in syncytia that can increase up to 10,000
hPa (Bdckenhoff and Grundler 1994). In comparison, the osmotic pressure of
parenchymatic vascular cylinder cells in noninfected Arabidopsis roots is about
4,000 hPa. On the other hand, the syncytial cell wall has to remain flexible to allow
expansion of the feeding site and incorporation of new cells as well as be perme-
able to facilitate uptake of nutrients necessary for syncytium maintenance and
nematode feeding. In general, outer syncytial walls are thick.

Deposition of new layers of cell wall material apparently occludes plasmodesmata
(Grundler et al. 1998). No functional plasmodesmata connecting syncytia with any of
the neighboring cells have been reported except in syncytia induced by the false root-
knot nematode Nacobbus aberrans (Jones and Payne 1977a, 1977b). Additionally,
plasmodesmata function as pressure sensitive valves that are closed if a difference of
osmotic pressures between adjacent cells exceeds 2,000 hPa (Oparka and Prior 1992).
These observations together with microinjection studies (Bockenhoff and Grundler
1994) and expression analysis and localization of sucrose transporter AtSUC2
(Juergensen et al. 2003) suggest that syncytia are symplastically isolated. This idea is
also supported by recent tobacco rattle virus expression studies. Juveniles of H. sch-
achtii are able to withdraw from syncytia transiently expressed fluorescent protein if
a tobacco rattle virus carrying the construct infects roots before syncytium induction
(\Valentine et al. 2007). However, translocation of symplastically unloaded fluorescent
dye carboxyfluorescein (Béckenhoff et al. 1996) and phloem-expressed green fluo-
rescent protein (GFP) (Hoth et al. 2005) into syncytial cytoplasm suggests existence
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of functional plasmodesmata and symplastic loading of the syncytium. Finally,
Hofmann and Grundler (2006) using transgenic scions expressing mobile GFP
grafted on wild-type rootstock show that 8 days after inoculation syncytia induced by
H. schachtii in Arabidopsis roots are symplastically isolated. By 8 days, GFP is trans-
ported into syncytia associated with females but not in syncytia associated with the
males. This indicates de novo formation of plasmodesmata between phloem cells and
well-developed syncytia. The idea of an interchangeable way of syncytium loading is
additionally supported by analysis of another phloem specific sucrose transporter,
AtSUC4 (Hofmann et al. 2007).

Little is known about the chemical composition of syncytial cell walls.
Histological staining indicates that syncytial walls contain cellulose, hemicellulose,
and pectins, but neither lignin nor suberin is detected (Sobczak 1996). Callose-like
material is deposited close to the nematode head and only during early stages of
syncytium development. Recently, changes have been reported in syncytia and sur-
rounding cells in expression of wall-modifying proteins such as expansins (Fudali
etal. 2008; Wieczorek et al. 2006), endoglucanases (Goellner et al. 2001; Karczmarek
et al. 2008; Wieczorek et al. 2008), extensins and methyl esterases (Gheysen and
Fenoll 2002; Opperman et al. 2008).

Concomitantly with the process of cell-wall thickening, cell-wall openings are
formed in some parts of the syncytial wall (Figs. 5, 7, and 14). During syncytium
induction and early syncytium development, the cell-wall openings are formed by
widening of pre-existing plasmodesmata (Grundler et al. 1998). The widened plas-
modesmata are present in the ISC at the end of the feeding-preparation period.
Apparently incorporation of cells into syncytia follows plasmodesmata distribution in
the root. If the ISC is selected in procambium, other procambial cells are then incor-
porated into it. However, if the syncytium is induced in pericycle, other pericycle cells
are incorporated first. Thus, such syncytia are primarily C-shaped (Fig. 5). Later, pro-
cambial cells are incorporated into the syncytium (Golinowski et al. 1997; Sobczak
etal. 1997). In the case of Globodera, where the ISC is selected in the cortex, cell wall
dissolutions are formed in the cortex bridge straight towards the vascular cylinder
(Fig. 13). In contrast, cell-wall openings in older syncytia are formed by gradual local
digestion of syncytial wall lacking plasmodesmata (Grundler et al. 1998). The enzymes
involved in the formation of cell-wall openings apparently are of plant origin as indi-
cated by local over-expression of some endoglucanase isoforms inside syncytia
(Goellner et al. 2001; Karczmarek et al. 2008; Wieczorek et al. 2008).

In syncytia associated with female J4 and adults that have the highest nutritional
demands, a system of cell-wall ingrowths is formed on syncytial walls facing ves-
sels (Figs. 9 and 14). The cell-wall ingrowths are structures typical of transfer cells
(Jones and Northcote 1972; Offler et al. 2002). They increase the interface
between syncytium and conductive xylem elements; and, thus, they increase the
effectiveness of short-distance transport of water and nutrients into the syncytium
(Bleve-Zacheo et al. 1995; Golinowski and Magnusson 1991; Golinowski et al.
1996; Grymaszewska and Golinowski 1998; Jones and Dropkin 1975; Jones and
Northcote 1972; Kim et al. 1986; Soliman et al. 2005; Williams and Fisher 1993;
Wyss et al. 1984).
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2.1.3 Feeding Plug and Feeding Tube
2.1.3.1 Feeding Plug

Irrespective of cyst nematode species and host, there are two unique structures
related to nematode parasitism present in the syncytia: a feeding plug and a feeding
tube. The feeding plug is formed where the nematode stylet is inserted into the syn-
cytium wall (Endo 1978; Sobczak et al. 1999). Its function is to anchor the stylet
where it is inserted (Fig. 10). Cyst nematode feeding occurs in cycles. The nematode
stylet is withdrawn and reinserted during the second phase of the nematode feeding
cycle (Wyss 1992). The stylet does not enter the syncytial cytoplasm because it does
not pierce the plasmalemma. An opening in the plasmalemma is formed only at the
stylet orifice (Rebois 1980). The stylet is then isolated from the plasmalemma by
callose-like material (Figs. 1, 2, and 10) except at the orifice. When the phase of food
withdrawal is completed, the stylet is retracted and the callose-like sheath surround-
ing its tip is partially pulled inside the syncytial wall (Fig. 10). The feeding cycle
repeats every 2-3 h. A striated structure embedded into syncytial wall is formed
(Sobczak et al. 1999). Indications are that secretions released from nematode
amphids participate in feeding plug formation. Therefore, this structure may be of
both nematode and plant origin (Endo 1978; Sobczak et al. 1999).

2.1.3.2 Feeding Tube

The plasmalemma opening at the stylet orifice makes possible direct release of
nematode secretions into the syncytial cytoplasm, forming feeding tubes (Figs. 2, 5
and 11). Feeding tubes are directly involved in nematode feeding (Wyss 1992; Wyss
and Zunke 1986). It is generally accepted that they function as a molecular sieve
allowing nematode uptake of nutrients (it is unknown what nematodes do “eat™).
Feeding tubes prevent the stylet orifice and channel from occlusion caused by inges-
tion of plant organelles and membranes. The molecular exclusion limit for dextran
uptake through feeding tubes is between 20 and 40 kDa (a calculated diameter of
particles between 3.2 and 4.4 nm) (Bockenhoff and Grundler 1994). Using different
forms of GFP expressed in syncytia, it appears that the molecular exclusion limit
varies between cyst nematode species. Juveniles of G. rostochiensis ingest GFP of a
molecular weight of 32 kDa (Goverse et al. 1998) while H. schachtii is unable to
take up GFP of a molecular weight of 28 kDa (Urwin et al. 1997).

A new feeding tube is formed during each third phase of a nematode feeding
cycle when the nematode secretions are injected via stylet into the syncytium
(Wyss 1992). It is speculated that the feeding tubes are either formed from solidi-
fied nematode secretions (Hussey and Mims 1991; Rumpenhorst 1984) or as a
result of interaction between nematode secretions and syncytial cytoplasm
(Sobczak et al. 1999; Berg et al. 2008).

All feeding tubes attached to the stylet have an osmiophilic wall and electron
translucent lumen (Fig. 11). The wall is often connected with ER cisternae. One end
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of the feeding tube is anchored to the stylet while the lumen is opened to the stylet
orifice (Rebois 1980). Older feeding tubes are detached from the nematode stylet and
their lumen is filled with syncytial cytoplasm (Fig. 5).

2.2 Syncytia Associated with Males

Infective J2 of cyst nematodes are not sexually differentiated and differences in the
organization of genital primordia first appear just before molting to J3 (Wyss 1992).
Syncytia associated with male juveniles are smaller than the ones associated with
respective developmental stages of females, and these degenerate when males
become adults (Endo 1964, 1965). The calculated volume of a beet root occupied
by a feeding site associated with male J4 is about 0.04 mm? and comparable to the
volume of a root occupied by the feeding site of J2 (Caswell-Chen and Thomason
1993). Using Arabidopsis and changing plant culture conditions, it is possible to
shift the sex ratio of H. schachtii in favor of one of the sexes. Thus, development of
syncytia associated with males can be followed up to the J4 stage (Golinowski
et al. 1997; Sobczak et al. 1997).

2.2.1 Invasion

Under conditions favoring development of males, when flowering Arabidopsis
plants grown at low concentrations of sucrose in culture medium (Sobczak et al.
1997) are inoculated with J2, they migrate toward the vascular cylinder where they
attempt to induce the ISC in procambial cells (Golinowski et al. 1997; Sobczak
et al. 1997). However, these cells react hypersensitively or deposit thick callose-like
sheaths around the inserted nematode stylet. J2 then probe other cells, looking for
a pericyclic cell. These cells do not deposit thick callose-like sheaths around
inserted stylets so the J2 are able to enter the feeding-preparation phase. A young
syncytium is singly composed of pericyclic cells and is C-shaped (Fig. 5).

The more cells are probed before selection of the ISC, the greater the extent of
necrosis in the nematode head region compared to the syncytia associated with
females. Additionally, many cells not directly affected by migrating juveniles become
necrotic around syncytia associated with males (Sobczak et al. 1997). The necrotic
cells are usually xylem parenchyma cells. Necrosis of these cells separates syncytium
from conductive elements. The ISC and cells preconditioned for incorporation into
syncytium undergo the same changes as syncytia associated with females.

After this initial stage of syncytium development, procambial cells are incorpo-
rated into the feeding site (Fig. 3). Close to the nematode head, syncytia associated
with J2 and J3 males have enlarged pericyclic cells interconnected by wide cell-
wall openings and fewer enlarged procambial cells. Distal parts of syncytia are
composed of slightly enlarged procambial cells interconnected by a few narrow
cell-wall openings (Sobczak et al. 1997).
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The anatomy of syncytia associated with males of H. schachtii induced in white
mustard (Soliman et al. 2005) and radish (Grymaszewska and Golinowski 1998) is
similar. In contrast, syncytia associated with males of H. goettingiana are restricted
to the cortical and endodermal cells of pea roots and do not incorporate vascular
cylinder cells (Melillo et al. 1990b).

2.2.2 Cytological Changes

At the cytological level male-associated syncytia are similar to syncytia associated
with females at the same developmental stage. Fewer cell-wall ingrowths are
formed in syncytia associated with males. They are short, unbranched, and stubby
and present at different locations of the syncytial cell walls (Sobczak et al. 1997).
The feeding plugs and feeding tubes formed by males have the same structure as
female ones (Sobczak et al. 1999).

Male feeding is complete at the end of the J3 stage and the syncytium degenerates.
Syncytial cytoplasm is electron opaque and fibrillar; nucleoplasm is electron translu-
cent. Large vacuoles appear, membranous structures are delineated, and lipid bodies
are formed (Sobczak et al. 1997). After cytoplasm degeneration, the syncytium is
usually crushed and compressed by enlarging and dividing neighboring cells that are
not incorporated into the syncytium (Endo 1964, 1965; Sobczak et al. 1997).

3 Resistant Interactions

Cyst nematode resistant plants are usually infected with juveniles to the same
extent and in the same way as susceptible hosts (Acedo et al. 1984; Phillips et al.
1982; Turner and Stone 1984). Furthermore, root exudates obtained from resistant
plants stimulate hatching as well as those collected from susceptible plants (Turner
and Stone 1984). Plants that are nonhosts for a particular cyst nematode may some-
times be invaded under appropriate conditions (Grundler et al. 1997). In such cases,
induction of the ISC occurs but no further syncytium development takes place
(Fig. 15). Nematode stylets inserted into the ISC are embedded in a very thick layer
of callose-like material occluding their orifices. The cytoplasm of the ISC is electron
dense and forms many small vacuoles. Procambial cells surrounding the ISC are
plasmolyzed and finally become necrotic, forming a layer of destroyed cells isolat-
ing the ISC from other root tissue.

Resistance against cyst nematodes provided by different resistance genes may be
exhibited in various ways. Rarely, is it based on a hypersensitive reaction, which
does not allow juveniles to induce development of the syncytium (Soliman et al.
2005). Cyst nematode resistance genes do not protect roots from invasion, or selec-
tion of the ISC, and initial syncytium development. However, syncytia developed
in resistant plants reveal structural modifications (Table 1).

In some cases, syncytia become necrotic after several days of successful devel-
opment (Grymaszewska and Golinowski 1998; Holtmann et al. 2000; Rice et al.
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1985, 1987; Soliman et al. 2005; Wyss et al. 1984). In other cases, the necrosis of a
syncytium is followed by necrosis of surrounding cells. A sheath composed of
degraded cells is formed around syncytia that are then isolated from xylem and
phloem elements (Grymaszewska and Golinowski 1998; Kim et al. 1987; Rice et al.
1985, 1987; Sobczak et al. 2005; Soliman et al. 2005).

Finally, syncytia are destroyed and juveniles are usually retarded in development
and stagnate in one of the juvenile stages. Occasionally they develop into adult males.
Resistance against cyst nematodes is highly species- or sometimes pathotype- or even
race-specific. It is not absolutely effective and functional syncytia rarely allow juve-
niles to develop into females. This may easily lead to an emergence of new virulent
nematode isolates (Muller 1998). In general, resistance genes are stable and effective
for many years, but extensive use of cultivars carrying the same resistance gene may
lead to the emergence of another nematode species, pathotype, or race as the main
threat to a particular crop. Such a situation has occurred in the case of the H1 gene that
suppresses some G. rostochiensis pathotypes. Its extensive use promoted G. pallida as
the most significant nematode pest of potato (Brodie et al. 1998). Additionally, there
are only a few valuable cyst nematode resistance genes available. For these reasons,
so-called “artificial resistance” against nematodes has been introduced to crops
(McCarter 2008 ). In general, this resistance is based on specific expression of anti-
feedants or toxins in syncytia (Atkinson et al. 2003; Bakhetia et al. 2005), or on
specific silencing of plant susceptibility factors (de Almeida Engler et al. 2005).

3.1 Resistant Responsesto Heterodera sp

3.11 Sugar Beet

In sugar beet plants carrying the Hs1P°! resistance gene, juveniles of H. schachtii
are able to induce only small syncytia (Holtmann et al. 2000). The migration of the
J2 is sometimes obstructed by coagulated cytoplasm aggregating around the nema-
tode head. Syncytia are located in the vascular cylinder and are composed of for-
merly procambial and pericyclic cells. They have a well-established interface with
vessels and sieve tubes. Little necrosis occurs around them. The cytoplasm becomes
condensed and electron dense. The number of plastids, mitochondria, and ER struc-
tures increase. The nucleus is enlarged and the amount of heterochromatin decreases.
The most obvious differences are that vacuole size increases (and their numbers
decrease) and that the amount of ER increases in syncytia induced in resistant plants.
ER membranes create large aggregations in older syncytia with other parts of syn-
cytial cytoplasm being free of the ER. Such syncytia degenerate before the juveniles
become adults. Few juveniles develop into adult females. Those females that do
develop have syncytia that structurally resemble syncytia induced in susceptible
plants (Holtmann et al. 2000). A similar mechanism of resistance based on the
necrosis of the syncytium following deterioration of attached juveniles also occurs
in other Beta vulgaris x B. procumbens hybrids resistant to H. schachtii, but its cyto-
logical background was not examined (Yu and Steele 1981).
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3.1.2 Brassicaceous Plants

Among resistant responses reported for Brassicaceous plants infected with H. schachtii
are those for white mustard (Sinapis alba) and radish (Raphanus sativus). For rad-
ish, syncytia development is the same in susceptible and resistant plants in the first
2 Days After Inoculation (DAI) (Wyss et al. 1984; Grymaszewska and Golinowski
1998). Many rough ER cisternae appear and vacuolation increases three DAI in
syncytia induced in resistant plants. Seven DAI the syncytial protoplast is nearly
disintegrated (Wyss et al. 1984). A few syncytia composed of slightly enlarged
procambial cells that have electron dense cytoplasm can be functional long enough
for adult males (Fig. 16) and some adult females to develop (Grymaszewska and
Golinowski 1998). Very limited or no necrosis occurs in cells surrounding the syn-
cytium, which maintains direct contact with vessels and sieve tubes (Grymaszewska
and Golinowski 1998; Wyss et al. 1984).

A range of different defense responses are induced in cyst nematode-resistant
white mustard (Golinowski and Magnusson 1991; Golinowski et al. 1997; Soliman
et al. 2005). Migrating J2 induce necrosis of vascular cylinder cells along their
migration paths (Golinowski et al. 1997; Soliman et al. 2005). This leads to juve-
niles becoming embedded in necrotic cells. The surviving cells react neoplastically
and form large groups of dividing cells. Juveniles that overcome this defense reac-
tion induce syncytia in the pericycle or procambium. Seven DAI syncytia induced
in the procambium are degenerated and juveniles cannot develop after the J2 stage.
Simultaneously, syncytia composed of pericycle cells survive (Fig. 17). A layer of
necrotic cells separates them from the conductive elements. Syncytial cytoplasm
proliferates but is relatively electron translucent. The number of organelles slightly
increases. Nuclei are somewhat enlarged and acquire amoeboid shapes. The
organelles are paramurally located because the central parts of syncytial elements
embody remnants of the central vacuoles.

Syncytia associated with J3-stage nematodes reveal typical ultrastructural fea-
tures, such as condensed cytoplasm, abundance of the ER, and a few small vacuoles
(Soliman et al. 2005). However, they do not establish a direct interface with con-
ductive elements as they are separated by necrotic cells or nonincorporated vascular
parenchyma cells. Cell-wall ingrowths may be formed on syncytial walls facing
xylem parenchyma cells (Golinowski and Magnusson 1991). Such syncytia are
only able to support developing males (Soliman et al. 2005).

3.1.3 Soybean

The defense response to H. glycines is best studied in resistant soybean (Glycine
max) plants. J2 induce syncytia in vascular cylinder cells (Endo 1991). In resistant
cv. “Bedford” the syncytia are made up of a small number of slightly enlarged peri-
cyclic cells interconnected by narrow cell-wall openings, 18 h after inoculation.
The syncytial cytoplasm and nucleoplasm are electron dense and appear to be dete-
riorating. However, many mitochondria and dilated ER structures are recognizable.
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Remnants of the central vacuole and a number of small cytoplasmic vacuoles are
present (Endo 1991). At five DAI the syncytial cytoplasm appears to be decompos-
ing, though some of the syncytial nuclei are heterochromatic while others have
large patches of clumped chromatin, electron translucent nucleoplasm, and a dam-
aged nuclear envelope (Kim et al. 1987). Syncytial walls are thickened and cell-
wall openings are present. The plasmalemma is retracted from the syncytial wall.
Finally, 10-15 DAI syncytial cytoplasm and nuclei are completely disintegrated,
leaving only debris. No necrosis occurs in cells around the degrading syncytium
(Kim et al. 1987).

A similar defense mechanism occurs in cyst nematode resistant cv. “Peking”
(Endo 1965; Riggs et al. 1973). The syncytia are induced and initially develop
as in susceptible plants. Four DAL in the syncytial cytoplasm numerous vacuoles,
lipid bodies, and irregular aggregations of ER membranes appear prior to degradation.
Cell-wall openings are formed but syncytial walls are thickened. Numerous
invaginations of plasma membrane forming paramural bodies occur in close
association with the thickened syncytial wall (Riggs et al. 1973). In five to seven
DAI syncytia, cytoplasm is electron dense and clumped. Cell-wall thickening
occurs in syncytia and in some degenerating cells next to them. Large amounts
of cell wall material create a barrier that seals off the diseased region, preventing
the influx of nutrients necessary for syncytium maintenance and nematode
development (Riggs et al. 1973). Such degraded syncytia are associated with
dead J2 (Endo 1965).

In another resistant soybean, cv. “Pickett71,” syncytia are induced in the vascular
cylinder, and these preferentially incorporate pericyclic cells (Endo 1991). Two DAI
clusters of rough ER membranes are present in electron translucent syncytial cyto-
plasm that has many small vacuoles. In four DAI syncytia, enlarged syncytial
elements that contain syncytial cytoplasm debris are interconnected by wide
cell-wall openings.

In contrast, necrosis occurs in the cyst nematode-resistant soybean cv. “Forrest”
in cells surrounding the syncytium (Kim et al. 1987). Necrosis begins about five
DA, first in the region next to the nematode head. Later this extends into the region
surrounding the entire syncytium, isolating it from neighboring live cells.
Additionally, syncytial walls facing the necrotized cells are thickened, preventing
further nutrient influx. At 15 DAI the syncytia are completely necrotic and only
have electron opaque remnants of the protoplast (Kim et al. 1987).

3.1.4 Other Fabaceae

Less is known about the structure of syncytia induced in other Fabaceous plants by
different Heterodera sp. Juveniles of H. ciceri induce small syncytia in roots of cyst
nematode-resistant Cicer plants (Di Vito and Vovlas 1990). Most of the syncytia
become necrotic several DAI at which point few produce females. Unfortunately,
the details of syncytium structure and a possible cytological background of this
defense mechanism were not examined.
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In resistant pea lines infected with J2 of H. goettingiana, syncytia are induced
in pericycle or procambium (Bleve-Zacheo et al. 1990a; Melillo et al. 1990b). With
the onset of syncytium development, the cytoplasm is less electron dense compared
to syncytia induced in susceptible hosts (Bleve-Zacheo et al. 1990a). However,
these syncytia reveal other typical features: proliferation of mitochondria and plas-
tids that contain starch grains, abundant ER, hypertrophied nuclei and nucleoli, and
replacement of the central vacuole by numerous small vacuoles. The syncytial ele-
ments are enlarged and interconnected by wide cell-wall openings. At four DAI the
degeneration process begins in the syncytial elements furthest from the nematode
head. These elements contain condensed cytoplasm with large vacuoles and ER
structures accumulating around them. Ten DAI syncytial cytoplasm and nuclei are
completely disintegrated and electron opaque (Bleve-Zacheo et al. 1990a; Melillo
et al. 1990b). The juveniles associated with such syncytia fail to develop after the
J3 stage (Melillo et al. 1990b).

3.1.5 Monocots

For cyst nematodes infecting monocot plants the best known are syncytia induced
by H. avenae in wheat and oat (Bleve-Zacheo et al. 1995; Grymaszewska and
Golinowski 1991; Williams and Fisher 1993). In resistant wheat, juveniles invade
roots and induce syncytia inside the vascular cylinder. However, these syncytia may
not incorporate xylem parenchyma cells but are restricted to the cells located at
some distance from the xylem tracheary elements (stellar parenchyma)
(Grymaszewska and Golinowski 1991). Initial development of syncytia in resistant
plants is the same as in susceptible plants. Syncytia in resistant plants become
necrotic about 15 DAI. Degrading syncytia contain large vacuoles and less cyto-
plasm (Williams and Fisher 1993). In addition, they are surrounded by a layer of
necrotic cells (Grymaszewska and Golinowski 1991). These syncytia only support
developing males while females are arrested in the J4 stage (Williams and Fisher
1993). Different timing of defense reactions occurs in other resistant wheat geno-
types, where necrotic reactions begin at five DAI and are followed by deposition of
callose-like material and accumulation of osmiophilic granules at syncytial walls
(Bleve-Zacheo et al. 1995).

