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m Abstract The ability of nematodes to live on plant hosts involves multiple para-
sitism genes. The most pronounced morphological adaptations of nematodes for plant
parasitism include a hollow, protrusible stylet (feeding spear) connected to three en-
larged esophageal gland cells that express products that are secreted into plant tissues
through the stylet. Reverse genetic and expressed sequence tag (EST) approaches are
being used to discover the parasitism genes expressed in nematode esophageal glanc
cells. Some genes cloned from root-knbtgloidogynespp.) and cystHeterodera

and Globoderaspp.) nematodes have homologues reported in genomic analyses of
Caenorhabditis elegarend animal-parasitic nematodes. To date, however, the candi-
date parasitism genes endogenous to the esophageal glands of plant nematodes (such a
the 3-1,4-endoglucanases) have their greatest similarity to microbial genes, prompting
speculation that genes for plant parasitism by nematodes may have been acquired by
horizontal gene transfer.
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INTRODUCTION

Most nematodes are not parasites. The vast majority of nematode species are
microbivores, fungivores, predators, and omnivores that live in a variety of ter-
restrial, aquatic, and marine environments (6). The minority of nematode species
that comprises the parasites of plants and animals, however, has staggering health,
ecological, and economic impacts (9, 80). Understanding the genetic adaptations
underlying the evolution of parasitism by nematodes is not only fascinating biol-
ogy, but it will undoubtedly reveal potential targets to combat nematode parasitism
that are of paramount importance to successful medicine and sustainable agricul-
ture. “Parasitism” may be defined in several ways, and unfortunately, a lack of
consensus about the meanings of host-parasite (pathogen) terminology still exists
in plant pathology (23). For simplicity, we use Webster’s definition qlaga-

site as “an organism living in or on another living organism, obtaining from it
part or all of its organic nutriment, and commonly exhibiting some degree of
adaptive structural modification” (62). This broad definition encompasses a wide
range of potential nematodmarasitism genethat have evolved specifically, or
perhaps were “procured” and modified from other successful parasitic organisms,
to promote parasitism in a host. Nematodes should be considered first as par-
asites, and if disease results in the host, the parasites bguatmegeng129).

The products of nematode parasitism genes may be manifested as morphological
structures that provide access to parasitism of a particular host (e.g. a stylet) or
they may play critical physiological roles in the interaction of the nematode with
its host.

A large volume of (mostly descriptive) research has been conducted on the
nature of plant-nematode interactions, and readers are referred to several recent
reviews on this topic (14, 72,120, 137). Plant nematodes are obligate parasites—
some species have evolved rather simple feeding strategies while other nematode
species are highly adapted for more sophisticated parasitic relationships with host
plants. A majority of research has focused upon plant response to nematode
parasitism, primarily the complex modifications that some plant-parasitic nema-
todes induce in host plant cells and plant resistance to nematode challenge. Recent
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research is now providing insights into the molecular and genetic basis of the
“nematode side” of plant-nematode interactions. Nematode parasitism genes may
be active in any or all parts of the parasitic cycle of plant nematodes (Figure 1),
including “preparasitic” life stages (before invasion of the plant) and “parasitic”
life stages (after invasion of the plant). Forward genetic investigations of the inter-
actions of cyst nematodes with resistant plant genotypes are being combined with
physical maps of nematode genomes and cloning strategies to identify nematode
virulence genes (15, 112). Theidentification of genes encoding bioactive molecules
from nematodes that initiate and maintain successful parasitic interactions with
host plants is another area of active investigation, primarily by reverse-genetic ap-
proaches (72). The technologies of genomics are rapidly providing scientists with
the means to compare gene structure, organization, and function across different
genomes, and the completion of the entire genome sequence of the microbivorous
nematodeCaenorhabditis eleganwill be invaluable to the study of nematode par-
asitism genes (27). This opportunity is already being realized by genomic analyses
of animal parasites, including the Filarial Nematode Genome Project (16, 80). It
is likely that some parasitism genes have evolved from “basic” nematode genes,
and that orthologues of these genes exist across nematode genomes. Fundamenta
mechanisms of parasitism may have been retained between plant- and animal-
parasitic nematodes akin to those that have been demonstrated between bacteria
that are pathogenic on plants and animals (33). Intriguing new evidence, how-
ever, suggests another potential source from which nematodes may have acquired
specific genes for plant parasitism—horizontal gene transfer (123, 142).