In cyst nematode resistant oat infected with two different isolates of H. avenae,
different defense reactions are induced depending on the nematode genotype
(Bleve-Zacheo et al. 1995). One nematode isolate could invade roots and induce
syncytia in vascular cylinder cells, however, xylem parenchyma was not incorpo-
rated into the syncytium. Three DAI syncytia are composed of a few enlarged cells
interconnected by narrow cell-wall openings. The cytoplasm proliferates and is
electron dense. The syncytial nuclei are enlarged and amoeboid, and chromatin
is condensed. The most remarkable feature is the lack of cristae in syncytial mito-
chondria. The syncytium is surrounded by necrotic endodermal, pericyclic, and
nonmodified procambial cells. Another isolate of H. avenae induces syncytia in
cortical cells of resistant oat roots (Bleve-Zacheo et al. 1995). The syncytial
cytoplasm is electron dense and contains many tubular ER structures and numerous
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mitochondria. Syncytial walls are thickened and contain callose-like deposits. Cell-
wall openings are formed and cytoplasm is confluent.

3.2 Resistant Responses to Globodera sp

Interaction between G. rostochiensis and potato carrying the H1 resistance gene is
probably the best known defense reaction against Globodera sp. (Bleve-Zacheo
et al. 1990b; Rice et al. 1985, 1987; Turner and Stone 1984). As in susceptible
interactions, juveniles invade host roots and induce syncytia in cortical cells. By
forming cell-wall openings, syncytia develop centripetally and incorporate cortical,
endodermal, pericyclic, and procambial cells. The syncytium spreads into the vas-
cular cylinder and is in direct contact with conductive elements (Bleve-Zacheo et al.
1990b; Rice et al. 1985). However, the incorporation of vascular cylinder cells usu-
ally fails and the syncytium is located alongside the stele. Proliferation of the syn-
cytial cytoplasm does not occur or is weak. Cytoplasm is electron dense and in a
paramural location.

Central vacuoles are present in syncytial elements, and many small vacuoles
appear within the syncytial cytoplasm. Depending on the report, syncytial nuclei
and nucleoli enlarge (Rice et al. 1985) or are amoeboid and degenerated with
advanced karyolysis (Bleve-Zacheo et al. 1990b). Plastids contain starch grains and
crystalline inclusions (Bleve-Zacheo et al. 1990b; Rice et al. 1985). The protoplast
is extremely vacuolated and the cytoplasm and mitochondria are degenerated in
seven DAI syncytia. Syncytial cell walls are locally thickened and no cell-wall
ingrowths are formed. Necrosis appears first around the juvenile and then along
syncytia that surround and isolate them from direct contact with conductive ele-
ments and other non-necrotic cells (Bleve-Zacheo et al. 1990b; Rice et al. 1985).

A similar response occurs in a resistant Solanum andigena clone infected with
G. pallida (Blok, Janakowski, Sobczak, unpubl.). In this case the syncytium is
small and composed of cortical, endodermal, and pericyclic cells (Fig. 18) that may
have failed to incorporate procambial cells and thus lack a direct prominent inter-
face with the conductive elements. Proliferation of the syncytial cytoplasm is weak
and central vacuoles are present. Syncytial cytoplasm appears to be deteriorating.
The necroses around syncytium are abundant four DAI and lead to syncytium isola-
tion and total degeneration seven DAI.

In resistant tomato carrying the Hero gene cluster infected with the Rol patho-
type of G. rostochiensis, a syncytium also develops (Sobczak et al. 2005). By two
DA necrotic cells appear around the syncytium. At four DAI the syncytium is sur-
rounded by a continuous layer of necrotic cells and its cytoplasm is granular and
electron translucent (Fig. 19). Large vacuoles and numerous small vacuoles are
present. Later, the syncytium is empty or contains debris of the degraded cyto-
plasm. However, in the case of the Hero gene-containing plants, some syncytia
resist this initial defense response and develop further. Most of the associated juve-
niles develop into males, but a few are able to develop into females (Sobczak et al.
2005). Syncytia associated with J3 males are smaller and composed of fewer cells
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Fig. 18 Ultrastructure of a syncytium (S) induced in resistant S. andigena clone by G. pallida
(4 DAL). Cytoplasm is located paramurally and central vacuoles (V) are still present. (En, endoder-
mis; Ne, necrosis; P, pericycle; Se, sieve tube; X, xylem). Bar 2 um. (courtesy of S Janakowski)
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compared to syncytia associated with J3 females. They invade the vascular cylinder
and incorporate procambial cells. In contrast to syncytia associated with females, they
are separated from vessels by a layer of necrotic cells (Fig. 20). Compared to J3
females, there are minor ultrastructural differences in syncytia associated with J3
males (Sobczak, Kumar, unpubl.): fewer and smaller cell-wall openings, weaker
cytoplasm proliferation, less hypertrophied nuclei, and more small vacuoles.

When the Hero gene was cloned (Ernst et al. 2002) and transgenic plants became
available, its mode of action was examined. In general, the features of the defense
reaction are the same as in plants containing the Hero gene cluster (Sobczak et al.
2005). Syncytia are induced in the cortex and spread toward the vascular cylinder,
but therein they only incorporate pericyclic cells (Fig. 21). By four DAI they are
surrounded by necrotic cells. However, in the case of the transgenic plants, the
defense response seems to be more rapid and abrupt. The cytoplasm is granular and
osmiophilic, and organelles are unrecognizable. The syncytial protoplast is plasmo-
lyzed and there is callose-like material deposition. In the examined transgenic line,
only about 6% of juveniles are able to reach J3 stage in contrast to 39% of invading
juveniles that develop into J3 and adults in plants with the Hero gene cluster
(Sobczak et al. 2005).

Resistance against G. pallida occurs in some clones of S. vernei (Rice et al.
1987) and S. canasense (Castelli et al. 2006). In the former case, syncytia are
induced in the cortex and centripetally spread to the vascular cylinder. Therein they
only incorporate pericyclic cells (Rice et al. 1987). The proliferation of syncytial
cytoplasm is very weak. Syncytia continuously enlarge until seven DAI by hyper-
trophy of incorporated cells. The cytoplasm is electron dense in syncytia four DAI
and many small vacuoles are formed. The syncytial nuclei are enlarged and often
plastids accumulate in their vicinity. The degree of syncytial abnormality is variable,
with some syncytia showing no signs of degradation and resembling syncytia
induced in susceptible plants. Seven DAI syncytia are usually vacuolated and only
contain degraded cytoplasm. But there still are fewer syncytia developed that show
no structural abnormality. During the entire time of syncytium development, there
is no necrotic layer formed around them. Only a few J3 are able to develop by about
10 DAI (Rice et al. 1987).

<
<

Fig. 19 Ultrastructure of a syncytium (S) induced by juvenile (N) of G. rostochiensis in resistant
tomato line LA1792 carrying Hero gene cluster (4 DAI). Syncytium is surrounded by necrotic
cells (Ne) and contains degenerated cytoplasm with numerous small and large vacuoles (V). (FP,
feeding plug; FT, feeding tube; ISC, initial syncytial cell; Nu, nucleus). Bar 3 um

Fig. 20 Anatomy of a syncytium (S) induced in resistant tomato line LA1792 carrying the Hero
gene cluster associated with J3 male of G. rostochiensis (10 DAI). Syncytium is separated from
xylem (X) by a layer of necrotic cells (arrows). Bar 20 um

Fig. 21 Anatomy of a syncytium (S) induced by G. rostochiensis in resistant transgenic tomato line
carrying the HeroA gene alone (2 DAI). Syncytium is separated from the vascular cylinder by a layer
of necrotic cells (arrows). (CB, cortex bridge; ISC, initial syncytial cell; X, xylem). Bar 20 pm
Fig. 22 Ultrastructure of a syncytium (S) induced by G. rostochiensis in transgenic potato line
having the silenced cel9C1 gene (7 DAI). Syncytial elements are weakly hypertrophied and still
contain central vacuoles (V). (N, nematode; Nu, nucleus; M, mitochondrion; Pl, plastid; Se, sieve
tube). Bar 5 um. (courtesy of W Kurek)
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In the case of S. canasense, G. pallida J2 infect roots with low efficiency and yet
fewer numbers successfully induce ISC (Castelli et al. 2006). The whole process of
root invasion, migration, and 1SC selection is delayed compared to the susceptible
interaction. Additionally, many juveniles apparently leave the roots after invasion.
If successful, J2 induce syncytia in the cortex. The syncytia consist of cortex bridge
elements and a few pericyclic and parenchymatic vascular cylinder cells. The syn-
cytial cytoplasm is granular and retracts from walls in seven DAI syncytia.
Numerous small vacuoles are formed. Plastids and mitochondria are not structur-
ally changed, and some plastids appear to divide. The nuclei are hypertrophied and
amoeboid. No necrotic cell layer is formed around syncytia that appear to degener-
ate before seven DAI (Castelli et al. 2006).

3.3 Artificial Resistance of Transgenic Plants

Because of the shortage of valuable cyst nematode resistance genes and the consid-
erable limitations in their transfer to crops as well as their narrow specificity, the
idea of an “artificial” resistance against plant nematodes has been raised (Sijmons
et al. 1994). This idea concerns detailed examination of the susceptible interaction
and selection of the most important plant susceptibility traits that thereafter could
be specifically inhibited or silenced in syncytia (de Almeida Engler et al. 2005).
Artificial resistance should lead to syncytium degradation or at least to its disturbed
development, and promote development of males or decrease the number or fecun-
dity of females. Such resistance seems promising as most cyst nematode resistance
genes act this way.

In the case of G. rostochiensis, these susceptibility traits appear to be tomato
endoglucanases Cel7 and Cel9C1 (Karczmarek et al. 2008). Transgenic potato
plants having silenced one of these genes via RNAI appear to reduce reproduc-
tion of G. rostochiensis. At the anatomical level, syncytia induced in transgenic
plants are usually induced in the cortex. Through formation of the cortex bridge,
they spread into the vascular cylinder (Kurek, Janakowski, Fudali, Sobczak,
Karczmarek, Helder, Goverse, unpubl.). Inside the vascular cylinder all paren-
chymatic cells are incorporated into the syncytium. Thus, there are no cells
remaining that could develop into secondary xylem or phloem elements or form
a peridermis-like tissue surrounding the syncytium. The extent of hypertrophy of
syncytial elements is relatively low and only a few cell-wall openings are formed
(Fig. 22). Ultrastructurally, syncytial protoplasts reveal most of the typical syn-
cytia features such as condensed cytoplasm, abundance of plastids, mitochondria
and ER, and hypertrophy of nuclei and nucleoli. However, large vacuoles are
present long after syncytium induction. In general, it seems that silencing of
Cel7 and Cel9C1 endoglucanases decreases the number of cell-wall openings,
but more importantly it hampers the hypertrophy of syncytial elements, making
syncytia less efficient and unable to support development of females and
oviposition.
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Absgtract The establishment and maintenance of nematode feeding sites and subse-
quent nematode devel opment are associated with significant changesin expression level
of both plant and nematode genes. Andysis of the changes in transcript abundance
during feeding ste establishment and function provides insight into the complexity
of plant-nematode interactions and may lead to the discovery of novel strategies for
managing nematodes. Early techniques of gene discovery had identified a small cadre
of genesinduced in the plant host or invading nematode. More recently, the adoption of
high-throughput gene expression tools such as microarrays has alowed the identifica
tion of hundreds of both plant and nematode genes that are regulated over the course of
nematode infestation. Initially, microarray studies were used to examine gene expression
in whole infested roots or nematode feeding site-enriched tissues. More recently, the
combination of laser-assisted microdissection of nematode feeding sites and subsequent
transcriptomic anadyses using microarrays has provided an unprecedented view of gene
expression within the feeding site itsalf. This chapter isintended to present a broad over-
view of the knowledge gained to date about techniques that have been used to identify
differentidly regulated genes of both plant and nematode during the plant-nematode
interaction and recent methodological improvements crucia for future studies.

1 Introduction

1.1 Temporal and Spatial Analysis of Tissues
for Gene Expression Studies

During the infestation process, nematodes induce changes in gene expression rang-
ing from local effects to those that affect whole plants. Thus, the choice of root
materials in analysis becomes an important factor in approaching the interaction
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between plants and parasitic nematodes. Experiments using whole infested root
tissues will likely yield different results as compared to those with a focus on cell-
specific (for example, nematode feeding structures) gene-expression analyses.
Notably, a variety of tissues including whole roots, isolated galls, and microdis-
sected feeding sites have been examined for changes in gene expression upon
nematode infections (Fig. 1). Transcriptomic analyses of wholeinfested root tissues
identify genes that are indirectly regulated by the infection of nematodes. Feeding
sites induced by nematodes may contribute only a small percentage (less than 5%)
of whole infested roots, thus identification of genes directly responsive to invading
nematodes may be problematic due to dilution of target RNA, specifically RNA
from feeding structures. However, studies using whole infested roots provide a
global view of gene expression in host plants and offer a broader perspective on
plant health and ultimate yield potentials in the context of plant—-nematode interac-
tions. On the other hand, alocalized approach including laser-assisted microdissec-
tion or microaspiration may be required to identify genesthat are directly regulated
by nematodes. Analyses of specific tissues or cell-types in nematode feeding sites
produce important clues on localized responses of plants to invading or devel oping
nematodes and generate potential targets for disrupting the intimate interaction
between host and nematode. Alternatively, localized responses to nematode infec-
tion may not have any significant effects on overall plant health and will likely have
little impact on practical applicationsin the field.

For researchers who are interested in studying the expression of nematode
genes, the same spatial considerations of gene expression given to host plants apply.

Fig. 1 Pictorial diagram of tissues used for gene expression analyses of plant-nematode interactions.
a Whole plant (leaf and infested roots). b Whole infested roots. ¢ Tissues enriched with nematode
feeding sites. d The nematode. e Nematode-induced feeding sites (i.e. giant-cells or syncytia)
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For instance, esophageal glands of nematodes are thought to be one of the organs
within the nematode that produce parasitism molecules that are secreted and
injected into host cells for the initiation and devel opment of nematode feeding sites
(Davis et al. 2008). With only three gland cells among over 950 cells in an intact
nematode, the targeted isolation of glands using microaspiration techniques is
required to find potential genes essential for nematode parasitism. Several studies
using the microaspiration approach identified over 50 different putative secreted
parasitism genes from the esophageal glands of root-knot and cyst nematodes
(Daviset a. 2008). In contrast, Roze et a. (2008) isolated only eight secreted gland
expressed genes after screening more than 12,000 expressed sequence tags (ESTS)
generated from whole nematodes (representing three developmental stages).
Clearly, a targeted approach can uncover more putative genes involved in parasit-
ism; however, it can be time consuming and require specialized equipment and
expertise.

Temporal changesin gene expression over the process of host and parasite inter-
actions have been examined to identify genes that play important roles in initiating
or maintaining feeding sites. Nematode-induced changes in gene expression can
occur even before the entry of juvenile nematodes into host plants (Bird et a.
2008). Upon entering, infective juveniles migrate to the vascular cylinder within the
root to begin setting up a feeding site (Berg et a. 2008; Sobczak and Golinowski
2008). Nematode feeding sites undergo numerous transformations from a single
cell to a multi-cellular structure, all of which are controlled by activation or sup-
pression of plant developmental, hormonal, and stress pathways (Gheysen and
Mitchum 2008). Following the induction of feeding sites, nematodes resume devel-
opment and undergo multiple morphological changes from a motile infective juve-
nile to a mature male or egg-laying adult female. The enormous devel opmental
changes over the life cycle of nematodes are likely reflected in dramatic changesin
gene expression (Davis et al. 2008).

A third consideration for gene expression studies involves specific interac-
tions between nematodes and their corresponding host plants. The majority of
research on plant and nematode interactions has focused on four host plants
including Arabidopsis thaliana as a model plant, and the crop plants Glycine
max, Nicotiana tabacum, or Lycopersicon esculentum, where nematode infesta-
tion is of particular economic and practical importance. Many of these plant
systems have cultivars or mutants that are susceptible, tolerant, or resistant to
parasitic nematodes. Careful use of susceptible and resistant recombinant inbred
lines has been proven to be a powerful tool in identifying plant genes that regu-
late host responses to invading nematodes (Tomczak et al. 2008; Berg et al.
2008). Likewise, cyst nematodes including Heterodera schachtii, H. glycines,
Globodera pallida, and G. rostochiensis and the root-knot nematodes including
Meloidogyne incognita, M. javanica, M. arenaria, and M. hapla are frequently
used in the analysis of gene expression primarily due to their economic impact
on agriculture. Different populations of nematodes can be virulent or avirulent
on the same host, thus allowing additional comparative tools to identify genes
important in the parasitism process.
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2 Early Methods Analyzing Gene Expression
during Nematode Par asitism

Prior to the introduction of DNA microarrays, early studies on plant—-nematode
interactions typically involved the generation of cDNA libraries from the RNA of
whole infested roots and subsequent isolation and expression studies with individ-
ual cDNA clones (Niebel et a. 1995). As molecular biology techniques improved,
PCR enrichment strategies were employed to identify transcripts directly from
cDNA librariesin response to nematode infections. Frequently, whole root systems
were used as a starting material for RNA isolation (Hermsmeier et al. 1998;
Mahalingam et al. 1999; Vaghchhipawala et al. 2001). Furthermore, chances of
identifying genes that were differentially regulated by nematode infections were
improved by collecting tissues enriched for nematode feeding sites using approaches
of preselecting infested tissues (for example, giant-cell or syncytia containing tis-
sues) (Hermsmeier et a. 2000; Vercauteren et a. 2001), by manually dissecting
feeding sites (Wilson et al. 1994) or by microaspiration (Wieczorek et a. 2006).
RNA isolated from such tissues was either immediately transcribed into cDNA or
first enriched for feeding-site specific transcripts by subtractive hybridization. A
summary of experiments on the direct examination of plant gene expression during
nematode infestation can be found in Table 1 of this chapter. Indirect approaches,
including the generation of promoter::GUS transgenic plants or the examination of
genes or promoters not originally cloned from nematode-infested tissues, were also
conducted (reviewed in Gheysen and Fenoll 2002). For the expression of genesin
nematodes, studies have been carried out to identify and characterize gene tran-
scriptsin an attempt to understand the location and timing of gene expression at the
various stages of nematode development and during the parasitism process (Davis
et a. 2008).

2.1 Early Gene Expression Analyses of Whole I nfested Roots

The following sections will focus only on those studies that directly involved
infested materialsto identify differentially regulated genes in response to nematode
infections. The authors of this chapter direct you to the review by Gheysen and
Fenoll (2002) for more detailed descriptions about the early analysis of gene
expressions in nematode feeding sites through indirect analyses.

Differential screening of acDNA library from potato roots infested with the cyst
nematode G. pallida identified a catalase (Cat2S) transcript (Niebel et al. 1995).
Under normal conditions, the expression of the Cat2S gene was very strong in
stems in comparison to other parts of the plant. However, Northern blot analysis
showed that the expression of the Cat2S gene was induced in roots upon nematode
infection and the increase in transcript abundance progressed until the nematodes
became fully mature. Furthermore, the expression of the Cat2S gene was systemic
throughout the entire infected plants. Similar patterns of expression were obtained
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Tablel Summary of early gene expression analyses of plant—nematode interactions

Experimental Type of
material Host plant  Nematode interaction Timepoint®  Reference
Whole Potato G. pallida Compatible Early and late Niebel et al.
infested (1995)
roots Soybean H. glycines  Compatible Early and late Hermsmeier
et al. (1998)
Soybean H. glycines  Compatible Early Mahalingam
and incom- et a. (1999)
patible
Soybean H. glycines  Compatible Middle Vaghchhipawala
et al. (2001)
Alfalfa M. incognita Compatible Early Potenza et al.
and incom- (2001)
patible
Feeding site  Tomato M. incognita Compatible Late Eycken et al.
enriched (1996)
samples  Arabidopsis H. schachtii  Compatible Early Hermsmeier
et al. (2000)
Arabidopsis M. incognita Compatible Early Vercauteren
et a. (2001,
2002)
Nematode Tomato M. incognita Compatible Late Wilson et al.
feeding (1994); Bird
sites only and Wilson
(1994)
Tomato M. javanica  Compatible Early and Ramsay et al.
middle (2004)
Soybean H. glycines  Compatible Early Klink et a.
(2005)

aarly, middle, and late time points refer to 1 week after inoculation, 2 week after inocul ation, and
3-4 week after inoculation, respectively

when plants were attacked by the root-knot nematode, M. incognita and the plant-
pathogenic bacteria, Erwinia carotovora and Corynebacterium sepedonicum.
Nearly ubiquitous to all aerobic organisms, catalases convert H,0, to water and
oxygen, providing protection against damage caused by reactive oxygen species.
These observations led to the speculation that plants gradually induce the expres-
sion of the Cat2St gene for protection against local damage caused by parasitic
nematodes and bacteria.

A differential display analysis comparing transcript abundance in H. glycines
infested and noninfested soybean roots identified 15 gene transcripts that were dif-
ferentially regulated one day after inoculation (Hermsmeier et al. 1998). To identify
nematode-regul ated transcripts, Hermsmeier and colleagues used primers that were
specialy designed to amplify random cDNAs from infested and control libraries.
PCR amplified bands that showed differencesin intensity during nematode infesta-
tion were cloned and sequenced. Among 15 identified transcripts, ten were down-
regulated while five were up-regulated in infested roots. All 15 genes were
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confirmed to be of plant origin by Southern blot analysis. Northern blot analysis
was used to confirm changes in transcript abundance during nematode infestation.
Sequence analysis revealed the identity of several genes including a transcription
factor TFIIA, an auxin down-regulated gene, asmall GTP-binding protein gene and
several other genes with unknown function. At the early time point chosen for this
analysis, nematodes are in the process of penetration and intracellular migration
towards the vascular bundle (Endo 1964). Accordingly, changesin gene expression
observed in this study might pertain to wounding responsesin addition to theinitia-
tion of nematode feeding sites.

Using a nearly identical differentia display method, Mahalingam et al. (1999)
identified two polygalacturonase (PG) transcripts whose expression was atered in a
compatible interaction. By comparing gene expression in roots of susceptible (Essex)
and resistant cultivars (Pl 437654) challenged with H. glycines, Mahalingam and col-
leagues eliminated the expression of genes associated with wounding response to
nematode intracellular migration since this should be consistent between the two
cultivars. In roots of the susceptible cultivar, expression of the PG genes was induced
during early infestation. In contrast, the expression of the PG geneswas barely detect-
able in infested roots of the resistant cultivar. Polygalacturonases are enzymes that
catalyze the degradation of pectins, magjor plant cell wall components, and are
involved in processes like fruit ripening, when cell wall softening is necessary
(Brummell and Harpster 2001). Mahaingam and colleagues specul ated that soybean
cyst nematodes induce expression of plant polygal acturonases possibly to help in the
formation of syncytia through loosening of cell wall.

Vaghchhipawala et al. (2001) took the cDNA subtractive hybridization and dif-
ferential display work astep further by mapping nematode-regul ated genesto the host
genome in an effort to identify any genes that might be linked to soybean resistance
to H. glycines. RNA was isolated from infested (1-2 weeks after inoculation) and
noninfested roots of a susceptible soybean line (Pl 89008) and used in a subtractive
approach to identify nematode-regulated genes. Several differentially regulated genes
were successfully mapped to the soybean genome and one transcript, coding for
formylglycinamidine ribonucleotide synthase, was found to be tightly linked to a
major soybean cyst nematode resistance quantitative trait locus (QTL) on linkage
group G. However, molecular markers that were recently developed to further refine
this QTL region likely exclude this transcript from being “the resistance gene’
responsible for providing resistance to H. glycines in soybean (Ruben et a. 2006).

Subtractive hybridization approaches were also used to identify genes regu-
lated during the invasion of roots by the root-knot nematode, M. incognita in
afalfa (Potenza et a. 2001). RNA was collected from infested and mock-inocu-
lated alfalfaplants (cv. Lahontan; susceptible to M. incognita) at 72 h after inocu-
lation and used to make a cDNA library. Thirteen cDNA clones were shown with
an increase in transcript abundance in infested roots as compared to control tis-
sues. Four of them were sequenced and identified as glycine-rich RNA binding
protein, a phosphoenol pyruvate carboxykinase, an isoflavone reductase-like pro-
tein, and a metallothionein-like protein. Furthermore, Northern blot analysis
revealed that these four genes were induced in response to nematode infections
in both susceptible and resistant cultivars (cv. Moapa 69) of alfalfa as compared
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to their corresponding controls. These analyses coupled with spatial and temporal
differences in the expression level of these genes provided initial evidence that
the early response of plants to nematode infection is likely associated with the
induction of metabolic or stress pathways.