NEMATODE PARASITISM OF PLANTS

Plant-parasitic nematodes have evolved diverse parasitic strategies and feeding
relationships with their host plants to obtain nutrients that are necessary for devel-
opment and reproduction. The vast majority of plant-parasitic nematode species
are soil-dwelling and feed from plant roots (Figure 1). These biotrophic parasites,
depending upon species, feed from the cytoplasm of unmodified living plant cells
or have evolved to modify plant cells into elaborate discrete feeding cells. Plant-
parasitic nematodes use a hollow, protrusible feeding structure, called a stylet, to
penetrate the wall of a plant cell, inject gland secretions into the cell, and withdraw
nutrients from the cytoplasm. Migratory feeding nematodes remove cytoplasm
from the parasitized cell, frequently causing cell death, and then move to another
cell to repeat the feeding process. Other nematodes become sedentary and feed
from a single cell or a group of cells for prolonged periods of time. For this sus-
tained feeding, the sedentary parasites dramatically modify root cells of susceptible
hosts into elaborate feeding cells, including modulating complex changes in cell
morphology, function, and gene expression. These feeding cells become the sole
source of nutrients for sedentary endoparasites sudfiedsidogyne(root-knot
nematode) oHeteroderaand Globodera(cyst nematode) species. Similarly, in
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- Active feeding by nematode via the stylet

- Feeding cells serve as a nutrient sink for nematode
- Nematode stimulus maintains feeding site

- Feeding tubes aid ingestion of nutrients

- Successful nematode growth and reproduction

- Nematode signals trigger feeding site formation

- Esophageal gland secretions released through stylet

- Interaction of plant and nematode signals

- Gene expression is modified in parasitized cells

- Avirulent nematodes elicit defense in resistant genotypes

- Ectoparasites feed externally by inscrting stylct

- Endoparasites enter roots to feed

- Mechanical and/or enzyme-aided migration within roots
- Nematodes select specific cells for feeding

- Resistant responsc to avirulent nematodes

- Egg hatch is influenced by root exudates

- Motile nematodes active in soil environment
- Nematodes respond to root signals

- Soil microbial activity affects nematodes

- Nematodes recognize specific root tissues

Figure 1 Progressive stages of plant parasitism by nematodes (from bottom).
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sedentary ectoparasites such as the ring nemaBramnemella xenoplaxa sin-
gle feeding cell is utilized as a nutrient source for several days before the nematode
moves on to establish another feeding site (72).

In addition to the protrusible stylet, nematodes in the orders Tylenchida and
Aphelenchida have evolved a well-developed esophagus for feeding on plants
(Figure 1). The esophagus has a muscular metacorpus containing a triradiate pump
chamber and three large and complex secretory gland cells (50, 73). The transcrip-
tionally active gland cells, one dorsal (DG) and two subventral (SvG), are the prin-
cipal source of the secretions involved in plant parasitism. Each gland is a single
large, specialized secretory cell with a cytoplasmic extension that terminates in a
storage ampulla which is connected to the esophageal lumen by an elaborate valve
(1,50, 73). Secretory proteins are synthesized in the nuclear region of the gland
cell and stored in spherical Golgi-derived membrane-bounded granules which are
transported along microtubules in the gland cell extension to the ampullae. During
secretion, the gland cell is triggered to rapidly release the secretory proteins from
the granules by exocytosis into the membranous end-sac of the valve where the
proteins pass through a duct to enter the lumen of the esophagus to be injected
through the stylet into host tissue.