2.2 Early Gene Expression Analyses of Tissues Enriched
for Nematode Feeding Sites

Beginning with RNA from gallsinduced by M. incognita, Eycken et a. (1996) used
adifferential display approach to identify genes that were up-regulated in infection
sites. Clones were subjected to three rounds of differential hybridization with
cDNA probes from gall mRNA as compared with probes from control roots. Two
gall-induced transcripts (Lemmi8 and Lemmill) encoded extensin proteins were
identified. Extensins are important structural components of plant cell walls
(Kieliszewski and Lamport 1994). A recent report showed that one crucial function
of extensins may be to provide a structural scaffold for the self-assembly of newly
formed plant cell walls during cell division (Cannon et a. 2008) or during nema-
tode parasitism, as structural components of the cell wall of developing feeding
sites (Eycken et al. 1996).

Another gene identified from this study was Lemmi9 that shared sequence
homology to the Lea genes that are normally expressed during late embryogenesis.
Strong expression of Lea genes predominantly in late embryogenesis of both mono-
cot and dicot plants led to the speculation that Lea genes may be involved in pro-
tecting the embryo during seed desiccation. Since giant-cells or syncytia are
characterized by an increase in cytoplasmic density (Jones 1981; Golinowski et al.
1996), the enhanced expression of the Lemmi9 gene in giant-cells was assumed to
protect the cytoplasm of giant-cells from osmotic stress (Eycken et al. 1996).
However, unlike Lea genes, drought stress or ABA application did not induce the
expression of the Lemmi9 gene in tomato.

Hermsmeier et al. (2000) examined early changes in transcript abundance in
developing synctia induced by H. schachtii in Arabidopsis. Root segments with
protruding juveniles were dissected 4 days after inoculation and compared to adja-
cent nematode-free tissues. This sampling approach was designed to minimize
systemic and wounding responses. Differential display analysis identified a total
of 36 cDNA clones whose transcript abundance changed over the course of nema-
tode infestation; 24 clones were of plant and 12 of nematode origins. A plant-
specific clone with a decrease in transcript abundance was confirmed to be
down-regulated specifically within feeding sites by in-situ hybridization and
belongs to the ethylene-responsive element-binding protein (EREBP) family of
transcription factors. Members of this family have been observed to regulate the
expression of pathogenesis-related proteins in plant defense responses (Zhou et al.
1997) by binding to the promoter regions of their target genes (Stepanova and Ecker
2000). Local suppression of such genes specifically within young syncytia has been
suggested to be important for the induction and establishment of feeding sites.
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In asimilar differential display study, Vercauteren et a. (2001, 2002) examined
changes in transcript abundance of genes in Arabidopsis roots during infestation by
the root-knot nematode, M. incognita. They dissected infested gall tissues and com-
pared gene expression in gall tissues at five early time points (2 through 7 days after
inoculation) to corresponding controls. Seven cDNA clones with an increase in tran-
script abundance during nematode infestation were identified as; a serine proteinase
inhibitor, a peroxidase, amitochondrial uncoupling protein, a putative endomembrane
protein, a 20S proteasome o-subunit, diaminopimelate decarboxylase, and pectin
acetylesterase. All seven genes were confirmed to be of plant origin and were further
characterized by in-situ hybridization over a 3-week period of nematode infestation.
Annotations of these genes and temporal changes in their expression level suggested
that these genes are likely involved in cell wall modification of giant-cells, anincrease
of organelle and amino acid content in giant-cells, and plant defense responses.

2.3 Early Gene Expression Analyses of Nematode Feeding Sites

In tomato, 58 cDNA clones were identified from a library that was produced from
giant-cellsinduced by M. incognita after subtractive hybridization with cDNA from
uninfected roots (Bird and Wilson 1994; Wilson et al. 1994). Severa transcripts
were confirmed to be of plant origin and changes in transcript abundance were
further validated by RNA dot-blot analysis. One transcript was similar to the
tobacco gene TobRB7 that was previously shown to be up-regulated specifically in
giant-cells of tobacco roots infected by M. incognita (Opperman et al. 1994).
Although the identity of the majority of genes could not be assigned, many of the
giant-cell expressed genes were found to be normally expressed in the aeria parts
of plants. This was one of the first reports to show that genes expressed in giant-
cells are likely expressed in other tissues of host plants and that they are triggered
or recruited during the formation of nematode feeding sites.

L aser-capture microdissection (LCM) is a powerful alternative method for the
isolation of purified populations of cells from tissues (reviewed by Schnable et al.
2004). This state-of-the-art technology allows identification of specific cell types
and their precise remova from the tissue of origin (Fig. 2). LCM offers several
advantages over other techniques for cell purification: it is simple, involves no
manual or enzymatic microdissection, allows microscopic verification of the specifi-
city of captured materials, and freezes the metabolic state of the cell. These captured
cells can then be used in a wide range of downstream assays, such as EST library
generation, RT-PCR amplification, microarray analysis, single and two-dimensional
gel electrophoresis analyses of protein products, Western blotting, and MALDI-TOF
mass spectrometry (Burgess and McParland 2002; Craven and Banks 2002,
Lindeman et a. 2002; Neiraand Azen 2002; Todd et a. 2002; Xu et al. 2002). The
LCM process does not alter the chemistry or morphology of sampled cells or tissues.
For thisreason, LCM isapowerful tool that enables the researcher to perform DNA,
RNA and/or protein analyses on collected cells. A variety of fixation methods have
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Fig. 2 Laser-capture microdissection of a root-knot nematode (N; M. incognita) induced giant-
cells (GC) in Z. mays roots before and after capture

been developed for the preparation of tissues prior to sectioning and the isolation of
target molecules. In fact, the ever increasing use of LCM has warranted the publish-
ing of an entire “Methods of Enzymology” book devoted to LCM and the various
protocols used for DNA, RNA, and protein analysis (Conn 2002).

LCM has been extensively used in the medical field to study cell-specific gene
expression and pathology (reviewed in Conn 2002). The first documented use of
LCM on plants was by Asano et a. (2002), using LCM to isolate rice phloem in
constructing a rice phloem-specific cDNA library. Since then, several reports of
using LCM to investigate gene expression in nematode-induced feeding sites have
been published (Ithal et al. 2007b; Klink et a. 2005, 2007a; Ramsay et al. 2004).
To investigate the expression of cyclin genesin giant-cells, Ramsay and associates
(2004) captured RNA from giant-cells and demonstrated that two D-type cyclin
genes were expressed at higher levels in giant-cells as compared to other cyclin
genes. Later, Klink and colleagues (2005) isolated RNA from LCM-captured syn-
cytia induced by H. glycines in soybean and used it to create a syncytial-specific
cDNA library. Real-time PCR was performed to examine gene expression of sev-
eral ESTs from the cDNA library in LCM-captured syncytia and total root RNA.
Transcripts of an aguaporin and several tubulin (o and ) genes were enriched in
syncytia and in situ hybridizations showed that they were highly induced in nema-
tode feeding sites as well as in adjacent parenchyma cells.
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24 Early Gene Expression Analyses using Promoter::GUS
Transgenic Plants

Another approach to identifying host genes that are differentially regulated during
nematode infestation is through the use of a scorable marker. Promoter-driven
scorable markers have been routinely used by plant molecular biologists to identify
the location and timing of gene expression in transgenic plants. Two scorable mark-
ers, the B-glucuronidase gene (uidA) and the green fluorescent protein (GFP), have
been the most widely adopted. In studies of plant-nematode interactions, the
expression of GUS or GFP has been used to demonstrate expression of specific
genes in nematode feeding sites. Many studies using promoter::GUS or GFP con-
structs show differences in expression based on the selection of different nema-
todes, time points, and tissue types. Corresponding to the multi-nucleated nature of
nematode feeding sites, Niebel et al. (1996) demonstrated that transgenic
Arabidopsis lines containing the cell-cycle constructs cdc2a:: GUS or cyclAt::GUS
showed an increase in the level of GUS expression in giant-cells or synctiainduced
by M. incognita or H. schachtii, respectively. In addition, Huang et a. (2003) found
that transgenic Arabidopsis plants carrying a PROLIFERA (a gene associated with
maintenance of minichromosomes) promoter::GUS construct showed GUS expres-
sion that was induced in giant-cells and syncytia by M. javanica and H. schachtii,
respectively. To monitor the expression of several monosaccharide and disaccharide
transporter genes in H. schachtii-induced syncytia, Arabidopsis plants were trans-
formed with constructs containing GUS or GFP reporter genes driven by promoters
of these transporter genes (Juergensen et al. 2003). Among the various transgenic
lines, the expression of the GUS reporter inside syncytia was only detected when
the reporter gene was under the control of the promoter of the disaccharide trans-
porter gene, AtSUC2. When the respective transgenic lines were challenged with
M. incognita, no GUS activity was found in giant-cells. Temporal monitoring of
AtSUC2::GFP activity showed a maximal expression in the syncytia at 20-day post
infestation. This observation provided a strong correlation between the activity of
AtSUC2 and the general development of nematode feeding sites, which positively
reflected the growth of the cyst nematode towards maturity.

Promoter trapping studies have also been employed to identify genes that are
differentially regulated in nematode feeding structures. Favery et al. (1998) used a
promoterless::GUS construct to identify possible genes regulated during nematode
infestation. Among 3,000 T-DNA-tagged Arabidopsis lines, 25 were detected with
an increase and three with a decline in GUS expression during infestation by
M. incognita. The T-DNA fragment of one nematode-induced tagged line wasinserted
in a gene encoding a protein similar to d-ribul ose-5-phosphate 3-epimerase (RPE),
a key enzyme in the Calvin cycle and the oxidative pentose phosphate pathway.
Expression of GUS in this transgenic line was exclusively restricted to nematode-
induced galls and the expression was observed throughout the course of infestation
by the root-knot nematodes including M. javanica and M. hapla. However, GUS
expression was not detected until later stages of infestation by the cyst nematodes,
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H. schachtii or G. rostochiensis. Fully devoted to providing nutrients for sedentary
endoparasites (root-knot and cyst nematodes), giant-cells and syncytia are charac-
terized as sink tissues with active metabolism (Jones 1981). The high expression of
the RPE gene in both feeding structures at later stages of nematode devel opment
was anticipated as nematodes mature into adults and they require large amounts of
nutrients for reproduction (Favery et a. 1998). In noninfested roots, GUS expres-
sion was localized to root fragments undergoing rapid cell division, including the
root meristem, the elongation zone, and sites of lateral root initiation.

2.5 Early Gene Expression Analyses
of Plant-Parasitic Nematodes

Little is known about the expression of genesin plant-parasitic nematodes over the
course of parasitism in plants. Current genome sequencing projects (Opperman
et a. 2008) indicate that a majority of plant-parasitic nematodes have more than
14,000 genes. Likely, many of these genes are differentially and spatially regul ated
over the developmenta cycle of nematodes. Numerous projects have generated
cDNA libraries for several yield damaging plant-parasitic nematodes. These librar-
ies have been partially sequenced producing a treasure trove of valuable ESTs
(Dautova et al. 2001; McCarter et a. 2000; McCarter et a. 2003; Popeijus et al.
2000; Roze et a. 2008). Sequence information about ESTs from plant-parasitic
nematodes is accessible through websites dedicated to nematode research (for
example www.nematode.net). However, the majority of EST collections are
focused on libraries from egg or second-stage infective juveniles as these stages are
the easiest to isolate and process. Furthermore, little is known about where and
when these genes are expressed in the nematode during the parasitism process. A
significant amount of evidence on changesin gene expression within plant-parasitic
nematodes comes from the studies of esophageal glands and the genes that are
expressed within the three gland cells. Davis et a. (2008) provide an in depth analy-
sis of gene expression in the esophageal glands of root-knot or cyst nematodes.
Little is known about the spatial and temporal expression of genes outside the
esophagea glands that could be important for the parasitism process. New tools
such as microarrays and RNA interference will provide a more detailed analysis of
gene expression and the importance of expressed genes to the parasitism process.
Aside from transcriptomic analysis of nematode genes identified in esophageal
glands, one report employed a subtractive approach to identify genes whose expres-
sion was altered during the parasitism process. Two cDNA libraries were separately
constructed for preparasitic second-stage juveniles (J2) and parasitic third-stage
juveniles (J3) of M. incognita by suppression subtractive hybridization (Dubreuil
et al. 2007). Comparison between the two libraries yielded four clonesin common,
suggesting that each library was enriched with stage specific transcripts. Among
187 unique gene fragments in the J3 library, 57 of them were up-regulated. For
sedentary endoparasites including M. incognita, the initiation of nematode feeding
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sites corresponds to the transition of nematode development from mobile to seden-
tary. Some genesincluding several protease genes and the gene encoding a putative
glutathione-Stransferase (GST) gene were dramatically up-regulated in J3 nema-
todes in comparison to J2. Furthermore, the introduction of RNAI by soaking J2 in
dsRNA of the GST gene followed by immediate inoculation of J2 on tomato roots
resulted in a significant reduction in the number of egg masses per plant in the case
of dsRNA-treated nematodes compared with control J2. In the model nematode
Caenorhabditis elegans, over-expression of a single GST gene was clearly corre-
lated to an increase in nematode resistance to oxidative stress (Leiers et a. 2003).
Plants are known to produce an array of reactive oxygen species in response to
abiotic and biotic stresses. Accordingly, the dramatic induction of the GST genein
J3 nematodes likely plays an essential role in protecting sedentary nematodes or
enhancing nematode resistance to plant defense responses.

3 Microarray Analyses of Plant-Nematode I nteractions

Microarrays have now become the platform of choice for identifying genes that are
regulated during plant—pathogen interactions. With the release of complete genome
sequences and/or accumulation of vast numbers of EST libraries, numerous plat-
forms (either cDNA- or oligo-based) have been generated for a variety of plant
species. Microarrays alow the interrogation of the transcriptome during specific
interactions or under defined treatments. The power of microarrays comes from the
simultaneous analysis of virtually every gene within an organism and the use of
standardized platforms and databases, thus the meta-analysis of different experi-
ments become possible. These meta-analyses allow researchers to identify com-
monalities of transcription among specific gene sets or pathways across different
conditions and gain deeper insight into the co-regulation of genes.

The design and production of DNA microarrays faces three significant challenges:
the number of elementsthat can be reproducibly applied to asolid and two-dimensional
support, the uniformity of hybridization across various el ements on an array, and the
selection of suitable sequences representing all target genes for a given study. While
the latter two issues are till problematic, modern technologies have successfully
addressed the problem of spot density. The first application of microarrays in plant
science used spotted PCR-products corresponding to selected cDNAs from the model
plant A. thaliana (Schena et a. 1995). Improvements in spotting technology now
routinely allow up to 30,000 cDNA fragments to be spotted on a single chip. These
cDNA chips are routinely crested in research labs and used for specific studies
(Alkharouf et a. 2006; Khan et a. 2004; Schaff et a. 2007). However, the use of
cDNA microarrays has been somewhat problematic due to potential errors caused by
cross-hybridization and/or nonuniformity of hybridization as the result of the pres-
ence of palindromes or homopolymeric runs. The increased availability of complete
genome sequences and development of large EST libraries has improved DNA selec-
tion by alowing for the careful selection of probe sequences (Allemeersch et al.
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2005; Hilson et al. 2004). Nevertheless microarrays relying on PCR for element pro-
duction are being gradually replaced by those containing elements generated by oli-
gonucleotide synthesis that offers an even higher density of spot elements per chip.
Commercial suppliers (i.e. Affymetrix, NimbleGen, and Agilent) have pushed spot
density to 6.5 million elements per array (Galbraith 2006). Commercialy available
microarrays are composed of oligonucleotidesin 25 nt (Affymetrix), 60 nt (Agilent),
and 85 nt (NimbleGen) and are available for Arabidopsis, maize, rice, tomato, and
Medicago truncatula (Rensink and Buell 2005). Such arrays are easily produced for
organisms with completely sequenced genomes, but can be derived from EST
sequence collections with somewhat less confidence in producing gene-specific ele-
ments with minimal cross-hybridization problems.

Working with microarrays, researchers must become familiar with potential
limitations of the various platforms that have been developed. How to measure,
normalize, and statistically analyze microarray results has been subjected to discus-
sions and whole reviews and chapters have been devoted to microarray analysis
(Clarke and Zhu 2006; Meyers et a. 2004; Nettleton 2006; Rensink and Buell
2005). In this section we will focus rather on the microarray experiments to evalu-
ate plant—-nematode interactions and discuss results and refer readers to aforemen-
tioned references for critical evaluation of microarray platforms, experimental
design and statistical evaluations.

Nematologists have come to recognize the importance of microarrays and have
applied them in a variety of experiments, monitoring global changes in gene expres-
sion within the host and/or parasite at different stages of infestation. A summary of
studies of microarray analyses on plant-nematode interactions can be found in
Table 2 of this chapter. Over the past several years, a number of microarray analyses
have been conducted to investigate differentia expression of genes in whole roots
infested by root-knot or cyst nematodes (Alkharouf et al. 2006; Hammes et al. 2005;
Ithal et al. 2007a; Khan et al. 2004; Klink et a. 2007b; Puthoff et al. 2003). Microarray
analyses using materials enriched with nematode feeding structures have also been
conducted (Bar-Or et a. 2005; Fuller et al. 2007; Jammes et a. 2005; Schaff et al.
2007). Recently, the incorporation of laser-capture microdissection (LCM) of nema-
tode feeding structures (i.e. giant-cells or syncytia) now offers researchers a close-up
view of gene expression within asingle cell-type essential to the parasitic interaction
(Ithal et a. 2007b; Klink et a. 2005, 2007a; Ramsay et a. 2004).

Direct comparisons among the various nematode microarray data sets have been
difficult due to differences in hosts and nematodes used, methods of inoculation,
inoculum densities, sample materials and sampling methods, time points, condi-
tions for a particular study, microarray platforms and statistical methods for data
analysis. However, as experimental conditions are refined, platforms standardized
and more consistent data sets developed [i.e. following specified guidelines
(i.e. MIAME; Minimum Information About a Microarray Experiment; http://mged.
org/Workgroups/MIAME/miame.html)], comparative analysis of transcriptional
data sets will alow researchers to investigate the role of specific pathways or
groups of genes during different nematode interactions and/or other plant biotic
interactions or treatments. These analyses will in turn promote the development of
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Table2 Summary of microarray analyses of plant-nematode interactions

Experimental Type of
material Host plant  Nematode interaction Time point*  Reference
Wholeinfested Arabidopsis H. glycinesand Compatibleand Early Puthoff et al.
roots H. schachtii incompat- (2003)
ible
Soybean H. glycines Compatible Early Khan et a.
(2004)
Soybean H. glycines Compatible Early Alkharouf
et al. (2006)
Soybean H. glycines Compatible Early and Ithal et al.
middle (20072)
Soybean H. glycines Compatible and early and Klink et al.
incompat- middle (2007b)
ible
Arabidopsis M. incognita Compatible Early, middle Hammes et al.
and late (2005)
Tomato M. incognita Compatible and Early and Schaff et al.
and incompa- late (2007)
M. hapla tible
Feeding site Arabidopsis M. incognita Compatible Early, middle Jammeset al.
enriched and late (2005)
samples Tomato M. javanica Compatible Early and Bar-Or et al.
middle (2005)
Arabidopsis M. incognita ~ Compatible Late Fuller et al.
(2007)
Soybean H. glycines Compatible Middleand  Puthoff et a.
late (2007)
Nematode Soybean H. glycines Compatible Early and Ithal et al.
feeding middle (2007b)
sitesonly  Soybean H. glycines Compatible and Early and Klink et al.
incompat- middle (20073)
ible
Arabidopsis H. schachtii Compatible Early, middie Wieczorek
and late et d. (2006);
Hofmann
et a. (2008)

aarly, middle, and late time points refer to 1 week after inoculation, 2 week after inoculation, and
3-4 week after inoculation, respectively

testable hypotheses about the importance of specific genes or pathways during the
nematode parasitism process (Hofmann et al. 2008; Wieczorek et a. 2006).

3.1 Microarray Analyses of Whole I nfested Roots

One of the first published microarray studies on plant—-nematode interactions was
described by Puthoff et al. (2003). Changes in transcript abundance were examined
during the early infection by infective juveniles of H. schachtii or H. glycines. The
cyst nematodes, H. schachtii and H. glycines, can both enter the roots of Arabidopsis,
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but only H. schachtii is able to develop, reproduce and complete its life cycle.
Though capable of infecting Arabidopsis roots, juveniles of H. glycines fail to
induce aviablefeeding site, thus Arabidopsisis considered anonhost for H. glycines
(Grundler et al. 1997). Arabidopsis plants were challenged with similar numbers of
freshly hatched juveniles of H. schachtii or H. glycines. Roots were harvested at
3 days after inoculation. RNA was extracted and used to hybridize the Arabidopsis
GeneChip from Affymetrix. Of the >8,200 genes represented on the chip, 128
genes showed significant changes in expression level in infested roots as compared
to mock-inoculated control roots. A total of 82 genes were detected with a signifi-
cant increase in transcript abundance in H. schachtii-infested roots and 11 of them
were also up-regulated in roots infested by H. glycines. In contrast, 46 genes were
repressed in H. schachtii-infested roots and only one in H. glycines-infested roots.
The majority of differentially expressed genes were involved in stress and defense
responses, cell wall alteration, metabolism and nutrient allocation, signal transduc-
tion, or phytohormone action. Changes in transcript abundance of several genesin
response to nematode infection were further confirmed by quantitative RT-PCR
analysis. Interestingly, no genes were found to be unique to the incompatible inter-
action between A. thaliana and H. glycines under the conditionstested in this study.
These findings led to the consideration that an active defense response might not be
involved in the incompatible interaction between A. thaliana and H. glycines
(Puthoff et al. 2003).

In 2004, Khan and colleagues described the use of microarrays to study early
gene expression in a compatible interaction between soybean and H. glycines
(Khan et al. 2004). A total of 1,305 unique soybean ESTs were identified in three
cDNA libraries that were constructed from soybean cyst nematode susceptible and
resistant roots, 2 days after inoculation. The ESTs were used to create a custom
mini-array through PCR amplification of EST target sequences. RNA was isolated
from the whole roots of the susceptible cultivar Kent at 2-day post-inoculation with
freshly hatched H. glycines juveniles and mock-inoculated control roots. Analysis
of the mini-array showed limited differences (less than twofold) in fold-change
between infested and noninfested roots. Over 7% of the genes on the mini-array
showed an increase in transcript abundance in infested roots in comparison to con-
trol roots and many genes with the highest fold-change values were associated with
cell wall proteins such as proline-rich proteins and hydroxyproline-rich glycopro-
teins (Khan et al. 2004). Since syncytia begin to form as early as two days after
inoculation in susceptible plants (Endo 1991), genesinvolved in cell wall modifica-
tion are expected to be up-regulated. Genesinvolved in general plant defenses were
aso induced, including a stress-induced gene and a peroxidase gene. The induction
of defense-related genes in a susceptible cultivar might be explained as the result
of physical damage caused by intracellular migration of infective juveniles.
Possibly due to the small size of the array, no genes were reported to show a
decrease in transcript abundance in response to nematode infection in Kent (Khan
et a. 2004). This study also highlights a pitfall of using whole roots for analysis;
the masking or dilution of rare RNAs that are regulated at sites of nematode
infestation by transcripts of noninfested root tissues.
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A larger soybean cDNA microarray was generated to examine the compatible
interaction between the susceptible cultivar Kent and H. glycines (Alkharouf et al.
2006). An array representing 6,543 different transcripts from four different nema-
tode-infested root cDNA libraries was printed onto slides. A time course series of
RNA isolated from nematode infested roots (6, 12, and 24 h and 2, 4, 6, and 8 days
after inoculation) was isolated and compared to RNA from mock-inoculated roots
of the same time points. The time-course series covered the entry and migration of
infective juveniles (6 and 12 h after inoculation), the initiation and formation of
syncytia (1, 2, and 4 days after inoculation), and the devel opment of syncytia (6 and
8 days after inoculation). Similar to previous microarray studies, this study was
challenged by the fact that a large amount of root tissue used for RNA extraction
was not infected by nematodes. This compromised the sensitivity of the microarray
to detect nematode-regulated transcripts. As aresult, only few transcripts with low-
fold change values were identified, especially at the early time points.

Among 6,543 genes on the array, the number of genes with an increase greater
than 1.5-fold in transcript abundance rose from 61 at 1-day post-inoculation to
287 at 6-day post-inoculation. Similarly, the number of genes with a reduction
greater than 1.5-fold in expression level increased from 128 at 1-day post-inocu-
lation to 243 at 6-day post-inoculation. Genes encoding proteins with unknown
or unclassified functions constituted 45-55% of the differentially expressed
genes on the array. Clustering analysis identified four distinct expression profiles
for differentially regulated genes. The first group consisted of genes that were
only induced at 6 and 12 h after inoculation. Genes encoding Kunitz trypsin
inhibitor, stress-related proteins, germin-like proteins and others were included in
this group. The genesin thefirst profile are likely induced due to wound response
caused by nematode entry and intracellular migration in the root. Genes in the
second group or cluster were induced at 6 and 8 days after inoculation. These
genes encoded proteins involved in protein synthesis, metabolism (i.e. sugar) and
transport (i.e. sugar and phosphate) and are likely important in the development
of syncytia. The third group of genes was those induced in most or at all time
points. This group included a WRKY transcription factor, a calmodulin, a polyu-
biquitin, and a lipoxygenase. Many genes in this group function in stress and
defense responses. The fourth group of genes was repressed across al time
points. A large number of genes with unknown or putative functions were found
in this group. Seven genes were selected for quantitative real-time RT-PCR analy-
sis and the changes in expression levels generally agreed with the microarray
results (Alkharouf et a. 2006).

The production of the Affymetrix soybean GeneChip made it possible to screen
a large portion of soybean transcripts publicly available in soybean literature and
databases. Over 35,000 soybean transcripts and nearly 7,500 soybean cyst nema-
tode transcripts are represented on this chip providing an unprecedented view of
gene expression in this important agricultural crop and pest. Ithal and colleagues
used this chip to examine gene expression in the compatible interaction between
soybean and H. glycines (Ithal et al. 2007a). Synchronized inoculation was con-
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ducted to only allow infective juveniles of H. glycines to enter roots for 24 h at
approximately 1 cm above root tips. Infested and mock treated roots were harvested
at 2, 5, and 10 days after inoculation representing early (2 days), middle (5 days),
and advanced stages (10 days) of syncytia development. Labeled cRNA was
hybridized to the Affymetrix chips with three biological replicates for each time
point. Transcript abundance for atotal of 429 genes was significantly altered with
greater than 1.5-fold change in infested roots as compared to noninfested roots at
the three time points. Quantitative real-time RT-PCR analysis was used to confirm
the change in expression level of 19 differentially regulated genes.

With little functional information available for soybean transcripts on the array,
a similarity search using the TAIR Arabidopsis sequence database identified puta-
tive functions for over 7% of the genes (Ithal et al. 2007a). According to this analy-
sis, genes involved in plant defense responses were up-regulated in roots upon
infection by H. glycines across al time points (Ithal et a. 2007a). These induced
genes included genes encoding PR proteins, glutathione-S-transferase, stress-
related transcription factors, and harpin-induced gene-1. The up-regulation of
defense-related genes in the compatible interaction was in agreement with a previ-
ous study (Khan et al. 2004). This demonstrated that defense-related genes were
induced in response to physical damage caused by intracellular migration of infec-
tive juveniles and by stress from expanding syncytia and developing nematodes
(Ithal et al. 20074). In addition, significant up-regulation of a large number of soy-
bean genes involved in cell wall modification was detected in infested roots across
al time points, further supporting the role of cell-wall modifying proteins in the
initiation and development of syncytia (Ithal et al. 2007a; Klink et a. 2007b).
Moreover, an increase in transcript abundance in infested roots across al time
points was observed for anumber of genesinvolved in plant secondary metabolism,
specifically genes participating in the phenylpropanoid and flavonoid pathways
(Ithal et al. 2007a). The up-regulation of these genes resulting in the accumulation
of flavonoid or isoflavonoid phytoalexins or in the deposition of lignin is often
observed in hypersensitive responses in incompatible interactions. However, the
function of secondary metabolites in compatible interactions remains largely
unknown (Ithal et a. 2007a). Changes in expression level of nematode genesin this
study are described later in this chapter.

Using the same soybean microarray chips from Affymetrix, Klink and col-
leagues examined the compatible and incompatible interactions between the soy-
bean line Peking and H. glcyines (Klink et a. 2007b). To minimize changes in
expression levelsthat may be caused by different genetic background of host plants,
two different nematode populations (NL1-RHg and TN8) were selected to infect
the same host plant Peking. This selection represented the compatible interaction
between TN8 and Peking and the incompatible interaction between NL1-RHg and
Peking. Similar to the previous report (Ithal et al. 2007a), a synchronized inocula-
tion method was also employed to ensure that juveniles of H. glycines had only a
limited period (12 h) to infect roots. Thisinoculation approach alowed arelatively
uniform infection process so that the ability to detect changes in transcript abun-
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dance would not be compromised by continuous entry of juveniles. Throughout the
course of infestation, the compatible and incompatible interactions were histologi-
cally examined to ensure adequate infestation of root tissues by nematodes. Using
two biological replicates for each time point, RNA was isolated from infested |at-
eral rootsat 0.5, 3, and 8 days after inoculation, hybridized to the soybean microar-
ray chips and analyzed for changes in transcript abundance. The cutoff for all
transcripts on the array was changes equivalent to or greater than 1.5-fold in tran-
script abundance and with a P-value lower than 0.05 in infested tissues as compared
to noninfested roots. Across all time points, atotal of 339 transcripts were induced
while 740 transcripts were repressed in the incompatible interaction. In the compat-
ible interaction, 181 transcripts were induced and 491 genes were repressed across
all time points.

Klink and colleagues also conducted a comparative analysis of compatible and
incompatible interactions at individual time points. Because of the amount of data
generated from this study and the limited space within this chapter, the authors
direct you to Klink et al. (2007b) for data analysis and annotation of genes. These
analyses revealed alarge number of transcripts that were differentially regulated at
individual time points over the infestation process. Changesin transcript abundance
for some genes were unique to either interaction while similar changes in expres-
sion level were detected in both interactions (Klink et al. 2007b). One interesting
finding of this study was that the host plant could distinguish virulent and avirulent
nematodes as early as 12 h after inoculation and continued to respond differently to
thetwo popul ationsthroughout theinfestation process (3 and 8 days post-inocul ation).
Also interesting was that the number of repressed genes unique to a single time
point declined with the development of nematodes in the incompatible interaction
while the number of repressed genes unique to asingle time point in the compatible
interaction increased over time. By 8 days after inoculation, the number of repressed
genes unigue to the compatible interaction was nearly five fold greater than that
of the incompatible interaction. Furthermore, the number of induced genes that
were common to both interactions was similar across all time points, suggesting
the presence of basic and fundamental responses in soybean to H. glycines. In
addition, these observations suggest that successful development of nematodesin
the compatible interaction may require continuous suppression of host genes
(Klink et al. 2007b).

Another way researchers use microarrays is to address specific hypotheses. Our
laboratory was interested in the role of transporters during the nematode parasitism
process. Previous studies have shown that water transporters and sucrose transport-
ers likely play roles in the nematode parasitism process (Juergensen et a. 2003;
Opperman et al. 1994). In our study we used the ATH1 chip (Affymetrix) carrying
nearly 24,000 individual genes from Arabidopsis to examine gene expression dur-
ing the later stages of nematode infestation. This chip is widely used by the
Arabidopsis community, with over 3,000 different arrays availablefor meta-analysis
(Zimmermann et a. 2005). Our initial interest in using these arrays was sparked by
the 805 transcripts on the ATH1 chip that were represented in the Arabidopsis



Transcriptomic Analysis of Nematode I nfestation 207

Membrane Protein Library Database and were annotated as transport proteins.
Given the symplastic isolation of nematode feeding sites and associated transfer
cell-like characteristics, we hypothesized that transport plays an important role in
the parasitism process (Offler et a. 2002; Berg et al. 2008; Sobczak and Golinowski
2008).

RNA was isolated from whole infested roots of Arabidopsis grown under sterile
conditions at 1, 2, and 4 weeks after inoculation. RNA from three separate biologi-
cal replicates for each time point was converted to cRNA and hybridized to the
ATH1 chip. Combined analysis of three time points yielded 533 induced genes and
665 repressed genes (Fig. 3, unpublished data). Categorization of differentialy
regulated genes into function classes revealed that the genes associated with metab-
olism could be activated or repressed. Interestingly, 17% of the induced genes
belonged to the category of cell wall modification with only 4% of down-regul ated
genes in the same category. This result is not surprising given the development of
giant-cells and subsequent gall formation. Conversely, 18% of the down-regulated
genesfell into of the transcription category while only 5% of the up-regulated genes
were involved in transcription. The repression associated with transcription during
the nematode parasitism process appears to be a common theme among cyst and
root-knot nematodes (Klink et al. 2007b; Schaff et al. 2007). However, this reduc-
tion could be the result of the possible global effect on limited root growth due to
resource consumption by nematodes and itsindirect impact on gene expression (i.e.
down-regulation of genes).

Among the 805 transporter genes represented on the ATH1 array, 50 genes were
found to be differentialy regulated during nematode infestation. Twenty of these

Gene classification
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Fig. 3 Gene classification of root-knot nematode (M. incognita) regulated genes in whole
infested roots
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were down-regulated across al three time points. Interestingly, six members of the
peptide transporter/proton-coupled oligopeptide transporter family were down-
regulated at al time points. Of the remaining 30 differentially regulated genes, 26
were up-regulated at 1 and 2 weeks after inoculation and 16 were up-regulated
throughout all three time points. Three members of the auxin/amino acid permease
family were induced. Quantitative real-time RT-PCR was used to confirm changesin
expression levels during nematode infestation and transcript abundance for many
trangporter genes was greater in the gal as compared to noninfected root tissues
(Hammes et al. 2005). Notably, severa transporters including the aquaporin gene,
AtPIP2.5 and an amino acid transporter, AtCAT6 were significantly induced in galls
(Hammes et a. 2005, 2006). Furthermore, recent analysis of T-DNA knockouts in
Arabidopsis for several amino acid transporter genes has led to dterations in plant
susceptibility to the root-knot nematode, M. incognita (CG Taylor, unpublished results).

Schaff and colleagues investigated gene expression in susceptible and resistant
tomato plants challenged by root-knot nematodes (Schaff et al. 2007). The resistant
cultivar “Motelle” (carrying the resistance gene Mi) and the susceptible cultivar
“Moneymaker” were examined at early (12, 36, and 72 h) and late (4 weeks) time
points after inoculation with M. incognita or M. hapla with a synchronized inocula-
tion approach. The Mi geneintheresistant cultivar providesresistanceto M. incognita,
M. javanica, and M. arenaria but fails to provide protection against M. hapla and
M. chitwoodii while the susceptible cultivar is equally susceptible to all root-knot
nematodes. A cDNA microarray was constructed from ESTs from root cDNA and
giant-cell cDNA libraries (Bird and Wilson 1994; Wilson et al. 1994). In total,
1,547 root-expressed and 186 giant-cell-expressed transcripts were spotted onto a
glass dide. Differences in genetic background between the two cultivars were
investigated first by comparing gene expression in mature roots to the two unin-
fested cultivars. RNA was isolated from infested and noninfested plants, labeled
and used to hybridize to the miniarrays. Data from an experimental loop design
with four replicates per sample were collected and analyzed.

Upon infestation by infective juveniles of M. incognita, changes in transcript
abundance between inoculated and mock-inoculated control roots were observed
for 14% (217 genes across all time points) of total transcripts on the array for the
compatible interaction. In pooled susceptible interactions, one-third of differen-
tially regulated genes were induced and two-thirds were repressed. In the incompat-
ible interactions, 58 transcripts were differentially regulated and 31 of them were
consistently induced in al resistance responses across the three early time points.
This suggested that resistance responses were activated and maintained in the first
several days following the infection of root-knot nematodes (Schaff et al. 2007).
Moreover, genes induced in incompatible interactions were not differentially regu-
lated in compatible interactions between “Moneymaker” and M. incognita (Schaff
et a. 2007). For a more detailed list of genes identified in this study, the authors
refer you to the published report, Schaff et al. (2007). Comparison of gene expres-
sion between uninfested resistant and susceptible cultivars identified only one gene
encoding a glycosyltransferase with a greater level of expression in the resistant
cultivar. In addition, the expression of the glycosyltransferase gene was nearly six
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fold greater in infested roots of the resistant cultivar “Motelle” as compared with
noninfested roots. Interestingly, silencing of this gene using virus-induced gene
silencing in Mi-containing plants resulted in plant susceptibility to root-knot nema-
todes. This suggests that high expression of the glycosyltransferase gene may be
necessary in the resistance response to root-knot nematode in tomato; however, the
actual role of this gene remains to be elucidated.

3.2 Microarray Analyses of Tissues Enriched
for Nematode Feeding Sites

To increase the chances of finding genes that are differentialy regulated in plant—
nematode interactions, some investigators have limited their analysis to tissues
enriched for nematode feeding sites. Jammes et a. (2005) used this approach to
examine gene expression in Arabidopsis over a time course series of 7, 14, and
21 days after inoculation with infective juveniles of M. incognita. These time points
were selected to represent the induction of giant-cells, the development of giant-cells,
and mature giant-cells, respectively. For each time point, RNA was isolated from
1,500 root-knots individually sectioned from infected or control roots, excluding root
tips and lateral root meristems. RNA from control and infested roots was labeled and
used to hybridize to an array (CATMA chip) carrying 24,576 specific gene-sequence
tags (GST) for Arabidopsis. After microarray analysis, 50 genes were further exam-
ined by quantitative rea-time RT-PCR to verify microarray resullts.

A total of 3,373 genes represented on the CATMA chip displayed a significant
change in transcript abundance in response to the infection by the root-knot nema-
tode. Thisincluded 1,606 induced and 1,742 repressed genesin galls. Genesidenti-
fied by this study were described in Jammes et al. (2005) and the publication has
more detailed information. Changes in expression level reached as high as tenfold,
highlighting the power of enrichment of infection sites in identifying differentially
expressed genes. Changes in gene expression were further analyzed and grouped
according to gene function to gain a better understanding of the formation and
development of giant-cells (Jammes et a. 2005). The group with the highest
number of differentially regulated genes in galls consisted of genes involved in
metabolism. This was expected due to the nature of giant-cells as nutrient sinks
(Jammes et a. 2005). Interestingly, the number of up-regulated and down-regul ated
geneswas similar in thisgroup. In contrast, genesinvolved in cell wall modification
appeared to be induced, including genes encoding pectate lyases, B-xylosidases,
-1,4-endoglucanases, xyloglucan endotransglycosylases, polygalacturonases and
many cell-wall |oosening expansins. The expression of many WRKY genes decreased
in galls, suggesting that sedentary endoparasites like root-knot nematodes may have
evolved strategiesto actively suppress plant defense signaling (Jammes et al. 2005).
Results were further validated using promoter::GUS constructs to examine the
temporal and spatial expression of a down-regulated gene encoding a trypsin pro-
tease inhibitor (TPI) and an up-regulated formin gene (Jammes et al. 2005).
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To investigate gene expression in an agriculturally important crop, Bar-Or and
colleagues examined the compatible interaction between tomato and M. javanica
using atomato microarray containing 12,500 clones randomly selected from cDNA
libraries for various tomato tissues (Bar-Or et a. 2005). Tomato roots were inocu-
lated with infective juveniles of M. javanica and individual galls were dissected
from infested roots at 5 and 10 days after inoculation for RNA isolation. Control
RNA wasisolated from mock-inocul ated roots at the same time points. Comparative
hybridizations were conducted between labeled RNA isolated from infested and
mock-inoculated roots.

At each time point, atotal of 516 genes were found with significant changesin
transcript abundance in galls as compared with control roots. For the identity of
these genes the authors of this chapter direct you to the paper, Bar-Or et al. (2005).
Cluster analysis of expression ratios (galls vs. control roots) revealed that changes
in transcript abundance were more pronounced at the later time point (10 days after
inoculation) as compared to the early time point. Among differentially regulated
genes in galls, 118 were common to both time points, suggesting that a large
number of plant genes could be specifically regulated in response to different devel -
opmental stages of M. javanica (Bar-Or et a. 2005). Even in compatible interac-
tions, plants seem to recognize parasitic nematodes as a pathogen. This was
demonstrated by a significant increase in transcript abundance of several genes
encoding pathogenesis-related (PR) proteins in tomato (Bar-Or et al. 2005). The
induction of some PR genes in compatible interactions could be the result of gen-
eral stress due to nematode infection. In addition, several hormone-related genes,
such as genes encoding a gibberellin 2-oxidase-like protein and two ethylene
responsive element binding proteins, were up-regulated in galls. Interestingly, simi-
lar increases in transcript abundance of these genes were aso reported in plants
infested by cyst nematodes (Klink et al. 2007b; Mazareri et a. 2002; Puthoff et a.
2003; Wubben et a. 2001). Infections by root-knot and cyst nematodes possibly
result in similar fluctuationsin the levels of gibberellin or ethylenein plants causing
similar expression patterns of genes regulated by hormone signaling (Bar-Or et al.
2005). The expression of several devel opment-associated genes was down-regul ated
in galls at both time points (Bar-Or et a. 2005).

In 2007, Fuller and associates used the sasme CATMA microarray chips as
Jammes et al. (2005) to examine changes in expression levels of genes induced by
the root-knot nematode, M. incognita in Arabidopsis (Fuller et a. 2007). Root
knots were individually collected from infested roots at 21 days after inoculation
(Fuller et al. 2007). In response to nematode infection, general changesin transcript
abundance of genesin this study were in agreement with the result in Jammes et al.
(2005). Nearly 4% of the genes on the array showed significant changes in tran-
script abundance in root knots and this included 258 induced and 701 repressed
genes. For a more detailed analysis about the identified genes, the authors of this
chapter refer you to the publication, Fuller et a. (2007). Genes with a decrease in
transcript abundance were classified into groups for signal transduction, responses
to biotic or abiotic stress, electron transport and energy metabolism or other bio-
logical processes. In contrast, genes with an increase in transcript abundance could
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be categorized into groups for cell organization and biogenesis, DNA or RNA
metabolism, as well as other biological processes. These findings further support
the hypothesis that gene repression is essential in maintaining mature giant-cells
(Fuller et a. 2007). The changes in expression levels of 17 genes were verified by
guantitative real-time RT-PCR. Promoter::GUS constructs were also generated for
severa genes and tested in transgenic Arabidopsis for detailed expression profiles
of these genes in giant-cells and syncytia induced by H. schachtii.

Similar to the microarray analysis using whole infested root by Ithal et al.
(20074), Puthoff and colleagues used the same set of soybean microarrays to inter-
rogate gene expression in syncytial enriched tissues (Puthoff et al. 2007). The
Affymetrix Soybean GeneChip array representing 35,593 soybean transcripts was
used to analyze gene expression in infested roots of the compatible interaction
between Williams and H. glycines (NL1-RHg, Hg-type 7, race 3) over the course
of 8, 12, and 16 days after inoculation. Infested tissues containing syncytia and
developing nematodes were dissected under a stereomicroscope to minimize non-
infested tissues. For controls, root pieces were collected from roots at similar posi-
tions on noninfested roots. Isolated RNA was hybridized to chips and examined for
changes in transcript abundance.

A total of 1,404 induced and 739 repressed genes were identified with greater
than two fold change in transcript abundance. The authors of this chapter direct you to
the publication, Puthoff et a. (2007), for more detailed information on the identity
of genesand level of transcript abundance. Over the course of nematode infestation,
differentially regulated genes include those associated with defense, dehydration,
the phenylpropanoid pathway, cell wall modification, DNA replication, auxin and
ethylene regulation.

3.3 Microarray Analyses of Nematode Feeding Sites

For sedentary endoparasitic nematodes such as root-knot and cyst nematodes, feed-
ing sites are the sole nutrient source to support nematode development and repro-
duction. These feeding structures consist of three to six giant-cells in the case of
root-knot nematodes or a syncytiaformed by the coal escence of up to 200 root cells
in the case of cyst nematodes. The development of nematodes and the growth of
feeding structures are intimately associated. Disruption or degradation of nematode
feeding sites can |lead to changes or cessation of nematode development. Conversely,
removal or death of nematodes resultsin the deterioration of feeding sites. Virtualy
nothing was known about the expression of genes within feeding sites, partially due
to the fact that feeding structures are located in the vascular cylinder and buried
underneath layers of cells. A number of technologies have been adopted to isolate
these cells for analysis. Wilson et al. (1994) used hand-microdissected root knots
to investigate gene expression in feeding sites. Recently, |aser-capture microdissec-
tion has been integrated in the isolation of feeding structures from root sections
(Ramsay et al. 2004). The combination of laser-capture microdissection with
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microarrays has proven to be a very powerful technique to investigate gene expres-
sion in nematode feeding sites.

One of the first published reports on using microarrays to evaluate RNA isolated
by laser-capture microdissection from feeding sites was described by Ithal et al.
(2007b). Infected and control roots of susceptible soybean cultivar Williams 82 at
2, 5, and 10 days after inoculation with H. glycines were fixed and embedded in
paraffin, sectioned and syncytia were captured using LCM. Only a very small
amount of RNA was isolated from captured syncytia, thus a linear amplification
procedure was used to produce sufficient amounts of RNA for microarray analysis.
Three independent biological replicates for each treatment were collected and ana-
lyzed on the Affymetrix Soybean GeneChip array. A total of 1,765 genesincluding
1,116 induced genes and 649 repressed genes were significantly regulated in syn-
cytia of a compatible interaction at 2 days after inoculation. Over 27% of the dif-
ferentially regulated genes shared no significant sequence homology to genes in
public databases. Quantitative real-time RT-PCR was used to validate the microar-
ray results for 25 genes. Clustering analysis of expression patterns over the sam-
pling points led to the discovery of some key biological processesin initiation and
formation of syncytia (Ithal et al. 2007b). A number of genesinvolved in biotic and
abiotic stress responses including genes encoding pathogen-responsive receptor-
like kinases were down-regulated in syncytia, suggesting a suppression of plant
defense mechanisms in compatible interactions (Ithal et al. 2007b). In contrast, a
general increase in transcript abundance was detected among genes involved in pri-
mary and secondary metabolism and in cell wall modification. A corresponding
increase in transcript abundance was detected for peroxidase genes in syncytia
(Ithal et al. 2007b), suggesting that peroxidases may be involved in cell wall loos-
ening and cross-linking of cell wall componentsin the formation and development
of syncytia (Passardi et a. 2004). In addition to cell-wall modifying enzymes, a
number of differentially regulated genes in the analysis were found to be part of
phytohormone signaling including auxin and ethylene (Ithal et al. 2007b). The
importance of auxin and ethylene in the formation and devel opment of syncytia has
been established in previous targeted studies (Goverse et a. 2000; Mazareri et al.
2002; Wubben et a. 2001). These analyses were further supported by a recent
report on expression profiling of cell wall genes in the compatible interaction
between soybean and H. glycines demonstrating that many induced genesin nema-
tode infested roots were also up-regulated during ethylene-induced petiole abscis-
sion (Tucker et a. 2007). Furthermore, changes in transcript abundance for a
number of genes involved in gibberellin (GA) and cytokinin biosynthesis and
respective signaling pathways were detected in syncytia (Ithal et al. 2007b). For
example, agene encoding a GA-induced cysteine-rich cell wall protein wasinduced
while genes encoding proteins functioning as cytokinin receptors were repressed in
syncytia. Interestingly, the expression of the majority of genes regulated by jas-
monic acid (JA) was repressed in syncytia (Ithal et a. 2007b). Known to inhibit
plant growth and to promote various processes such as pollen formation and fruit
ripening, JA, or jasmonates in general, are induced by a variety of biotic and
abiotic stresses (Ellis et al. 2002). Cell-wall degrading enzymes are among the
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elicitors of JA responses. Root-knot and cyst nhematodes are known to release an
array of cell-wall degrading enzymes to aid their migration towards the vascular
cylinder. For both nematodes, the formation of syncytia or giant-cells involves
changes in expression of a number of plant cell wall proteins. Thus, the level or
status of phytohormones and downstream signaling pathways are expected to
change in response to the infection by parasitic nematodes. A systemic defense
response against M. incognita was induced in susceptible tomato by foliar applica-
tion of JA (Cooper et a. 2005). The suppression of many genes involved in JA
biosynthesis and signaling pathways in syncytia is likely to inhibit plant defense
response to H. glycines. However, the connection of phytohormone signaling and
the initiation and formation of syncytia or giant-cells remains elusive.