Critical unresolved questions in the study of nematode esophageal gland se-
cretions are the nature and number of different secretory proteins packaged in the
secretory granules and the temporal changes in the kinds of proteins secreted dur-
ing the parasitic cycle. The core of secretory granules typically is a large volume
of highly concentrated protein, and the number of different secretory proteins in
the matrix can vary with gland cell type and parasitic stage (24). Specific compart-
mentalization of one secretory protein within the matrix of granules formed in the
SvG cells of second-stage juveniles (J2) of the root-knot nemalelejdogyne
incognitg has been documented (75). Morphological changes in esophageal gland
cells are correlated with the developmental phases in the life cycle of root-knot
and cyst nematodes. The SvG cells are the most active glands in infective J2, but
following the onset of parasitism, the DG cell is stimulated to increase production
of secretory granules and becomes the predominate gland in the parasitic stages
(13, 73). These changes in the esophageal gland cells during the parasitic cycle
indicate various roles for the gland secretory proteins during different stages of
parasitism. Changes in secretory antigens observed within both the SvG and DG
of root-knot and cyst nematodes throughout the parasitic cycle have also been
documented that support changing roles of the gland cell secretions during nema-
tode feeding and development (34, 64). The relative importance of secretions from
the SvG versus the DG in host-nematode interactions has been debated (70, 139),
but the recent discovery that 3-1,4-endoglucanases (cellulases) are synthesized
in SvG of cyst nematodes and secreted through the nematode’s stylet in planta
unequivocally establishes a role for SvG secretions in plant parasitism (123, 135).

Root-knot and cyst nematodes have the most evolutionarily advanced mode
of parasitism of the plant-parasitic nematodes. These nematodes have evolved to
alter gene expression in specific root cells to modify them into very specialized and
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complex feeding cells (14). Infective J2 penetrate behind the root tip and migrate
intercellularly by separating cells at the middle lamella (root-knot nematodes) or
intracellularly by rupturing cell walls (cyst nematodes) through the cortex to the
vascular tissue (138, 139). Although migration within root tissue involves stylet
thrusting to weaken the cell walls, cyst nematode J2 secrete cellulases through the
stylet to facilitate degradation of the cellulose within the walls (123, 135). When
J2 reach the appropriate vascular tissue, products of the glands are secreted through
the stylet to induce the transformation of recipient cells in susceptible plants into
metabolically active feeding cells, called syncytium (cyst nematodes) or giant-
cells (root-knot nematodes). These unidentified gland secretions modify, directly
or indirectly, gene expression to induce profound morphological, physiological,
and molecular changes in the recipient host cells to enable them to function as a
continuous source of nutrients for the parasitic stages. Cell fusion following cell
wall degradation gives rise to the syncytium, whereas abnormal cell growth follow-
ing repeated mitosis uncoupled from cytokinesis produces the giant-cells. These
large, multinucleate feeding cells possess thickened cell walls that are remodeled
to form elaborate ingrowths and a dense granular cytoplasm with an increased
number of organelles and small vacuoles. A number of plant genes with known
or putative functions are up- or down-regulated in these feeding cells, suggesting
that root-knot and cyst nematodes induce transcriptional changes in the parasitized
plant cells (14,52, 53,59, 69, 96).

Although the mechanism(s) by which these nematodes alter plant gene expres-
sion is unknown, strong evidence suggests that products of the esophageal gland
cells that are secreted through the stylet cause parasitized root cells to differentiate
into unique feeding cells. While it must be considered that secretions from nema-
tode amphids and other body orifices, and molecules that comprise the nematode
surface coat, may interact with host plant cells, the contents of the esophageal
glands cells that are secreted through the nematode stylet represent the most ad-
vanced adaptation for plant parasitism by nematodes. The key to understanding
nematode parasitism of plants and the molecular triggers that alter gene expression
to transform host cells into feeding sites is to expand our knowledge of the na-
ture and function of components of nematode stylet secretions. Cloning nematode
genes encoding esophageal gland cell secretory proteins is critical for determining
the role of different stylet secretions in plant parasitism. In the following sec-
tions of this review we focus primarily on the approaches and current progress
in identifying parasitism genes of plant nematodes in the order Tylenchida, with
particular emphasis on the root-knot and cyst nematodes.