Inarelated study, Klink and colleagues examined changes in gene expression in
compatible and incompatible interactions between soybean and H. glycines by
comparing whole infested roots with laser-captured syncytia at 3 and 8 days after
inoculation (Klink et al. 2007a). Additional comparisons included changesin tran-
script abundance in laser-captured syncytia among compatible and incompatible
reactions and in syncytia across the two time points. Experimental conditions were
virtually the same as described in Klink et al. (2007b) and previously covered in
this chapter. Labeled cRNA was used to hybridize to Affymetrix Soybean GeneChip
microarrays with two replicates per treatment. Syncytia were identified in both
compatible and incompatible interactions at 3 days after inoculation. At 8 days after
inoculation, continuous development of syncytia was only detected in the compat-
ible interaction, however, syncytia deterioration was observed in the incompatible
interaction. Overall, a greater number of differentially regulated genes was found
in syncytia or whole infested roots from the incompatible interaction as compared
to the compatible interaction at 3 days after inoculation. For a more detailed analy-
sis and report, the authors direct you to Klink et al. (2007a).

Analysis of gene expression in incompatible interactionsidentified 425 genes that
were only differentially regulated in syncytiaat 3 days after inoculation. The number
of repressed genes (278) was nearly two fold greater than that of induced genes (147)
a this sampling point. A total of 287 differentially regulated genes including 77
induced genes and 210 repressed genes were found to be unique to syncytiain com-
patible interactions at 3 days after inoculation. At this early time point, the compari-
son of up-regulated genesin syncytiafrom compatible and incompatible interactions
showed that 30 genes were shared by both interactions, but 136 genes were specific
to the incompatible interaction and 49 were unique to the compatible interaction.
Similarly, analysis of down-regulated genes identified that 154 genes were common
to both interactions, but 163 genes were unique to the incompatible interaction and
118 genes to the compatible interaction. At 8 days after inoculation, a total of 269
differentially regulated genes were unique to the syncytia from the compatible inter-
action and over 76% of these genes were induced, suggesting afundamental change
in expression of genesin relation to the development of syncytia. Analysis of dif-
ferentially regulated genes in syncytia from the compatible interaction across the
sampling points revealed that 22 induced and 49 repressed genes were common to
both time points. However, among differentially regulated genes unique to syncytia
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from compatible interactions, the number of induced genesincreased but the number
of repressed genes declined over time. From these results, Klink and colleagues
(2007a) concluded that changes in gene expression in syncytia were detected not
only between compatible and incompatible interactions but also over the develop-
ment of syncytiain the compatible interaction.

An aternative approach of using arrays to examine expression level of all
genes is to focus on genes in specific pathways or functional groups. Syncytia
induced by cyst nematodes are characterized by the thickening of cell walls and
increase in subcellular organelles including plastids and mitochondria. These
morphological changes led researchers in two separate microarray studies to
evaluate a group of cell wall genes (i.e. expansins, Wieczorek et al. 2006) and
metabolic pathways (i.e. starch accumulation and degradation; Hofmann et al.
2008). Expansin proteins are involved in cell wall breakdown or softening during
cell expansion and are hypothesized to play important roles in the development
of nematode feeding sites (Li et a. 2003; Cosgrove 2000; Gheysen and Mitchum
et al. 2008). Syncytial RNA was microaspirated from H. schachtii-induced syn-
cytia in infested Arabidopsis roots and used to construct a cDNA library. Using
gene-specific primers to 26 o- and three B-expansin genes, ten expansin genes
were amplified from the syncytia library (Wieczorek et a. 2006). Analysis of
ATH1 microarrays of RNA from control root tissues (nonsyncytial containing
roots) and microaspirated syncytia indicated that five (AtEXPA3, AtEXPAG,
AtEXPAS8, AtEXPA10, and AtEXPA16) were up-regulated specifically in the syn-
cytia. Promoter::GUS and in situ RT-PCR were used to confirm expression of
expansin genes in the feeding structures. Interestingly, two expansin genes
AtEXPA3 and AtEXPA16 were found to be exclusively expressed in the shoots of
noninfested Arabidopsis plants.

Similarly, Hofmann and colleagues (2008) used microarrays to address the role
of starch accumulation and degradation in syncytiainduced by H. schachtii. Close
examination of syncytiarevealed that large starch granules were present in numer-
ous plastids and dramatic changes in the morphology of plastids were associated
with the development of syncytia (Hofmann et al. 2008). In 15-day-old syncytia, a
significant induction was detected for a majority of the 56 genes that are involved
in starch synthesis and degradation. The accumulation of starch in syncytia serves
as an intermediate in carbohydrate storage and balance changes in sugar levels
throughout plant—-nematode interactions. The demand for nutrients increases with
the development of nematodes, especially with mature females that are known to
feed on syncytia over an extended period of time. The dramatic up-regulation of
starch-metabolism genes in 15-day-old syncytia corresponds to the development of
adult females. Furthermore, the analysis of starch content in the Arabidopsis
T-DNA knockout line for STARCH SYNTHASEL (SS1) reveded that the mutant
produced 23% less starch in leaves. In addition, this mutant line supported signifi-
cantly fewer numbers of female and male nematodes as compared to wild-type
plants (Hofmann et al. 2008). The use of microarrays in a selective manner clearly
alows researchers to address important biological questions about gene families or
pathways in plant—-nematode interactions.
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3.4 Microarray Analyses of Plant-Parasitic Nematodes

Littleis known about global changesin gene expression in parasitic nematodes. On
the Affymetrix soybean GeneChip, nearly 7,500 oligos specific to H. glycines
genes have been arrayed in addition to 35,000 soybean gene transcripts and 7,500
Phythopthora sojae genes. Using wholeinfested roots, Ithal and colleagues (2007a)
examined the expression of nematode genesin a compatible interaction. Significant
changes in transcript abundance were detected for 1,859 transcripts of H. glycines
on the array (Ithal et al. 2007a). An increase in transcript abundance for genes
involved in nematode development and metabolism (including genes encoding
nematode ribosomal proteins) was observed across the time points of 2, 5, and
10 days after inoculation. However, expression of genes previoudly identified as
nematode parasitism gene candidates from esophageal gland cells declined over
time, suggesting the importance of these genesin nematode migration and initiation
of feeding sites. A mgjority of nematode genes encoding cell-wall modification
proteins were represented in this group. In addition, some genes, including the gene
encoding a putative cuticular collagen, expressed at very low levels in infective
juveniles, but the expression increased in parasitic juveniles and reached a peak at
5 days after inoculation. Changes in the expression level of the putative cuticular
collagen gene are associated with the development of H. glycines from motile to
sedentary. In contrast, high expression of the gene encoding a putative secreted
glutathione peroxidase was found in infective juveniles, but the expression declined
at 2 days after inoculation, followed by an increase and peak expression at 5 days
after inoculation (Ithal et al. 2007a). Notably, alarge number of differentially regu-
lated nematode genes were found to encode proteins with unknown functions.
Thus, studying expression patterns of these genes would provide the first hints
regarding the role of these genes over the course of nematode infection.

4 Conclusions

Induced by nematodes, root cells are transformed to become specialized feeding
structures (giant-cells or syncytia) that serve as the sole nutrient sources for nema-
tode development and reproduction. Despite a decade of study in gene expression,
both plant and nematode genes associated with the formation and development of
feeding structures remain poorly understood. However, recent application of micro-
array technology coupled with the integration of laser-capture microdissection has
become a powerful tool for simultaneously monitoring changes in transcript abun-
dance of thousands of geneswithin feeding structures. Microarrays are available for
both model plants and economically important crops such as soybean and tomato,
alowing researchers to examine gene expression in several different systems. In
addition, susceptible, resistant, and nonhost plants along with virulent and avirulent
strains of nematodes are excellent materials for comparative analyses providing
new insightsinto dissecting plant susceptibility and resistance to parasitic nematodes.
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Taken together, the generation of enormous data sets by microarray analyses using
different plant systems opens up multiple directions in developing a better under-
standing of plant—nematode interactions.
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Genomic Analysis of the Root-K not
Nematode Genome

Charles H. Opperman(t=)), David McK. Bird, and Jennifer E. Schaff

Abstract Plant-parasitic nematodes cause substantial agricultural damage
throughout the world, triggering as much as $100 billion in economic losses per
year. Measures to control these pests are limited and include the use of agrichemi-
cals such as methyl bromide (now available only on a “critical use exemption”
basis) or the planting of crops that have natural resistance. However, the avail-
ability of chemical pesticides is decreasing and host resistance is limited. A better
understanding of the complex interaction between plant-parasitic nematodes and
their hosts is needed to develop new control strategies (including new chemicals).
The vast majority of the damage is caused by sedentary endoparasitic forms in
the order Tylenchida, which fall into clade 1V of the Nematoda (Blaxter et al.
1998). In particular, the root-knot nematodes (Meloidogyne spp.), soybean cyst
nematodes (Heterodera glycines), and potato cyst (Globodera spp.) nematodes are
devastating parasites of plant roots.

In this chapter, we will present a brief overview of the status of genomic research on
root-knot nematodes. Root-knot nematodes, in particular M. hapla, are emerging as a
model species for research on sedentary endoparasites. We will discuss the impact of
root-knot nematodes on the host plant and focus on genomic approaches to unraveling
the complex nature of the interaction from the nematode’s perspective. In addition
to the complete genome sequence of M. hapla, a complete genome sequence has simul-
taneously been obtained for the aneuploid species, M. incognita (Abad, personal
communication). In the future, comparison between these two genomes will provide
fundamental clues as to the evolution and biology of root-knot nematodes.
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1 Introduction

Nematodes are the most abundant and speciose metazoans, and they account for up
to 80% of the animal kingdom’s members (Boucher and Lambshead 1994). Most,
like Caenorhabditis elegans, are free-living and graze on microbes or detritus and
as such have no obvious influence on humans. Others, however, are adapted as
parasites and have a substantial and direct impact on human health, animal produc-
tion, and food and fiber crops worldwide. Although the evolutionary relationship of
nematodes to other animals (especially insects) is controversial (Aguinaldo et al.
1997; Mallatt and Winchell 2002), a robust phylogeny dividing Nematoda into five
major clades has been established (Blaxter et al. 1998). Interestingly, this analysis
implies that plant and animal parasitism arose multiple times along independent
branches over the course of nematode evolution.

The C. elegans genome was the first multicellular eukaryote genome completed
(C. elegans Sequencing Consortium 1998). The power of this 100-Mb sequence is
due in a large degree to the extensive functional biology generated over the past
decades (Wood 1998; Riddle et al. 1997) and integrated into WormBase (http://
www.wormbase.org). The C. elegans genome has proven to be an essential resource
for annotating parasitic nematode genes identified from Expressed Sequence Tags
(EST) sequencing projects (McCarter et al. 2003; Scholl et al. 2003), and it also
“anchors” the phylogeny of this large phylum as the reference clade V species. In
particular, C. elegans represents an out-group to establish specific relationships
within the Nematoda.

The 104-Mb Caenorhabditis briggsae genome has also been completed (Stein
et al. 2003), providing a platform for comparative genomics. Like C. elegans, this
species encodes ~20,000 proteins. Approximately 12,200 C. briggsae genes have
clear C. elegans orthologs, and a further 6,500 have one or more clearly detectable
C. elegans homologs, with ~800 C. briggsae genes having no detectable match in
C. elegans. Essentially all of the known noncoding RNAs are shared between the
two species and operons are highly conserved. The two genomes exhibit extensive
colinearity, and the rate of divergence appears to be higher in the chromosomal
arms than in the centers. Although almost indistinguishable by eye and apparently
sharing identical biology, C. briggsae and C. elegans split from a common ancestor
~100 million years ago, and this is reflected in divergence of noncoding regions.
It is anticipated that identification of conserved elements within this divergent
background will point to subtle primary and higher-order regulatory elements.
Currently, many genomes of free-living Caenorhabditids have been completed
including C. japonicum, C. remaniae, and Caenorhabditis sp. CB 5161. These
sequences will prove invaluable to improving annotation of the C. elegans genome,
as well as providing key information on the evolution of Nematoda. Another free-living
nematode, Pristiochus pacificus, is also being completed and will enable further
comparisonsacross long evolutionary distances about nematode biology. Comparisons
of these genomes will help to further understanding of the evolutionary forces that
mold nematode genomes.
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The Filarial Genome Project has now finished a draft genome sequence of Brugia
malayi which is responsible for human filariasis and elephantiasis (Ghedin et al.
2007). Like C. elegans, B. malayi has six chromosomes which comprise the predicted
90-95-Mb genome. Although diverged by over 350 million years, comparative analy-
sis with C. elegans revealed that genes largely remain in linkage on chromosomal
units though local synteny is not observed. In addition, more than 100 conserved
operons were identified. Although preliminary, there appears to be evidence for adap-
tations of B. malayi to niches in its human and vector hosts as well as to the molecular
basis of a mutualistic relationship with its \Wolbachia endosymbiont. In addition to
contributing to enhanced understanding of filarial parasite biology and suggesting
new vaccine candidates and drug targets, Brugia defines the reference clade I11 nema-
tode genome (Blaxter et al. 1998) and, like C. elegans and C. briggsae, will be
invaluable for annotating new nematode genomes (Bird et al. 1999).

At this writing, there are two complete plant parasitic nematode genomes,
M. hapla (54 Mb) and M. incognita (80 Mb), a partial sequence from Heterodera
glycines (92.5 Mb) (Monsanto), and the planned sequence of Globodera pallida, the
white potato cyst nematode. There are numerous genome-sequencing projects under-
way for animal-parasitic nematode species including the animal parasites: Ascaris
suum, Haemonchus contortus, Heterorhabditis bacteriophora (entomopathic),
Necator americanum, Telatodorsagia circumcincta, Trichinellaspiralis, and Trichuris
muris. These completed sequences will be a platform for analysis of traits related to
parasitic abilities. Obviously, obtaining more nematode genomes provides additional
platforms for comparative genomics and, as such, will enhance the annotation of the
Caenorhabditis and Brugia genomes, and vice versa. Furthermore, genomes from
clades other than Il (Brugia) or V (Caenorhabditis) will provide a wealth of evolu-
tionary information for the phylum as a whole. Importantly, comparing nematodes
from different niches (free-living vs. animal-parasite vs. plant-parasite) will permit
niche-specific genes to be discerned, and even with just small EST data-sets, this has
proven powerful (McCarter et al. 2003) and led to possible new control strategies.

2 Root-Knot Nematodes as M odel Parasites

The Northern root-knot nematode, Meloidogyne hapla, was an ideal choice for a full
genome sequence project. Most economically important root-knot nematode species
reproduce by mitotic parthenogenesis, making genetic crossing impossible as well as
the development of well-characterized recombinant inbred lines. In contrast, M. hapla
has a meiotic reproduction lifestyle and genetic crosses are possible. This biology was
exploited to create robust inbred lines and to produce a genetic map based on controlled
crosses. Combined with the small genome size (54 MB) and the deep EST database,
this made M. hapla an ideal candidate for genome sequencing. Additionally, M. hapla
represents the smallest multicellular eukaryote yet sequenced. The extreme importance
of the root-knot nematodes in production agriculture, along with the biological features
of M. hapla, suggested that the information gleaned from the full genome sequence
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would provide clues to not only management of these parasites, but also to the evolution
of parasitic abilities and deep phylogenetic relationships. The concurrent project at
INRA to sequence M. incognita provides an exceptionally powerful platform for
nematologists to study the relationships of these parasites.

Root-knot nematodes have a very broad host range, encompassing more than
2,000 plant species, and most cultivated crops are attacked by at least one species
of Meloidogyne (Sasser 1980). Three species, M. incognita, M. javanica, and
M. arenaria, have short life cycles (typically 4 weeks at 25°C), high fecundity
(typically 1,000 eggs/female) and reproduce by mitotic parthenogenesis. In cooler,
more temperate climates, other species of root-knot nematode are more prevalent.
These include M. hapla, M. naasi, and M. chitwoodi which reproduce either by
meiotic parthenogenesis or amphimixis. The problem in the sub-tropics and tropics
is particularly severe, and many developing nations are seriously impacted in both
food security and economics by root-knot nematodes.

Mature female root-knot nematodes release hundreds of eggs into a proteinaceous
matrix on the surface of the root. Following a first molt in the egg, motile second-stage
juveniles (J2) hatch in the soil and typically re-infect the same plant. It has been pro-
posed that the infective stages of the sedentary endo-parasitic forms, including the
Meloidogyne J2, function as dauers (Bird and Opperman 1998; Bird et al. 2008).
Dauer larvae were first described (Fuchs 1915) as a parasitism adaptation to overcome
adverse environmental conditions and facilitate dispersal; they have been best studied
in C. elegans. There is no strict definition of a “dauer,” but these larvae share the prop-
erties of being developmentally arrested, motile, nonfeeding, nonageing and hence
long-lived (Cassada and Russell 1975; Klass and Hirsh 1976; Riddle and Albert 1997).
Dauer entry and exit is controlled by the environmental cues of “food signal” and
nematode population density which is established based on a secreted pheromone; the
latter process is often termed “quorum sensing.” It is clear that although the various
arrested parasites functionally resemble C. elegans dauers, they must respond to a
widely different range of cues for entry and exit.

Root-knot nematode J2 “dauers” destructively penetrate the root, preferentially in
the zone of elongation or at the site of a lateral root emergence, and migrate intercel-
lularly into the vascular cylinder, causing little or no injury. Once in the vascular cyl-
inder, the nematode makes a commitment to establish a feeding site. Although the
basis for this decision is unknown, the events that immediately ensue are central to the
host—parasite interaction and involve dramatic changes both in plant and nematode,
leading to giant-cell induction and gall formation (Gheysen and Mitchum 2008; Berg
et al. 2008).

2.1 Root-Knot Nematode's | mpact on Host Gene Expression

The formation of giant-cells, a highly specialized feeding site, is complex, and it is
clear that plant gene expression is altered in host tissue during induction and mainte-
nance. Microarrays and now, second-generation sequencing platforms are powerful
tools in determining gene expression patterns in both root-knot nematodes (Schaff,
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unpublished data) and host plants. Bird and Wilson (1994) used a subtractive cDNA
approach to provide the first comprehensive analysis of host gene expression when
they revealed a set of nearly 150 genes up-regulated in giant-cells (as compared to
uninfected root tissue). This gene set includes the gene Le-phan (Thiery
et al. 1999), a canonical member of the myb-family of transcription regulators. Using
in situ hybridizations, transcripts from Le-phan have been localized to root-knot nema-
tode feeding cells as well as to meristematic tissue (Koltai and Bird 2000). Other gene
discovery and gene testing strategies, such as promoter trapping (Sijmons et al. 1994;
Barthels et al. 1997; Favery et al. 2002), have yielded other candidate genes associated
with feeding sites and collectively, these experiments have revealed that genes regulat-
ing the cell cycle (Niebel et al. 1996; de Almeida-Engler et al. 1999) and cell wall
synthesis (Niebel et al. 1993; Goellner et al. 2001; Vercauteren et al. 2002) are very
important in the development of nematode feeding sites. Gheyson and Fenoll (2002),
Gheysen and Mitchum (2008) and Li et al. (2008) provide a detailed review of many
of these genes and the techniques used to discover and/or verify them.

The advent of microarrays enabled researches to simultaneously examine the
gene expression of thousands of genes, propelling many nematologists into the
genomics era (Li et al. 2008). The first microarrays with plant-parasitic nematodes
exploited the already substantial body of knowledge accumulated on the model
plant Arabidopsis. Puthoff et al. (2003) examined the changes in Arabidopsis gene
expression upon infection with both beet cyst nematode and soybean cyst nema-
tode. Hammes et al. (2005) examined expression of families of transporter genes in
root-knot nematode-infected and healthy root tissue and demonstrated that multiple
transport processes are regulated in the feeding site as well as in noninfected tissue.
In another study, Jammes et al. (2005) interrogated giant-cell-enriched root tissue,
establishing that as many genes are repressed as up-regulated upon nematode infec-
tion. They further substantiated that successful root-knot nematode infection is
associated with suppression of a number of plant defenses. Soon after, microarrays
were used to probe gene expression of specific host plant/plant-parasitic nematode
reactions such as tomato and root-knot nematode (Bar-Or et al. 2004; Schaff et al.
2007), and soybean and SCN (Khan et al. 2004; Ithal et al. 2007). Several studies
address specific types of interactions, such as those involved in resistance (Schaff
et al. 2007), or (like those mentioned above) specific gene/gene categories, such
as identification of stress-induced genes and genes involved in carbohydrate
metabolism (Khan et al. 2004); genes encoding enzymes involved in primary metab-
olism, biosynthesis of phenolic compounds, lignin, and flavonoids; and genes
related to stress and defense responses, cell wall modification, cellular signaling,
and transcriptional regulation (Ithal et al. 2007).

2.2 Parasite Gene Expression

The migration phase within the root is accompanied by extensive secretion of
proteins in the J2. Nematodes have a number of secretory systems, and secretions
play numerous and central roles in host—parasite interactions (Blaxter and Bird
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1997; Davis et al. 2000; Davis et al. 2008). Various enzymatic functions for the
secretions have been proposed and initial cloning and sequencing of genes encod-
ing gland proteins have allowed the nature of the secretion products to be discerned
with confidence. Importantly, annotation of the completed genome sequence will
permit a complete catalogue of secretion products to be obtained.

Using monoclonal antibodies directed to the subventral gland, antigens were
truly demonstrated to be secreted (de Boer et al. 1996). Genes defining a small
family of endoglucanases have been isolated from cyst (Smant et al. 1998; Yan
et al. 1998) and also root-knot nematodes (Rosso et al. 1999). Transcripts for these
and other enzymes, including pectinases, polygalacturonase, and phenol oxidase,
have subsequently been identified in EST sequencing projects (Sect. 2.3 of this
chapter; Popeijus et al. 2000; McCarter et al. 2002; McCarter et al. 2003).
Expression of the eng genes, which encode cellulases used during migration and
perhaps also host penetration, recapitulates subventral pharyngeal gland activity;
their expression ceases and expression of host cellulases begins at some point dur-
ing feeding-site induction (Goellner et al. 2001). Significantly, these enzymes
appear to have been acquired via horizontal gene transfer from prokaryotes
(Lambert et al. 1999; Smant et al. 1998; Yan et al. 1998). A recent computational
approach confirmed their prokaryotic origin and identified additional horizontal
gene transfer candidates (Scholl et al. 2003). As discussed later in this chapter, it
appears that both the root-knot nematodes and the cysts nematodes have acquired
bacterial genes via horizontal gene transfer.

2.3 EST Sequencing Sets the Stage

Expressed sequence tags represent a rapid and accurate avenue to gene discovery
and set the stage for complete genome sequencing. Because they represent tran-
scripts, each sequence represents an expressed gene. As a first step, this approach
begins to pay off immediately and as such has been employed to great effectiveness
on parasitic nematodes. However, EST sequencing only does part of the job. ESTs
do not generally represent full length sequences and provide no information on
promoters or gene structure. In addition, since ESTSs are biased towards abundantly
expressed genes, they will generally only identify approximately 50% of genes in
a given organism. That being said, they are absolutely essential for annotation of a
full genomic sequence and have made tremendous contributions to our knowledge
and understanding of parasitic nematodes.

The ability to explore the transcriptome of specific tissue (such as feeding sites)
first by EST sequencing and then microarray analysis added tremendously to the
body of knowledge of the nematode—host interaction in just a few short years. For
some time, examination of plant-parasitic EST libraries from M. incognita
(McCarter et al. 2003) and a comparison of ESTs between root-knot nematode and
free-living nematodes (Mitreva et al. 2005) were the only analyses that attempted
to use nematode transcripts to distinguish which nematode genes are involved in
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parasitism. McCarter et al. (2003) analyzed 5,700 ESTs from the root-knot nematode
infective stage (J2) by clustering and classified them by function. They found a
diverse array of ligand-binding proteins and abundant cytoskeletal proteins. Also
present were transcripts encoding glyoxylate pathway enzymes which supports the
belief that root-knot nematode J2s metabolize lipid stores while searching for a
host. More recently, Mitreva et al. (2005) used comparative genomics to analyze
over 500,000 nematode ESTs and genome survey sequences from over 38 species
of nematodes. The data were used to classify nematodes and provide additional
evidence for horizontal gene transfer.

Many nematode genes have been identified from expressed sequence tag
projects (McCarter et al. 2000). As recently as 2000, there were only 24,000 ESTs
sequenced from nematodes other than C. elegans, but that number is now greater
than 375,000, with a large emphasis on human parasites (e.g., Daub et al. 2000;
Blaxter et al. 2002), animals (e.g., Tetteh et al. 1999), and plant parasites (e.g., Bird
et al. 2002; McCarter et al. 2003; Mitreva et al. 2004). An analysis was completed
using >250,000 ESTs originating from 30 species, clustered into 93,000 genes and
grouped into 60,000 gene families (Parkinson et al. 2004). Using these data, it has
been calculated that the diversity of genes within the phylum is great. In nematodes,
despite the availability of multiple Caenorhabditis species genomes, the addition of
new species to the analysis has yielded a rapid increase in discovery of new genes,
and it appears that nematodes are more diverse at the molecular level than was
previously recognized. The set of ~20,000 genes and 12,000 gene families repre-
sented by C. elegans provides a baseline for nematodes and many of the conserved
gene families are shared with other eukaryotes, but these findings represent only a
portion of the expanding total nematode molecular diversity. It seems very likely
that the parasitic species are evolving genes specialized for their niche. The genes
that may be critical in the development and evolution of parasitism are the ones that
are different from the free-living nematodes and other multicellular eukaryotes.

3 Genome Sequencing

Most genome sequences have been obtained using the classic Sanger dideoxy
chain-terminator protocol (Sanger and Coulson 1974) on automated platforms.
Typically, the read length of these sequences is 500-800 bp. There are several
approaches to genome sequencing using this technology; they include both whole
genome shotgun and minimum tile approaches. As the name implies, whole
genome shotgun is an approach that does not require a priori physical mapping and
relies instead upon computational technologies to reconstruct the genome after
sequencing. In this approach, both small and large insert libraries are constructed
and clones selected at random for sequencing. The bulk of the sequencing is per-
formed on the smaller insert libraries, with paired end sequences obtained from a
number of the large insert (fosmid, BAC, etc.) libraries to help with assembly. In
the minimum tile approach, physical maps are constructed from large insert libraries,
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typically BACs. From these maps, a minimum tile, or set of overlapping clones, are
selected for sequencing. For smaller genomes like nematodes (typically 50-100
Mb), whole genome shotgun has proved most efficient.

The advent of second-generation technologies, which perform shorter reads
(30-250 bp, depending on platform), enables the elimination of library construc-
tion. The second-generation technologies allow many more reads per run and are
less expensive than the conventional approaches. However, shorter reads make
assembly of whole genomes more difficult unless there is a reference genome avail-
able. In the case of nematodes, it should be possible in the future to obtain survey
sequences from nematodes related to fully sequenced genomes, thus enhancing the
value of both. For example, with two root-knot nematodes fully sequenced and
assembled, obtaining lower coverage sequences using the short read platforms will
provide an attractive economic alternative to a whole genome project, and will
likely provide key information on relationships between species.

3.1 TheM. hapla Genome

The M. hapla genome has features that provide insight not only into parasitism but
also basic nematode biology. Several of the broad findings from this study are listed
below:

e M. hapla has a very compact genome with high A + T content, relatively few
repetitive elements, very densely packaged genes, and greatly reduced gene
number compared to other nematodes.

» Developmental pathways for basic nematode processes, including dauer formation,
cuticle formation, and RNA interference, are conserved with C. elegans.

e The M. hapla genome encodes suites of genes apparently acquired by horizontal
transfer and thought to be involved in parasitic abilities.

» Expansion of some families of horizontal gene transfer candidates and reduction
of a major family of sensory receptors were found.

Unlike many root-knot nematode species, lines of M. hapla exist which are
diploid, amphimictic and diocious. These same reasons point to M. hapla as a plat-
form for genetic studies and a system has been established (Liu et al. 2007). Our
current estimate of 54.5 Mbp makes the M. hapla genome the smallest multicellular
animal sequenced to date. This compares, for example, with SCN at 92.5 Mbp
(Opperman and Bird 1998), and C. elegansat 100 Mb. Further, the M. hapla genome
is largely composed of unique or moderately repeated sequences (such as the rDNA
cluster and other gene family members). Importantly for genome assembly, less than
5% of the genome represents highly repetitive sequence, and this is largely accounted
for by tandem repeats of a 169-bp satellite sequence (Castagnone-Sereno et al. 1995)
which is believed to be associated with the telomeres (P. Castagnone-Sereno, pers.
comm.). We have completed a 10.4X draft sequence covering approximately 54 Mb,
or approximately >98% of the genome, in approximately 1,523 scaffolds.
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3.1.1 General Characterization

The M. hapla strain VW9 (16 chromosomes) was chosen for the primary sequence
due to the availability of a genetic system, including an AFLP linkage map devel-
oped by the Williamson Lab at the University of California-Davis. The genome
possesses a very low amount of moderately repetitive DNA (~12%), comprised
mostly of low complexity sequence. We examined the repetitive sequence and
found that the vast majority is simple repeats. Approximately 1% of the repetitive
sequence encodes characterized repeats, including DNA transposons. We found
323 copies of the M. hapla equivalent of the Tcl transposon, a humber almost
identical to that found in C. elegans. Similarly, in both the number of genes and
structure, the SL-1 trans-splice leader in M. hapla is equivalent to C. elegans, but
the SL-1 loci appear dispersed throughout the M. hapla genome. Additionally,
small groups of satellites were found, as were the rRNA sequences (5S, 16S-5.85-28S)
in clusters. As noted above, only 5% is highly repetitive sequence, resulting in 83%
unique sequence. The genome exhibits an unusually low GC content (27%) com-
pared to the free-living nematode Caenorhabditis elegans at 36%. Despite this
anomaly, M. hapla VW9 is an extremely tractable system for genomic analysis.

3.1.2 Estimation of Gene Number

Using a combination of EST sequence and Glimmer/fGENESh predictions from
genomic sequence, we have identified/predicted 14,454 genes in M. hapla. This is
in stark contrast to C. eleganswhich has 20,000+ genes. This difference may reflect
a diminished need for the parasite to carry as full a gene complement as free-living
species due to dependence on the host to provide essential resources. A protein
dataset (HapPepl) was constructed from the M. hapla Freeze 1 of the predicted
genes dataset, resulting in 13,336 deduced protein sequences. These protein
sequences were used as queries in an HMM search against the Pfam22 database and
the top ten matches with an e-value of less than €™ were recovered. A similar
analysis was done using the wormpep185 build (peptides verified/predicted from
the C. elegans genome) (www.wormbase.org( for comparison between M. hapla
and C. elegans. There were 4,952 matches in M. hapla and 18,062 matches in
C. elegans. The number of times the top 20 protein domains represented in the
M. hapla dataset were found (top match only) was compared to the number of times
each of these domains appeared in the same analysis for C. elegans. Nine of the top
20 pfam domains found in M. hapla are also in the top 20 for C. elegans.

3.1.3 Gene Families
The M. hapla genome contains many of the same gene families as C. elegans,

and fully half of the most abundant families in M. hapla are also among the most
abundant in C. elegans. In some cases, however, gene family size is drastically
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different between the two species. The most obvious example of this is the
G-protein coupled receptor (GPCR) family, which is the largest gene family in
C. elegans (>1,000 genes). Analysis of the M. hapla sequence indicates that it
possesses only 18% of the C. elegans complement. Other large gene families in
C. elegans are somewhat reduced in M. hapla, but the GPCRs are the most
extreme example. This difference may represent gene loss that occurs during
niche specialization to become an internal parasite of plants, with the life stages
outside the plant being restricted to egg and J2 dauer (stages both with restricted
neuronal access to the environment). Alternatively, this disparity may reflect
gene expansion in C. elegans due to its soil environment. In contrast, although
other gene families in M. hapla are reduced compared to C. elegans, the dispar-
ity is much smaller. For example, M. hapla encodes 81 collagen genes, com-
pared to 165 in C. elegans. Collagens likely play key roles in basic nematode
biology (Page and Johnstone 2007).

Whether this reflects the parasitic lifestyle or some other facet of biology
remains to be seen, but it is clear that M. hapla carries fewer genes than its free-
living counterpart. We have found numerous genes that we predicted to have
been acquired by horizontal gene transfer, including all of the previously
reported horizontal gene transfer candidates as well as a number of new and
previously unknown genes. Because these genes are potentially very significant
in the evolution of parasitism, they are the subject of intense scrutiny. In addition
to horizontal gene transfer candidates, previously identified parasitism genes
secreted by the nematode during pathogenesis have been observed. Genome
annotation has provided positional information, demonstrating in some cases
that cellulase genes may be clustered in the M. hapla genome.

3.14 General Similarities

Approximately 45% of the genes found in M. hapla show the highest similarities to
C. elegans genes where similarity can be detected. The next largest group is simi-
larity to animal parasitic nematodes probably because there is little genomic
sequence data on any plant-parasitic nematode in the public database. Of the genes
we can recognize approximately 55% have highest similarities to nematode genes.
We expect that when the genome sequence of M. incognita, a related root-knot
nematode species, is published by INRA in France, it will show substantial
similarities to M. hapla.

3.1.5 Genome Organization

Approximately 15% of the C. elegans genome is organized into operons. We
identified orthologs of the 4,685 C. elegans proteins encoded by genes found in
operons and found 3,693 matches in the M. hapla assembly. We examined the
positions of the matches for the individual members of each operon and identified
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101 operons from C. elegans that are at least partially conserved in M. hapla,
having at least two genes from an operon within the same genomic local. The
largest operon fully conserved consists of three genes, though a larger cassette of
four genes from the 5-gene operon CEOP3272 also has been conserved. This
analysis does not preclude the possibility that other M. hapla genes may be
organized into operons but suggests that the genes co-regulated by virtue of such
organization in C. elegans are not regulated in a similar manner in M. hapla.
Because of its small genome size, M. hapla intergenic regions also tend to be
quite short, making ab initio prediction of operon organization difficult. However,
comparison of conserved operons has shed light on microsynteny between
M. hapla and C. elegans.

In most cases, lack of operon conservation with C. elegans simply results
from orthologous genes not being present in M. hapla. The corresponding
genes in C. elegans generally do not have an RNAIi phenotype (www.wormbase.
org) which suggests either redundant or dispensable function. We also observed
some areas of microsynteny occurring in the M. hapla genome, but synteny is
either broken or nonexistent over most of the genome. Taken as a whole, these
data may point to M. hapla having a minimal genome due to its obligate
biotrophic lifestyle.

3.1.6 Parasitism Genes

Probing the public databases revealed a total of 70 putative orthologs to previously
identified plant-parasitic nematode secreted proteins. To identify new putative
M. hapla secreted proteins, we searched all 13,336 predicted peptides from
HapPepl for signal sequences using the SignalP algorithm (Bendtsen et al.
2004). A total of 1,583 proteins that had predicted signal sequences using both
available SignalP search algorithms were identified. Because gene prediction
tools do not always accurately predict the most 5 exons, this number is likely
an underestimate of the total number of secreted proteins, but it probably rep-
resents an unbiased sampling. This set of proteins was then subjected to a
search for putative trans-membrane spanning regions using TM-HMM. This
analysis identified a total of 847 proteins that have a predicted secretion signal
but which lack membrane spanning helices. These proteins were compared to
the total set of C. elegans proteins in WormPep release 185 (www.wormbase.org),
revealing 116 to have a significant match to a C. elegans protein. The remaining
731 proteins were then compared to the National Center for Biotechnology
Information (NCBI) NR database of peptide sequences using BlastX, revealing
a total of 21 sequences with a significant match to known proteins. Many of
these matches are to plant-parasitic nematode proteins suggested to play a role
in parasitism as well as to proteins from the animal pathogenic nematode Brugia
malayi. The remainder are candidates for proteins that may play a role in defin-
ing the host—parasite interface; their discovery helps validate the power of
whole genome analysis.
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3.1.7 Pathway Conservation with Free-Living Nematodes

Many important developmental pathways in C. elegans are partially conserved in the
M. hapla genome. Sex determination is a key developmental event in all nematodes,
yet M. hapla carries a very limited number of proteins with significant similarity to
those involved in sex determination in C. elegans. Of the major sex-determining genes
in C. elegans, tra-1 and tra-2 alone are highly conserved. Although several dosage
compensation genes are also conserved, this pathway as a whole remains obscure in
M. hapla. Genes that are the earliest in the pathway such as xol-1, sdc-1, sdc-3, and
her-1 were not found, suggesting that the signals that trigger these pathways are sub-
stantially diverged. In contrast, many of the genes in other C. elegans pathways have
clear orthologs in M. hapla. For example, genes involved in function of small RNAs
including drsh-1, pash-1, der-1 drh-2, drh-3, agl-1, agl-2, rrf-3, eri-1, and pir-1 can
unequivocally be found in M. hapla, the sole exception being rde-4 which is not well
conserved across phylogenetic distances. Not surprisingly, the RNAi phenomenon can
be experimentally induced in M. hapla, where it is persistent over several generations.
Similarly, many genes involved in basic nematode development are well conserved,
reflecting their primary roles in generalized nematode developmental biology as
opposed to response to the environment.

The ability to form dauer larvae is broadly conserved across the Nematoda.
Genetic analysis in C. elegans identified 32 genes as dauer affecting (daf) and the
molecular nature of 20 of these has been characterized. C. briggsae encodes 19 of
these 20 but lacks daf-28, the beta-insulin molecule involved in signal transduction.
M. hapla carries strong orthologs of 14 C. elegans daf genes and weak orthologs of
three more. Like C. briggsae, M. hapla lacks an ortholog of daf-28. The molecular
identities of those genes not found in M. hapla appear related to specific develop-
mental cues related to life style and demonstrate that although the basic mechanical
aspects of development are conserved, response to environment in parasite versus
free-living nematode is substantial.

3.1.8 Preiminary Comparison Between M. hapla and Heterodera glycines

Recently, a low-coverage draft sequence of the soybean cyst nematode (SCN),
Heterodera glycines, was released to the public databases (Monsanto). Although a
3X coverage, it is still very useful for comparative purposes in other plant nematode
genomes. The number of gaps in the SCN sequence precludes examination of con-
served synteny, and gene prediction is also difficult. However, comparison between
SCN and M. hapla has revealed several fascinating clues to the relationship between
these two sedentary endoparasites. Comparison with C. elegans indicates that
H. glycines has greater similarities than M. hapla using a translated BLAST algo-
rithm. This may reflect a gene number discrepancy among M. haplaand H. glycines
or may also suggest that they diverged very early in the evolution of nematodes.
It does appear, however, that many of the key facets of nematode parasitism, including
horizontal gene transfer, have been conserved. In addition, the key developmental
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pathways for nematode biology are conserved. Further comparison will likely yield
important information regarding evolution of the sedentary lifestyle in plant
parasitic nematodes.

Obtaining the complete genome sequence from M. hapla has immediate
ramifications for both plant nematology and broader biology. The ability to per-
form comparative genomics using C. elegans, C. briggsae, and B. malayi will
provide insight into evolution of both parasitic ability and general nematode devel-
opment. These studies will reveal critical junctures in the life cycle of the obligate
parasites that may be unique and specific targets for anti-nematode therapies.
In particular, events such as sex determination, arrested development, and response
to host and environmental cues may be examined in a detail heretofore impossible.
These events represent key points in the parasites’ life cycle, and we expect that the
mechanisms will be conserved between species although the precise machinery
may differ. Interestingly, many pathogenic bacteria are evolving to lose genes from
pathways in which they rely on their host and therefore have smaller genomes than
their free-living counterparts. The smaller size of the M. hapla genome as com-
pared to the free-living C. elegans could point to a similar strategy, and as noted
above, current evidence is pointing to M. hapla possessing fewer genes than its
free-living counterpart. If indeed the parasite has a reduced gene repertoire, those
lost or disabled pathways may also provide clues to the complex interaction
between host and parasite. Needless to say, areas such as the identification of
pathogenicity islands, virulence operons, and horizontally transferred genes will
also be amenable to detailed study.

The acquisition of the sequences of diploid M. hapla and aneuploid M. incognita
(Abad, personal communication) represent a huge step forward for the discipline,
and the fact that these projects were completed simultaneously is doubly fortuitous.
Both projects’ commitment to collaborative efforts and public access to the data
demonstrate an unprecedented resource for the entire community. On a broader
scale, the complete genomes from M. hapla, M. incognita, and H. glycines provide
a platform for studies that take advantage of whole genome transcriptome analysis
to ask any multitude of pathogenicity and developmental questions. Further, the
sequences provide a springboard for both survey sequencing of other species and
genera in the Tylenchida and the Nematoda.
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Molecular Approaches Toward Resistance
to Plant-Parasitic Nematodes

J.P. McCarter

Abstract Basic researchin molecular plant nematology is expanding the inventory
of knowledge that can be applied to provide crop resistance to parasitic nematodes
in an economically and environmentally beneficial manner. Approaches to trans-
genic nematode control can be classified as acting (1) on nematode targets, (2)
at the nematode—plant interface, and (3) in the plant response. Strategies aimed
at nematode targets include disruption of nematode intestinal function through
recombinant plant expression of protease inhibitors or Bacillus thuringiensis
(BT) toxins, expression of double-stranded RNAs (dsRNAS) that cause silenc-
ing of essential nematode genes, disruption of sensory nervous system function,
and generation of nematicidal metabolites. Methods directed at disruption of the
nematode—plant interface include expression of proteins, or dsRNAs, that block
the function of nematode parasitism gene products involved in migration through the
plant vasculature or feeding site establishment, production of molecules repdlent to
the nematode, or conversion of the plant to a non-host. Approaches acting through
the plant response include expression of a cloned plant resistance gene triggering a
hypersensitive response, expression of gene(s) deleterious to the feeding site with
a feeding site-specific promoter, and conversion of the plant from sensitive to tolerant.
Degrees of resistance have been demonstrated through recombinant expression
of protease inhibitors, dsRNAs, and cloned plant resistance genes, although none
of these discoveries has yet reached commercialization. The focus of molecular
plant nematology on root-knot and cyst nematodes makes it likely that transgenic
technology will first be commercially applied to these sedentary endoparasites with
eventual application to other species. Successful commerciadization of biotechnology-
derived crops with nematode resistance that result in large yield benefits for
producers as well as environmental benefits will be an important milestone for the
discipline of molecular plant nematology and should accelerate further progress.
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1 Introduction

1.1 ThelImportance of Progressin Applied Nematology

Research on nematode parasitism is shedding light on fundamental questions in
plant biology and host—parasite interaction. The preceding chapters provide numer-
ous examples of the improvement in core knowledge surrounding plant nematode
pathogenesis. At the same time, plant nematology is also an applied science that
receives financial support largely because of the importance of nematode parasites
to plant damage and yield loss in major crops (Sasser and Freckman 1987;
Whitehead 1998). The growth in plant nematology as an academic disciplinein the
1950s to 1960s followed the demonstration in the 1940s to 1950s that fumigants
and nematicides controlling parasitic nematodes could substantialy raise crop
yields (Johnson 1985a; Taylor 1978). Further successes came from breeding,
including the movement on the Mi gene for Meloidogyne resistance into commer-
cial tomato cultivars in the 1950s (Gilbert and McGuire 1956; Watts 1947) as well
as the introduction of soybeans resistant to Heterodera glycines (soybean cyst
nematode) in the 1970s that had an estimated economic benefit of $400 million
(Brady and Duffy 1982; Starr et al. 2002a). Applied nematology, with its core mis-
sion of diagnosis and control of plant diseases caused by parasitic nematodes using
methods such as cultural practices, chemical application, and host plant genetics,
therefore has a history with some noteworthy successes.

Early technology for nematode control, however, has left much to be desired.
Nematicides such as organophosphates and carbamates are non-specific neurotoxins
with poor environmental and worker-safety profiles and many have been restricted
in use or withdrawn from the market (Haydock et al. 2006; Risher et al.
1987). 1,2-Dibromo-3-chloropropane (DBCP) was an effective nematicide that also
tragically caused human sterility and was widely banned in the late 1970s (Slutsky
et al. 1999). The fumigant methyl bromide has been largely phased out because of
its role in ozone depletion (Schneider et a. 2003). With the exception of progress
in the use of abamectin seed treatments (e.g. Rich and Kavitha 2006), no new class
of effective nematicidal chemistry has been commercialized since the 1970s.
Nematode control through genetic resistance is aso insufficient. While some crops
benefit from resistance, many lack identified resistant germplasm. Furthermore,
resistance breaking through selection of virulent nematode populations (e.g. soy
parasites) or selection for non-susceptible species (e.g. potato parasites) can occur,
lessening the trait's value (Starr et al. 2002b). Lastly, despite the substantial
progress in transgenic approaches to resistance described in this chapter, as of
2006, no biotechnology-derived crop with nematode resistance has yet reached
commercialization and nematode control lags behind progress in transgenic control
of insects, viruses, and fungi (Adkisson et al. 2000). Thislack of new and improved
technology reaching the grower has been detrimental to nematology as a discipline
and has coincided with static-to-declining numbers of trained applied nematologists,
particularly in the United States (US).
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The tools of molecular and genomic analysis are now creating a new wave of
interest in nematology from the free-living model organism Caenorhabditis elegans
(The C. elegans Sequencing Consortium 1998) to the parasitic nematodes of plants
and mammals, including humans (Mitreva et a. 2005). Capitalizing on this
momentum and applying newly acquired knowledge to create commercial products
for nematode diagnosis and control is vitally important. It is safe to say that the
future of plant nematology as a discipline is dependent on the value of the com-
mercial solutions delivered to the grower. Economically and environmentally sound
new methods of nematode control with a real world impact on yield will be the
drivers that validate the enterprise of molecular plant nematology and result in
reinvestment in the field. Advances can and should come from a variety of method-
ologies including traditional and molecular breeding (Dale and De Scurrah
1998; Starr et a. 2002b; Young and Mudge 2002) as well as new classes of safer
nematicides (McCarter 2004). This chapter will focus specifically on methods of
nematode control that are driven by a molecular biological understanding of the
nematode and host plant and implemented by plant transgenic expression. There
are reasons to be optimistic about these approaches and their potential impact.
For example, while the USDA database of field test release applications lists only
53 proposals to examine nematode resistance out of 14,774 documents from 1987 to
2008, 39 of these filings come from 2004 to 2008, indicating an upswing in projects
reaching field trialsin recent years (http://www.isb.vt.edu/CFDOCS/fiel dtestsl.cfm).

2 Définitions and Goals

Formally defined terms applied to nematode pathogenicity and plant response are
susceptible, resistant, tolerant, intolerant, non-host, compatible interaction, incom-
patible interaction, virulence, and avirulence (Dropkin 1989; Roberts 2002; Zijlstra
et al. 1997). Susceptible and resistant are terms that describe the capability of a
parasitic nematode to reproduce on a host plant. A susceptible host plant is vulner-
able to invasion and reproduction by a specific nematode species or population
whereas a resistant host is one that supports either diminished or no reproduction
by the nematode. Resistance can be quantified with decreases in nematode repro-
duction relative to a susceptible control ranging from mild effects to complete.
Naturally occurring resistance frequently involves detection of the nematode by the
plant, followed by a hypersensitivity response (Williamson and Kumar 2006;
Tomczak et a. 2008). Like resistant hosts, non-host plants do not support reproduc-
tion by a given nematode, although the mechanism of their non-host status may or
may not be related to a hypersensitivity response (Kaplan and Keen 1980). The
interaction between a parasite and a susceptible host is called a compatible interac-
tion. Conversely, the interaction between a parasite and aresistant host istermed an
incompatible interaction. Tolerance and intolerance relate to plant damage caused
by the nematode. Intolerant plants experience symptoms including injury and death
following nematode invasion whereas tol erant plants experience proportionally less
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damage with the same nematode inoculum. Resistant or susceptible plants may
have varying degrees of tolerance or intolerance. An avirulent nematode population
fails to reproduce on aresistant plant, while a virulent nematode population over-
comes the plant’s resistance, reproducing within a resistant host.

Beyond these formal definitions, when researchers discuss the goal of achieving
“resistance” in the host plant, they generally mean both reducing nematode repro-
duction as well as decreasing symptoms of disease that include root damage,
vulnerability to stressors such as drought, and especialy yield loss. The key objective
for commercial crop resistance can be simply stated as providing economically
significant yield gain in the presence of nematode pressure without yield drag in the
absence of nematode pressure. In real world settings, hematode control strategies
must compete with numerous other management concerns of the grower. Bred or
engineered resistance has some distinct advantages over aternative methods of
nematode control. Nematicidal chemicals can be expensive, require a management
decision to treat, and have associated application costs in labor, fuel, and equipment.
Chemical control can be incomplete and require multiple treatments over the growing
season. |n addition, conventional nematicides pose dangers to the applicator and the
environment and most are restricted use pesticides (Sect. 1 above). Rotation to non-
host crops for one or more growing seasons, an option for the control of some
nematodes, can be uneconomical. Soil amendments, cultural practices, and biocon-
trol strategies can offer partial control but are rarely employed as stand-alone solu-
tions (Johnson 1985h). Host-plant resistance has the advantage of being intrinsic to
the seed so that there are no costs or decisions beyond the initial choice to purchase
seed containing the trait.

3 Resistance Strategies

There have been numerous excellent reviews of engineered nematode resistance
over the past 10 years (Atkinson et al. 1998a, 1998h, 2003; Burrows and De Waele
1997; Jung et a. 1998; Lilley et al. 19993, 1999b; McPherson et a. 1997; Ohl
et al. 1997; Stiekema et a. 1997; Thomas and Cottage 2006; Williamson 1999;
Williamson and Hussey 1996; Williamson and Kumar 2006). The major contribu-
tion of this chapter is to provide a classification system for the strategies that have
been or could be undertaken to achieve biotechnology-based control of plant-
parasitic nematodes. References are selected to illustrate these approaches and are
extensive but not all inclusive. Parasitic nematode species, their lifecycles, and their
interactions with the plant are interjected here in the context of specific control
strategies and markets. The reader is referred to the other Chaps. 1-8 of this book
(Dropkin 1989; Perry and M oens 2006; Wyss 1997) for more thorough descriptions
of their biology. Approaches to control can be classified as acting (1) on targets
within the nematode, (2) at the nematode—plant interface, and (3) in the plant
response (Fig. 1). Strategies aimed at nematode targets include disruption of the
intestine by protease inhibitors or BT toxins, triggering of RNA interference
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Nematode : Plant
Targets Nematode Response
- Plant
Interface

1. Antifeedant,
Nematicidal Protein,
(Enzyme Inhibitors,

etc.)

1. Disrupt Nematode
Pathogenicity Factor
Invasion and Migration

1. Plant Resistance
Gene / Hypersensitive
Response

2. Disrupt Essential
Nematode Gene
Product with RNAi

2. Disrupt Nematode
Pathogenicity Factor -
Feeding Site Induction
and Maintenance
(with RNAi,
Plantibody, etc.)

Activated by
Nematode Invasion

2. Feeding Site
Specific Promoter
Induces Cell Death

3. Disrupt Sensory
Function with RNAi /
Peptide / Plantibody

3. Stealth Plant,
Repellant Plant

or Other Site
Incompatibility

4. Nematicidal
Metabolite

4. Conversion of Plant
to Non-Host

3. Conversion of Plant
to Tolerance

Fig. 1 Three broad classes of transgenic nematode control strategies are displayed in columns;
nematode targets (left, Sect. 3.1), nematode—plant interface (center, Sect. 3.2), and plant response
(right, Sect. 3.3). Within each broad class are three or four specific strategies of nematode control
(also called methods or approaches). Images show, respectively, the head anatomy of a Heterodera
glycines second-stage juvenile (Photo by Burton Endo, Nemapix Volume 1), a cross-section of a
Meloidogyne species nematode at the feeding site (Photo by Roger Lopez-Chaves, Nemapix
Volume 1), and a plant hypersensitive response to a nematode (Photo from Jonathan Eisenbach)

(RNAI) to cause silencing of nematode genes, disruption of sensory function, and
generation of nematicidal metabolites. Methods to disrupt the nematode—plant
interface include disrupting nematode parasitism gene products involved in migra-
tion or feeding site establishment, producing repellents, or converting the plant to a
non-host. Approaches acting through the plant response include expression of a
plant-resistance gene triggering a hypersensitive response, generation of gene prod-
ucts deleterious to the feeding site with specific promoters, and conversion of the
plant from sensitive to tolerant. There is, of course, some overlap between these
broad classifications and categories (e.g. nematicides can be repellents, repellents
can act via nematode sensory function, etc.) and some strategies could be placed in
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more than one class (e.g. non-host status may be due to events at the nematode—
plant interface or due to the plant response). Nevertheless, the classification scheme
provides a useful way to organize information about the numerous approaches to
nematode resistance. The strengths and weaknesses of each approach are discussed
along with commercialization potential.

3.1 Disruption of Nematode Target Genes

3.1.1 Antifeedant/Nematicidal Proteins

The most extensively studied approach to transgenic nematode control is the
expression of rice oryzacystatin protein, an inhibitor of cysteine proteases.
Nematode intestinal proteases are attractive targets for disruption for severa rea-
sons (Lilley et a. 1999b). The lumen of the nematode intestine is a surface that
comesin contact with ingested plant materials and its function of digestion is essen-
tial to growth and reproduction. Most other essential physiological processes of the
nematode are protected behind cell membranes and the cuticle, such that they do
not usually come in direct contact with undigested macromolecules from the host
plant. Plant-parasitic nematodes have been demonstrated to have multiple types of
active intestinal proteasesincluding cysteine proteases. Several of these genes have
been cloned (Lilley et al. 1999b). Inhibition of protease activity might be expected
to have broad activity across many plant-parasitic nematodes including both migra-
tory and sedentary parasites. Lastly, naturally occurring proteins with protease
inhibitor activity like cystatins have been characterized from edible plants such as
rice and maize and have long been part of the human diet (McPherson et a. 1997).
Multiple studies have demonstrated that transgenic expression of a modified
version of oryzacystatin, Oc-1AD86, can interfere with nematode replication
(Urwin et al. 1995). In Arabidopsis thaliana, expression of Oc-1AD86 using the
cauliflower mosaic virus (CaMV35S) promoter and infection with the beet cyst
nematode Heterodera schachtii resulted in adult females that were greatly dimin-
ished in size relative to controls (Urwin et al. 1997&). Cryosections of H. schachtii
recovered from the plants showed diminished cysteine protease activity. Infection
of the plants with root-knot nematode Mel oidogyne incognita resulted in fewer full-
size adults (Urwin et al. 1997a). Transformation of potato plants expressing
Oc-1AD86 from the same promoter and challenged with potato cyst nematode
Globodera pallida in a field trial resulted in a 55-70% decrease in cyst number.
However, cysts that did form were of normal size with asimilar number of eggs to
control, suggesting the potential for escape from digestive disruption. Transgenic
banana plants expressing Oc-1AD86 from the maize ubiquitin gene promoter and
challenged with burrowing nematode Radopholus similisin greenhouse trials iden-
tified eight of 115 lines that expressed the protein and showed substantial control
(Atkinson et a. 2004). Two possible explanations for the partial degree of control
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observed in multiple studies are that some nematodes within a population can
maintain viability despite a large decrease in intestinal cysteine protease activity,
perhaps due to redundancy in digestive processes, or that feeding-site expression is
suboptimal. Beyond cysteine protease inhibitors, a serine protease inhibitor has
been examined for control of the cereal cyst nematode Heterodera avenae in wheat
(Vishnudasan et al. 2005). Another suggested approach isthe expression of inhibitors
of apha-amylases, enzymes important for carbohydrate digestion in insects
(Burrows and De Waele 1997).

One key feature of cystatins for nematode control isthat they are relatively small
proteins (~11 kD). Sedentary endoparasitic nematodes, including root-knot and
cyst species, withdraw molecules from their plant-feeding site through a feeding
tube that restricts the size of molecules entering the intestine (Bockenhoff and
Grundler 1994; Berg et al. 2008). Heterodera schachtii excludes plant-expressed
green fluorescent protein (GFP), a 28-kD protein (Urwin et al. 1997b), whereas
Globodera rostochiensis (Goverse et al. 1998) allows entry of GFP.

Bacillusthuringiensisbacteriaproduce specifictoxins(Cry proteins, 54—140kDa)
that can control insects in both spray-on (biocontrol) and transgenic approaches
(Schnepf et a. 1998). Cry protein (Bt) expressing lines have been commercialized
for control of Lepidoptera and Coleoptera in corn, cotton, and other crops and are
grown on 26-million hectares annually (James 2005). Some Cry proteins have been
described as nematicidal (e.g. Schnepf et al. 2003) and testing of a Bt panel against
free-living nematodes demonstrated nematicidal activity of Cry5B, Cry6A,
Cry14A, and Cry21A (Wei et al. 2003). Cry5B interacts with the lumina surface
of the C. elegans intestine via an invertebrate-specific glycolipid, loss of which
conveys resistance (Griffitts et al. 2001, 2005). Expression of codon-optimized
Cry6A in transgenic tomato roots by the CaMV 35S promoter reduced egg produc-
tion by Meloidogyne incognita 56—76% (Li et al. 2007). Use of Cry proteins against
parasites with lower molecular weight size restrictions like cyst nematodes will
require truncation to allow uptake into the worm intestine. Cry6A can be truncated
to 43 KDa before activity islost (Wei et al. 2003).

An approach that has been tested as an anthelmintic treatment for control of
animal nematodes could potentially be adapted for plant-parasitic nematode con-
trol. Plant proteases (as opposed to protease inhibitors) found in the latex of
papaya and pineapple disrupt the integrity of the cuticle in parasitic nematodes
including Heligmosomoides polygyrus (Stepek et al. 2004). Transgenic expression
of such proteases in crop roots could be tested for plant-parasitic nematode con-
trol. Other enzymes suggested for expression in disrupting nematode reproduction
include a variety of collagenases to disrupt the cuticle, chitinases to disrupt egg
shells, ribosome inactivating proteins, and patatin, a non-specific lipid acyl hydro-
lase (Burrows and De Waele 1997; Jung et al. 1998). An alternative approach to
enzymes is to develop proteins with novel-binding properties specifically tailored
to nematode targets. An example of this strategy is the selection of monoclonal
antibodies binding nematode targets of interest and their expression in plants (i.e.
plantibodies) (Sect. 3.2 below).
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3.1.2 Disruption of Essential Nematode Gene Products with RNAI

In many organisms, exposure of cells to sequence-specific dsRNA has been demon-
strated to result in degradation of corresponding mRNAS, a process called RNA
interference (RNAI). Genesilencing in plantsoccurs by thismechanism (Waterhouse
et al. 1998). Thecritical role of dsRNA in silencing wasfirst elucidated in C. elegans
(Fireet al. 1998). dsRNA microinjection, soaking, and feeding protocols have been
used to knock down expression of all C. elegans genes and phenotypic effects have
been observed for several thousand (Fraser et al. 2000; Gonczy et a. 2000; Kamath
et a. 2003; Maeda et al. 2001). RNAI occurs by an endogenous cellular pathway,
which includes the dicer protein that processes long dsRNAs into 21mers (SiIRNAS)
and the RISC protein complex that guides SRNA-mMRNA base pairing and degradation
(Méello and Conte 2004).

Recently, laboratories have reported gene silencing by dsRNA soaking for
plant-parasitic nematodes including Heterodera, Globodera, and Meloidogyne
species (Bakhetia et al. 2005a; Chen et a. 2005; Fanelli et al. 2005; Huang et al.
20063; Lilley et al. 2005; Rosso et al. 2005; Urwin et al. 2002). RNAI isemerging
as an extremely useful research tool in plant nematol ogy to elucidate gene function
by observing the phenotypic effect of transcript knock-down. For instance, in
G. rostochiensis, reduction of the transcript-encoding amphidia secretory protein
AMS-1 by dsRNA soaking of second-stage juveniles (J2) greatly reduced the
ability of worms to locate host plants (Chen et al. 2005). Soaking with a dsRNA
for M. incognita dual oxidase gene reduced reproduction by 70% (Bakhetia et al.
2005a).

Itisalso possible that RNAi will result in commercial nematode control through
transgenic plant-delivered dsRNA. The first published demonstration of transgenic
plants with RNAi-based resistance to plant-parasitic nematode infection was
reported by Yadav et al. (2006) for tobacco challenged with Meloidogyne incognita.
Expression of dsRNA for a Meloidogyne splicing factor protein decreased gall
formation and nematode reproduction almost entirely. Subsegquent demonstration of
RNA.i-based resistance has come from work by Huang et al. (2006a) for Arabidopsis
challenged with M. incognita, M. javanica, M. arenaria, and M. hapla. Expression
of dsRNA for a secreted Meloidogyne parasitism gene 16D10 (3.3-1 below)
decreased eggs per gram of root by 69-93%.

Advantages of transgenic RNAI include the likelihood of excellent biosafety and
the possibility of stacking resistance by targeting multiple essential genes (Bakhetia
et a. 2005b). Challenges and unknowns include feeding-tube size limitations on
uptake of dsRNA, siRNAs, or RISC-siRNA complexes, particularly for cyst nema-
todes as discussed for antifeedants above. Also unknown is how robust the RNAI
response is in each plant-parasitic nematode species, how much variation there is
in response across populations within a species, and how quickly resistance can be
expected to develop by disruption of the RNAI pathway in the parasite. In C. elegans,
multiple viable mutants have been identified that are RNAI resistant (Mello and
Conte 2004). Details regarding the selective pressures needed to maintain an intact
RNAI pathway remain largely unexplored.
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Yadav et al. (2006) selected their RNAI gene candidates based on orthology to
essential C. elegans genes, whereas Huang et al. (2006a) selected a gland secreted
protein that appears to play arole in feeding-site formation. Genome projects are
beginning to make available catalogs of plant-parasitic nematode genes that can be
used to identify targets of interest for RNAI studies (McCarter et al. 2003, 2005;
Mitreva et al. 2004; Parkinson et al. 2004; Vanholme et a. 2006; Opperman et al.
2008). Other targets have been identified by differential cDNA expression analyses
(Qin et al. 2000) and proteomics approaches (Jaubert et al. 2002).

3.1.3 Disruption of Sensory Function

Nematodes have sensory processes that allow them to adjust their movements when
they sense chemical and temperature gradients and physical barriers in their sur-
roundings. An amphid, for instance, is a chemosensory sensillum made up of a
neuron, sheath, and socket cell. The C. elegans cellular and molecular pathways for
chemosensation have been extensively described (Bargmann et al. 1993; Bergamasco
and Bazzicalupo 2006). Migratory ecto- and endo-parasitic nematodes are motile
throughout most of their life cycle. Sedentary endo-parasitic nematodes rely on
movement and migratory path-finding in the J2 stage prior to feeding-site forma-
tion as well as in the adult male for species reliant on sexual reproduction (Perry
1998). Disruption of sensory neurons may interfere with multiple aspects of move-
ment including host-plant finding, migration within the host, plant cell-type locali-
zation for feeding-site formation, and mating.

Winter et a. (2002) demonstrated that the acetylcholinesterase-blocking nema-
ticide aldicarb interfereswith H. glycines chemosensation at a 1,000,000-fold lower
dose (1 picomolar) than was required for inhibition of locomotion, indicating that
disruption of chemosensation is likely a key feature of aldicarb’s efficacy. The
authors used phage display to identify peptide-mimics of adicarb that disrupt
chemosensation. These molecules are likely taken-up through cuticular openings
into sensory sensillaand moved via retrograde transport to synapses. Expression of
the aldicarb-like peptides as secretory products in transgenic potato resulted in root
exudates with acetylcholinesterase-blocking activity, which in greenhouse trials
reduced Globodera pallida infection with cyst number declining 36-48% relative
to vector controls (Liu et al. 2005). Peptide mimics of levamisole also reduced
Globodera infection in a potato hairy root system. In an alternative approach,
Fioretti et al. (2002) characterized monoclona antibodies directed against
Globodera pallida amphidia secretions and found that J2 soaked in these antibodies
showed diminished mobility and delayed invasion of potato roots. Transgenic
plants could conceivably disrupt amphidial proteins by RNAi (Chen et al. 2005),
peptides (Liu et a. 2005), plantibodies, or other factors. Lectins, which have been
shown to bind to carbohydrates in amphidial exudates (McClure 1988), could also
be considered, though initial tests of lectin expression have not resulted in resistance
(Burrows and De Waele 1997). One challenge for any approach aimed at disrupting
nematode sensory function isthetiming and location of delivery of the expressed factor.
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Disrupting sensory function outside the plant would be advantageous. Once a
sedentary endoparasitic female has already established a feeding site, disruption
of sensory function may be too late to be efficacious.

3.1.4 Nematicidal Metabolites

Dozens of naturally occurring nematicidal metabolites from plants have been
characterized including certain polythienyls, alkaloids, lipids, isoflavonoids, and
diterpenoids (Chitwood 2002; Kaplan and Keen 1980; Valette et al. 1998). For
instance, accumul ation of aterpenoid al dehyde hasbeen associated with Mel oidogyne
resistancein cotton (Veech and McClure 1977) and Alfalfaresistant to Pratylenchus
accumulates the isoflavonoid medicarpin (Baldridge et al. 1998). Nematicides can
also have repellant properties (Sects. 3.2 and 3.3 below). Pesticidal compounds
induced in the plant in response to pathogen entry are called phytoalexins (Dropkin
1989; Rich et a. 1977), and could be considered a subgroup of nematicidal metabolites.
Phytoalexins that may play arolein naturally occurring resistance to plant-parasitic
nematodes include coumestrol and psoralidin (Rich et al. 1977), and the flavone-C-
glycoside O-methy!-api genin-C-deoxyhexoside-O-hexoside (Soriano et a. 2004a).
Soriano et a. (2004b) have also characterized the phytoecdysteroid 20-hydroxy-
ecdysone (20E) as a phytoaexin. The molecule, which is a metabolite of spinach
and mimics amolting hormonein insects, can cause abnormal molting, immoility, and
impaired development in cyst, root-knot, and lesion nematodes. Treatment of spinach
with methyl jasmonate increases levels of 20E and decreases plant-parasitic
nematode infectivity (Soriano et al. 2004b). Organisms other than plants can also
be arich source of nematicidal molecules. For instance, nematicidal and insecticidal
compounds from fungi have been characterized and broadly deployed as semi-
synthetic parasite control agents (e.g. macrocyclic lactones) (Yoon et al. 2004).

By manipulation of biosynthetic pathways, some natural-product nematicides
could potentially be produced in biotechnology-derived crops as secondary metab-
olitesin sufficiently high concentrations within plants to disrupt infection. In addi-
tion to intrinsic potency, desired characteristics of such metabolitesinclude: (1) an
ability to disrupt the nematode after plant invasion; (2) accumulation of the active
moleculein the plant, as opposed to accumulation in the soil during decomposition;
(3) generation by a limited number of synthetic steps from a chemica precursor
present in roots of commercia crops; (4) absence of pathways for rapid degrada-
tion; (5) absence of phytotoxicity at the concentration required for nematicidal
activity; and (6) absence of toxicity to non-target species and a favorable food-
safety profile. These requirements may disqualify molecules such as glycosinolates
from Brassica species which kill nematodes by breaking down to active isothiocy-
anates during decomposition in the soil (Chitwood 2002) and macrocyclic lactones
like avermectin that require a dozen or more synthetic steps (Yoon et al. 2004).
Probably the major limiting factor in transgenic production of nematicidal metabo-
lites is a lack of knowledge of the biosynthetic pathways responsible for the
production of many of these molecules. A natural-product nematicide with a broad
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spectrum of activity across the plant-parasitic nematodes would be particularly
appealing for transgenic expression since it could provide a single solution applicable
to many crops and parasites, thereby spreading the cost of research and development
over many markets. Other approaches, such as RNAI, plant resistance genes, or use
of feeding-site-specific promoters, are more likely to be specific to a particular
parasite genus or species.

3.2 Disruption at the Nematode—Plant I nterface

3.2.1 Disruption of Nematode Pathogenicity Factors

Parasitic nematodes differ from free-living (bacteriovorus) species in their ability
to enter ahost and use the host’s resources for their own replication. Plant-parasitic
nematodes use a number of anatomical specializations (e.g. stylet, specialized
gland cells) and an arsena of gene products to accomplish this complex process.
The last decade has seen the identification and characterization of numerous
specialized parasite gene products that are absent from free-living nematodes with
a focus on secretory proteins from the subventral and dorsal esophageal glands
(Davis et a. 2004, 2000, 2008; Vanholme et al. 2004). Gland genes encoding these
proteins are sometimes called parasitism genes or the “parasitome”’ (Gao et al.
2001, 2003; Huang et a. 2003). Disrupting the function of parasitism gene products
may be away to selectively block nematode infection.

Prior to entering the root, Meloidogyne incognita J2s appear to produce a secre-
tory factor, NemF, similar to arhizobial Nod factor, which can serve as asignal to
the plant at a distance (Bird et a. 2008). Mutant plants defective in Nod factor
reception show diminished galling relative to controls (Weerasinghe et al. 2005).
Meloidogyne species express a homolog of NodL, a gene involved in Nod factor
biosynthesis (McCarter et al. 2003; Scholl et al. 2003). On entry into the root,
invading root-knot and cyst J2 secrete a number of enzymes from their subventral
glands likely to be involved in plant cell-wall degradation. These include B-1,
4-endoglucanases (cellulases) (Gao et a. 2004; Smant et al. 1998), a pectate lyase
(Doyle and Lambert 2002; Popeijus et al. 2000), an expansin (Qin et al. 2004), and
an endo-1,4-B-xylanase (Mitreva-Dautova et al. 2006).

Over 20 gland expressed root-knot and cyst nematode gene products have been
identified that may play important roles in establishment and maintenance of the feed-
ing ste (Vanholme et a. 2004; Davis et a. 2008; Gheysen and Mitchum 2008).
Meloidogyne incognita subventral gland-secreted peptide 16D10 is similar in
sequenceto the plant CLAVATA3 peptide involved in cell-fate determination (Huang
et al. 2006b; Olsen and Skriver 2003). Two-hybrid studies suggest that the 13-amino
acid 16D10 peptide binds a plant transcription factor, and RNAI experiments (Sect.
3.1 above) indicate that it is essential for root-knot nematode reproduction (Huang
et al. 20064). Heterodera glycines a so encodes a CLAVATA 3-like peptide (SY'V46),
which is secreted from the dorsal gland. Over-expression of SYV46 in Arabidopsis
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thaliana results in apical meristem termination (Wang et al. 2005). Chorismate
mutase, an enzyme expressed within the glands of root-knot nematode, may enter
the feeding site and increase the metabolism of chorismate via the shikimate path-
way at the expense of aromatic amino acid biosynthesis. Transgenic expression of
Mel oidogyne javanica chorismate mutase aters the cellular morphology of soybean
hairy roots (Doyle and Lambert 2003). Other gland-secreted proteins have nuclear
localization signals, suggesting that they may alter gene expression within the feed-
ing site (Gao et al. 2003; Huang et al. 2003). Additional gene products character-
ized include a root-knot calreticulin that accumulates along the cell wall of
giant-cells (Jaubert et al. 2005) and a cyst nematode ubiquitin extension protein that
may localize to the host nucleolus (Tytgat et a. 2004).

Nematode parasitism genes are candidates for disruption by transgenic RNAI. In
addition to 16D10 (Sect. 3.1; Davis et a. 2008), J2 soaking RNAI directed at a
Globodera rostochiensis cellulase resulted in diminished cyst formation after
inoculation (Chen et a. 2005). However, parasitism genes may not be superior
targets compared to other essential nematode genes for RNAI, and some could be
particularly difficult to disrupt by in planta delivery. Many of the proteins, particu-
larly those from the subventral gland involved in J2 invasion and migration, have
aready been translated and packaged for secretion prior to the nematode entering
the host plant, making mRNA degradation irrelevant. Dorsal-gland genes required
on a sustained basis during feeding-site maintenance could potentially be superior
targets in this regard.

Another strategy implemented for interfering with parasitism gene productsis
the transgenic production of antibody-like proteins that bind to a specific target,
also called plantibodies (Jobling et al. 2003; Stoger et al. 2002). This approach
has two potential advantages over RNAI. First, it directly targets the protein
rather than the upstream mRNA, and second, delivery of a macromolecule into
the nematode through a feeding tube with size restrictions is not necessary (Sect.
3.1 above) (Bockenhoff and Grundler 1994; Urwin et al. 1997b). Plantibodies
capable of binding nematode proteins with high affinity can be generated by
immuni zation and monoclonal antibody selection or by in vitro methods including
phage display. Plantibodies have been successfully used to confer viral resistance
in transgenic plants such as resistance to tomato-spotted wilt virus in tobacco
(Prins et a. 2005). Monoclonal antibodies have been raised against root-knot and
cyst nematode salivary secretions and the corresponding heavy or light chain
encoding-genes expressed in planta, but successful disruption of infection by this
approach has not yet been reported (Baum et al. 1996; Rosso et al. 1996; Stiekema
et a. 1997). As an alternative to mammalian-derived antibodies, the expression
of which may be controversial in food crops, the selection of binding molecules
from peptide display libraries has also been proposed. For most parasitism
genes that could be plantibody or RNAI targets, it is not known whether or not
they play essential roles in the infective process. It is possible that the redun-
dancy of targets involved in some processes (e.g. multiple cellulases secreted by
cyst nematode) (Gao et al. 2003) will require multiple points of intervention to
achieve efficacy.
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3.22 Repéllent Or Stealth Plants

Just as disruption of nhematode sensory function (Sect. 3.1 above) may prevent suc-
cessful host finding, it may be possible to alter nematode migration by changing the
molecular profile of the plant, particularly the root exudate. Strategies could include
creating a stealth plant by removing attractants from the rhizosphere or creating an
undesirable plant by adding repellants. Plant-parasitic nematodes chemotax toward
the roots of host plants, athough other than carbon dioxide the plant chemicals
sensed by the nematode that form the basis of the attraction are poorly defined
(Dusenbery 1983; Prot 1980; Riddle and Bird 1985; Robinson 1995). In the case
of the entomopathogenic (insect parasitic) nematode Heterorhabditis megidis,
achemical cue whereby maize infested with western corn rootworm actively recruits
the nematode has been identified. Injured plants release (E)-beta-caryophyllene,
which attracts the nematodes in a laboratory “olfactometer” and in the field
(Rasmann et al. 2005). It is possible that plant-parasitic nematodes, particularly
those with narrow host ranges, may be taking advantage of similar gradients of
specific molecules to enable host finding. Selected non-essential metabolic path-
ways in the plant could be silenced to prevent production of metabolites sensed by
the nematode, resulting in a stealth plant. However, it also seems likely that there
is redundancy in the host-finding system, with the nematode taking advantage of
multiple chemical cues so that elimination of one might only have a minor effect.
Rather than relying on loss of an attractant, repellant plants could be generated by
the addition of a selected molecule that repels plant-parasitic nematodes while
being relatively innocuous to non-target organisms in the environment and to
humans and animalsin their food. C. elegans actively migrates away from anumber
of molecules (Hilliard et a. 2002) and, while less characterized, plant-parasitic
nematodes appear to do the same. Asparagus roots may release a glycoside that is
both repellant and nematicidal to Paratrichodorus minor, and bitter cucumber may
repel Meloidogyne incognita with curcurbitacin triterpenoids (Kaplan and Keen
1980). Use of root-specific promoters may be necessary to limit the food exposure
of repellent molecules that are bitter or otherwise unacceptable to food taste.

3.2.3 Conversion of Plant to Non-Host

Littleis known about the molecular mechanisms that make a particular plant a host
or non-host for a given plant-parasitic nematode species. For the majority of plant-
parasitic nematode species, most plants are actually classified as non-hosts (Roberts
2002). Root-knot nematodes have an extraordinarily broad host range with the ability
to infect thousands of plant species, whereas cyst nematodes generally have a
narrow host range (Shurtleff and Averre 2000). Some non-host plants react to the
invading nematode with an active hypersensitive response, indicating the presence
of aresistance gene (Sect. 3.3 below) (Kaplan and Keen 1980; Starr et al. 2002b).
Subsequently, the nematodes either die or migrate out of the roots. Preformed
nematicidal metabolites such as alkaloids, phenolics, and sesquiterpenes appear to
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play arole in nematode rejection as may the phytoalexins produced in response to
invasion (Sect. 3.1 above) (Kaplan and Keen 1980; Rich et a. 1977). Thereis less
evidence to support a role for anatomical attributes or physical barriers that can
block penetration and nutrient deprivation (Kaplan and Keen 1980). In other
instances, non-host plants may lack the plant genes required for susceptibility.
A case of agenerequired for susceptibility to the powdery mildew fungal pathogen
has been identified in Arabidopsis (Vogel et a. 2002). De Almeida Engler et al.
(2005) have considered the opportunities for generating nematode resistance via a
loss of susceptibility genes. Developing amore fundamental understanding of what
causes a plant to be a non-host could be an extremely fruitful line of inquiry with
immediate applications to commercial nematode resistance.

3.3 Disruption of Plant Responses

3.3.1 Plant Resistance Gene/Hypersensitive Response Activated
by Nematode I nvasion

There are numerous examples of plants that have an innate immune response to
invasion by specific nematode species (Starr et al. 2002b). This resistance response
is characterized by two features. First, it is dependent on specific plant resistance
genes (R-genes) that detect the invading nematode, and second, the plant responds
by alocalized hypersensitive response (HR) that can include cell death, atrophy, or
abnormal development of the feeding site. Nematodes remaining at these feeding
sitesare either dead or greatly diminished in size and fertility. Phytoalexins can also
beinduced (Sect. 3.1 above). A magjor area of progress over the last decade has been
the molecular genetic characterization of endogenous-plant-resistance responses to
parasitic nematodes (Williamson and Hussey 1996; Williamson and Kumar 2006).
Six R-genes have now been cloned from sugar beet (Cai et al. 1997), tomato (Ernst
et al. 2002; Milligan et a. 1998; Vos et al. 1998), and potato (Paal et al. 2004; van
der Vossen et a. 2000). An additional ten R-genes have been mapped, someto narrow
intervals (e.g. Ruben et al. 2006). All of these R-genes are involved in resistance to
sedentary endoparasites including cyst nematodes (Heterodera spp., Globodera
spp.) or root-knot nematodes (Mel oidogyne spp.).

One example is the tomato Mi-1.2 gene (Milligan et al. 1998; Vos et al. 1998),
which encodes a leucine-rich repeat protein and confers resistance to three
Mel oidogyne species as well as aphids and white flies. Mi-1.2 can be transgenically
expressed and provide Meloidogyne resi stance in some tomato-related plant species
(such as eggplant) but not in others (Goggin et a. 2006). Mi-1.2 is likely part of a
surveillance cascade that detects a specific nematode factor and triggers localized
host cell death where giant-cellswould normally form near the head of theinvading
J2 worm. Some R-genes, such as Hero A (Ernst et al. 2002), can ater the sex ratio
of cyst nematodes with more males being formed, a known nematode stress
response. Nematode avirulence (Avr) genes encoding proteins detected by the
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corresponding plant R-genes have yet to be cloned and characterized (Williamson
and Kumar 2006) with the exception of Mi-1.2 where a M. javanica avirulence
gene Cg-1 was recently identified (Gleason et al. 2008).

Plant R-genes have been the underlying basis for successes in breeding
efforts generating nematode-resistant tomato, soybeans, tobacco and other
crops with pronounced economic benefits (Sect. 1 above) (Starr et al. 2002a).
Introduction of such traits within a species or genus (when possible) by mating
has the advantage of avoiding transgenic technology with its associated devel-
opment and regulatory costs and market introduction issues. Transgenics can
extend the introduction of R-genes to more distantly related species. One benefit
of R-genes versus other possible approachesis that it takes advantage of endogenous
plant pathways that merely require activation. Given that R-genes are widely
deployed in many crops, issues around phytotoxicity and toxicology are limited.
Potential disadvantages of transgenic R-genes include limitations on the spec-
trum of activity (a small subset of parasites are recognized) and the likelihood
of rapid resistance breaking and selection of non-susceptible nematodes (Starr
et al. 2002b).

3.3.2 Feeding Site-Specific Promoter Induces Cell Death
Or Other Site Incompatibility

Most approaches to biotechnology-based nematode control will require expres-
sion of the transgene such that the nematode or the plant cell interacting with the
nematode comes into contact with the needed effector molecule. Given the eco-
nomic importance of root-knot, cyst, and other sedentary endoparasitic species
that form feeding sites, characterizing gene expression at these nematode-induced
structures within the plant has become one of the most extensively studied areas
in molecular plant nematology (Gheysen and Fenoll 2002; Hammes et al. 2005;
Jammes et al. 2005; Klink et al. 2005; Li et a. 2008). The introduction of meth-
ods including microarrays and laser-capture microdissection to isolate feeding
sites is improving the resolution of such studies. This research has the potential
to not only provide key insights into the physiological processes and cellular
structure of feeding sites but also identify promoters that are useful for transgene
expression.

The cauliflower mosaic virus 35S promoter, an archetypal strong promoter
common in transgenic plant applications, may not be optimal for driving nema-
tode resistance genes, particularly for cyst nematodes. Down-regulation of this
promoter in nematode-induced syncytium has been observed for both Heterodera
schachtii infecting Arabidopsisthaliana (Goddijn et al. 1993; Urwin et al. 1997b)
and Globodera tabacum infecting tobacco (Bertioli et al. 1999). However, a
growing collection of genes have been identified that are reproducibly expressed
in feeding sites. Examples of genes up-regulated in syncytium formed by
Heterodera schachtii infecting Arabidopsis include Hslpro-1 (Thurau et al.
2003), AtSUC2 normally expressed in companion cells (Juergensen et al. 2003),
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At17.1 expressed in vascular tissues and root tips (Mazarei et a. 2004), FGAM
synthase (phosphoribosylformyl-glycinamidine synthase) (Vaghchhipawala et a.
2004), and ABI3 (De Meutter et al. 2005). Examples of genes up-regulated in giant-
cells formed by Meloidogyne incognita include TobRB7 (Opperman et al. 1994)
(see below) and the small heat-shock gene Hahspl7.7G4 (Escobar et al. 2003) in
tobacco as well as D-ribul ose-5-phosphate-3-epimerase (RPE) (Favery et al. 1998)
in Arabidopsis. Genes up-regulated in both syncytia and giant-cellsinclude AtPGM
(co-factor dependent phosphoglycerate mutase enzyme) in Arabidopsis (Mazarei
et al. 2003) and endo-[3-1,4-glucanases in tobacco (Goellner et a. 2001).

Depending on the effector molecule being generated, expression outside the
feeding site may still be adequate to provide nematode control. Nematodes
migrate through the root vasculature prior to feeding-site establishment and
would come in contact with effector molecules produced by ubiquitous or root-
specific promoters. Further, feeding sites are metabolic sinks that take up photo
assimilates from the phloem. Syncytiaformed in response to cyst nematodes have
been described as symplastically isolated and lacking plasmodesmata to sur-
rounding tissues (Bockenhoff and Grundler 1994; Bockenhoff et al. 1996).
However, a recent study has shown that macromolecules up to 30 kD can move
from phloem companion cells into the syncytium (Hoth et al. 2005). Therefore,
gene expression in the phloem may be suited for delivery of effector molecules
into feeding sites.

Beyond merely providing feeding-site expression, approaches that disrupt
plant physiological processes to block nematode replication face the much
higher hurdle of restricting expression to only the feeding site to prevent phyto-
toxic effects elsewhere in the plant. TObRB7 is a tobacco water channel protein
expressed in roots and induced in root-knot nematode giant-cells (Opperman
et al. 1994). Deletion analysis identified a promoter element (A0.3) that retained
feeding site expression but had no expression in the remainder of the root. If such
apromoter was entirely feeding-site specific, it could be used to drive expression
of a cytotoxic product to kill cells within the feeding site. One suggested killing
effector is the Barnase toxin (Conkling et al. 1998; Van Pouche et al. 2001).
The risk of such a potent cytotoxin isthat “leakage” of the promoter in any other
plant cells under any conditions can result in unacceptable phytotoxicity includ-
ing necrosis in cells outside the feeding site (Bertioli et al. 2001). Since it has
been demonstrated that mitotic blocking agents halt giant-cell development,
other suggested approaches include disruption of cell-cycle genes (de Almeida
Engler et al. 1999). It may be possible to drive expression of a construct that
interferes with the feeding site but also tolerates some leakage of expression
elsewhere in the plant such as over-expressing a gene that must be down-regulated
for proper feeding-site function or using RNAI to silence a gene that is essential
for the feeding site but non-essential in most plant tissues. The approach of
promoter-induced feeding-site cell death is limited to species that form feeding
sites, mostly sedentary endoparasites such as Meloidogyne spp., Heterodera
spp., Globodera spp., Nacobbus spp., Rotylenchulus spp., and Tylenchulus spp.
(Wyss 1997).
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3.3.3 Conversion of Plant to Tolerance

In general, molecular strategies for achieving protection from nematode damage
have focused on achieving resistance (decreased nematode reproduction), but pro-
ducing plants that are tolerant (decreased plant damage despite nematode burden)
could be avaluable alternative strategy. Tolerance has been selected for in subsist-
ence farming under continued high nematode pressure such as with small-fruited
tomatoes in West Africathat display tolerance to Meloidogyne (Starr et al. 2002a).
Tolerance traits have also been identified in germplasm screens for Meloidogyne
and Rotylenchus reniformis (reniform nematode) tolerance in US cotton (Roberts
2002; Robinson 2002) and Globodera tolerance in United Kingdom (UK) potatoes
(Trudgill et al. 1998). Little is known about the molecular mechanismsthat underlie
nematode tolerance in plants, and new research into understanding what makes a
plant tolerant could be valuable.

4 Applications by Crop and Nematode Species

There is no doubt that parasitic nematodes cause substantial yield loss across
many temperate, subtropical, and tropical crops (Luc et al. 2005b; Whitehead
1998). However, detailed knowledge of exact economic damage is often inadequate.
More extensive data on yield loss experienced by growers and about which
crops, pathogens, and geographies present the best near-term opportunities for
putting molecular plant nematology knowledge to use could be beneficial.

Most nematology publications cite a 1987 international opinion survey of 371
nematol ogists to support a staggering estimated yield loss due to nematodes of
$78-125 hillion US dollars world-wide annually (Sasser and Freckman 1987).
Estimated loss by crop in the survey, reflective of informed opinion but not neces-
sarily field data, ranged from 3.3% (rye) to 20% or more (e.g. bananas, tomatoes).
Reliability of these estimates remains difficult to assess. For the US, surveys of
opinion on nematode-induced crop losses by state have also been conducted, and
detailed information is available for some geographies and crops (e.g. cotton, soy)
(Koenning et al. 1999; McSorley et al. 1987; Monson and Schmitt 2004). Trials of
crops with and without nematicides can also be quite informative (Johnson 19853,
1985h). As a starting point to better understand the value-capture proposition for
nematode control, we applied the 1987 international 10ss estimates by crop (Sasser
and Freckman 1987) to 2001 data for crops and value by country including yield
and currency exchange rates (Divergence Inc. 2003, unpublished). The extrapolated
2001 loss for the 40 crops in the survey totaled $118 billion (11% of production).
(The decline in value of the dollar relative to other currencies and the increase in
commodity prices since 2001 inflate this estimate further.) Damage estimates for
non-food plants including ornamentals, turf, and forest trees (e.g. pine) were not
included.
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More important than the total estimated damage is the representation of loss by
crop (Fig. 2). Nearly half of the total (48%) derives from just two crops, rice
(Bridge et al. 2005) and maize (McDonald and Nicol 2005), which dominate
because of their overall predominance in world agriculture. Twenty-eight percent
of the total derives from rice in China ($22.2 hillion) and maize in the US ($10.3
billion) alone. Despite the impact of rice and maize on the estimated total yield
loss, few molecular nematologists focus their research on these crops and the
associated nematode pathogens. While 29 species of nematodes parasitize rice,
studies of disease distribution and yield loss in rice have been limited (Bridge
et al. 2005; Padgham et al. 2004), and international agricultural research centers
have employed a minimal number of nematologists (Luc et a. 2005a). Despite
cases of substantial yield loss documented in certain states, such nematode dam-
age of corn acreage in Nebraska (Grower Survey by the National Corn Growers
Association and Divergence Inc. 2003, unpublished), little persuasive informa-
tion has been provided to US corn growers or breeders to make the case for a
focus on nematode control as a yield-boosting strategy (Koenning et al. 1999).
Growing market demand for US corn (e.g. ethanol production) may increase
interest in yield boosting traits like nematode resistance that are currently over-
looked by industry.

Nematode Damage in Billions of Dollars
0 1 2 3 4 5 6 7 8 9 10

' f ' f L

Rice ($35B,:10% of $354B)
Maize ($21B;10.2% of $210B)
Potato ($5.9B, 12.2% of $48.5B)
Wheat ($5.8B, 7% of $82.3B)
Tomatoes ($5.5B, 20.6% of $26.5B)
Grapes ($4.8B, 12.5% of $38.6B)
Sugarcane ($4.0B, 15.3% of $26.3B)
Yams ($3.8B, 17.7% of $21.2B)
Soybeans ($3.9B, 10.6% of $36.6B)
Bananas ($3.2B, 19.7% of $16.0B)
Cotton Lint ($2.5B, 10.7% of $23.0B)
Oranges ($2.5B, 14.2% of $17.5B)
Tobacco ($1.8B, 14.7% of $12.3B)
Coconut Palm ($1.6B, 17.1% of $8.5B)
Cassava ($1.5B, 8.4% of $22.0B)
Sweet Potato ($1.4B, 10.2% of $12.5B)
Green Coffee ($1.3B, 15% of $8.9B)
Sugarbeet ($1.3B, 10.9% of $11.4B)
Barley ($1.2B, 6.3% of $19.6B)

Watermelon ($1.1B, 13.8% of $8.0B)
Carrot ($1.0B, 22% of $4.5B)
Pepper ($0.9, 12.2% of $7.5B)
Melon ($0.9B, 13.8% of $6.5B)

Strawberry ($0.6B, 10% of $6.1B)
Sorghum ($0.5B, 6.9% of $7.9B)
Crops 26-40 Combined ($4.2B, 10.5% of $39.9B)

Fig. 2 An estimate of potential 2001 global nematode damage in billions of dollars based on a
1987 yield loss survey (Sasser and Freckman 1987). Of the 40 cropsin the survey, 1-25 are shown
in rank order. Estimates for rice (#1) and maize (#2) are not to scale. Crops ranked 26-40 are millet,
cow pess, lemong/limes, chick peas, pineapple, broad beans (green), cocoa beans, tealeaves, eggplant,
papaya, oats, pigeon pea, grapefruit, broad beans (dry), and rye
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Beyond the scientific and technical progress detailed in this book, the likely
impact of molecular nematology on agriculture over the next several decades may
be determined by two interacting factors: (1) the focus of molecular nematology on
certain crops and parasitic species, and (2) the development and adoption of plant
biotechnology by crop and country. The major focus of molecular nematol ogists
studying resistance, most of whom are located in Europe and North America, has
been on major crops parasitized by root-knot (Meloidogyne spp.) and cyst nema-
todes (Heterodera and Globodera spp.). The near-term impact of this work could
be seen with soybeans, cotton, tomatoes, tobacco, peanuts, potatoes, sugar beets,
and various other solanaceous vegetables and cucurbits (peppers, eggplants, mel-
ons, €tc.), an opportunity for yield improvements worth perhaps $25 billion (2001
dollars) based on yield loss estimates (Sasser and Freckman 1987). Soybeans and
cotton are prime candidates for early technology introduction because of the broad
adoption of biotechnology-derived traits (herbicide tolerance, insect resistance) in
these crops in North and South Americaand Asia (Brookes and Barfoot 2005). For
instance, 2004 US market penetration of transgenic traits in soybeans and cotton
was 85 and 77% of total acreage, respectively (Sankula et al. 2005). Worldwide in
2005, bhiotechnology-based crops were grown on 90 million hectares in 21 coun-
tries by 8.5 million farmers, a 53-fold increase from 1.7 million hectares planted in
1996 (James 2005). Addition of second- or third-traits (i.e. stacking) in crops that
are already transgenic is less controversia than the initial decision to deploy bio-
technology in a crop. Opposition to biotechnology-derived crops by advocacy
groups and delaysin regulatory approvals of traitsin the European Union have been
detrimental to introduction of nematode resistance in potato and sugar beet, crops
where European nematol ogists have substantial expertise.

Following soybeans and cotton, biotechnology-based resistance strategies could
gradually be expected to find application in broad-acreage grains (e.g. rice, maize,
wheat), citrus, vines, plantation crops (e.g. banana, sugarcane, and coffee), potatoes,
sugar beets, subsistence crops in developing countries (e.g. yams, cassava, sweet
potato) (Atkinson et al. 2001; Luc et a. 2005b), ornamentals and turf. Capture of all
these additional opportunities will require an expansion of knowledge into a variety
of nematode speciesincluding migratory endoparasites. For instance, nematode para-
sites of corn include Hoplolaimus galeatus (lance), Longidorus breviannulatus
(needle), Pratylenchus spp. (Iesion), Xiphinema americanum (dagger), Belonolaimus
spp. (sting), Helicotylenchus spp. (spiral), Tylenchorhynchus spp. (stunt), and
Paratrichodorus spp. (stubby-root), in addition to Heterodera spp. and Meloidogyne
spp. Certain approaches to nematode control (e.g. antifeedants, nematicidal metabo-
lites) may have broader application than technologies that are more tailored to indi-
vidual species or genera (e.g. plant resistance genes, feeding site disruption). In
amost any scenario, the long-term goal of greatly reducing the negative impact of
plant-parasitic nematodes will require a sustained and multifaceted assault, including
biotechnol ogy-derived resistance, advances in marker-assisted breeding (Young and
Mudge 2002) and introduction of safer next-generation nemeaticides on top of current
best practices (Skora et a. 2005).
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5 Impact and Conclusions

In closing, the devel opment of successful biotechnol ogy-based nematode resi stance
should be viewed as an integral part of a more extensive endeavor to improve crop
yields through pathogen and insect resistance, tolerance to drought, salinity and
other stressors, superior efficiency in photosynthesis, and improved utilization of
nitrogen and phosphate. Exponential technological improvements will be needed
for agriculture to keep pace with the increasing global human population and
increasing per capita consumption that are anticipated to double world-wide food
demand by 2050. Even assuming similar yield improvements through breeding,
fertilizers, pesticides, and irrigation to those achieved from 1965 to 2000, some
models estimate that providing a sufficient food supply in 2050 (relative to 2000)
will require a 23% increase in land devoted to crops (1.89 hillion hectares), a 16%
increase in pasture land (4.01 billion hectares), a 90% increase in irrigated land, a
270% increase in nitrogen fertilizer, and a 240% increase in phosphate fertilizer
(Tilman et a. 2001). The ecological impact of these trends, including the conver-
sion of aland mass nearly the size of the United States from natural ecosystemsto
agriculture, and the accompanying degradation of marine and freshwater ecosystems,
soil and water resources, and species extinction, could be devastating and is clearly
not sustainable. Failing to provide future food security and opportunities for poverty
aleviation is equally unacceptable.

Forestalling future environmental effects by limiting the footprint of agriculture
will require overcoming the current barriers that limit optimal plant yield, including
nematode damage. Seen in this broader context, molecular plant nematology has a
major role to play worldwide in both food security and environmental protection in
the coming decades. Superior technology for nematode control has the opportunity to
substantially raise yields for most major temperate crops in developed countries and
perhaps, especialy, for tropical subsistence crops in developing countries where
pathogenicity is particularly high (Luc et al. 2005a). This will require both increased
atention to nematode control by agricultural biotechnology companies with estab-
lished pipelines for commercializing transgenic traits in major row crops, as well as
strategies for successfully transferring technology and intellectual property rights to
partners capable of making these traitswidely available for staplefood cropsin devel-
oping countries (Atkinson et a. 2001; Beachy 2003; Serageldin 1999).

Insights from research in molecular plant nematology are now providing a more
detailed picture of parasitic nematode gene products and physiology, interactions
occurring at the nematode—plant interface, and features of the plant response to
parasitism. At least 11 general strategies for biotechnol ogy-based nematode control
have been described to date and new discoveries will likely introduce further
possihilities. Progress with some approaches has already been substantial, culminating
infield trialsfor afew cases. Successful commercialization of biotechnology-derived
crops with nematode resistance that result in large yield benefits for growers aswell
as environmental benefits will be an important milestone for the discipline of
molecular plant nematology and should accelerate further progress.
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