DIRECT MOLECULAR ANALYSIS

The isolation of nematode parasitism genes by direct analysis of gene expres-
sion and translation during the parasitic cycle represents a relatively rapid and
direct means to identify putative parasitism genes as compared to forward genetic
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approaches. Direct molecular analyses often rely on assumptions made about crit-
ical events in the nematode parasitic cycle. Fortunately, a wealth of information
is available that describes parasitism by nematodes in great detail. The products
of some nematode parasitism genes will be involved in the exchange of signals
and activity of parasitic mechanisms that have evolved specifically for parasitism
of a host. Genes involved in controlling basic components of the nematode life
cycle which have been adapted and integrated with the parasitic cycle are indi-
rectly essential for parasite success, but they do not have a direct role in promoting
plant parasitism by nematodes. The most compelling tissues to look for plant
nematode parasitism genes are the esophageal gland cells which have been dra-
matically adapted for enhanced secretory activity that is directly involved in plant
parasitism (70). Indeed, the only putative parasitism genes cloned from plant-
parasitic nematodes as of this writing have been from the esophageal gland cells
(42,88,110, 123). The true functions of these and any nematode parasitism genes
remains putative, at present, until techniques are developed with plant-parasitic
nematodes to complete the process of reverse genetics or to intervene in the ac-
tivity of target gene products to assess function (see below). The use of “model”
nematode systems (i.€. elegansand filarial nematodes) can aid in this process,
although the isolation and analysis of some nematode genes specifically adapted
for parasitism of plants will not be suited for these model systems.

Analyses of stylet secretions produced in the esophageal gland cells of plant-
parasitic nematodes accelerated with the advent of contemporary molecular tech-
niques (72). Previous studies of the esophageal glands and the limited amount of
stylet secretions that could be obtained from root-knot nematodes indicated that a
mixture of proteins (some glycosylated), but not nucleic acids, were present in the
secretions (70). The presence of proteins in nematode stylet secretions was also
confirmed using in vitro systems designed to chemically stimulate the production
of stylet secretions from root-knot and cyst nematodes (34, 64, 93). At least 10
protein bands, and the activity of proteases and superoxide dismutase, have been
observed in analyses of stylet secretions from J2 of the potato cyst nematode,
Globodera rostochiensjshat were stimulated by incubation in 5-methoxy DMT
oxalate (109). Nematode stylet secretions produced in vitro, and various prepa-
rations of the esophageal gland regions of root-knot and cyst nematodes, also
have been used as immunogens to generate panels of monoclonal antibodies that
bound specifically to different esophageal gland antigens (2, 35, 36, 64, 71). The
monoclonal antibodies have been used either to isolate different esophageal gland
antigens for direct analyses or to screen cDNA expression libraries constructed
from cyst and root-knot nematodes to isolate the corresponding secretion genes.

A monoclonal antibody [7A9, see (35)] to a SvG protein of the root-knot nema-
tode M. incognitawas used to isolate a cDNA cloneecl) that had moderate
similarity to the rod portion of myosin heavy chains (105). Since the secre-
tion of SEC-1 from the nematode could not be verified, it was hypothesized that
SEC-1 was involved in the movement of secretory granules in the esophageal gland
cells rather than being a secretory protein itself. In the soybean cyst nematode,
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Heterodera glycingsa SvG-specific monoclonal antibody [MAb 9C2, see (64)]
was used to isolate a cDNA clongv1) that had homology to a group of heavily
O-glycosylated secreted proteins called mucins (X Wang & EL Davis, unpublished
data). Interestingly, the surface mucins of the animal-parasitic nemabedeara
canishave been implicated in interactions with host defense mechanisms (58). A
partial cDNA drs-1) was isolated from a preparasitic J2 cDNA expression library
of H. glycinesusing a dorsal gland-specific monoclonal antibody [MAb 5B9, see
(64)]. Although the predicted open reading frame ofdine 1 partial cDNA was
greater than 300 amino acids, no homologylf-1to other reported genes was
detected in database searches (140).

The R-1,4-endoglucanase (cellulase) genes cloned from cyst nematodes repre-
sent the most successful use of an esophageal gland-specific monoclonal antibody
to isolate nematode parasitism genes (123). A monoclonal antibody (MGR 48)
that bound specifically to SvG antigens in several species of cyst nematodes (36)
was used to affinity-isolate the antigens from large-scale preparations of proteins
from G. rostochiensiandH. glycineq123). Degenerate oligonucleotides were de-
veloped to the N-terminal amino acid sequences of each isolated MGR 48 antigen
and two cDNA clones were derived from each nematode species usimpeCE
technigue. Database searches of each cDNA sequence had homology to the Fam-
ily 5 bacterial 3-1,4-endoglucanases. BGthrostochiensisindH. glycineshad a
cDNA (eng1) that contained a secretion signal peptide, catalytic domain, peptide
linker, and a cellulose-binding domain (CBD). Teeg2 gene ofG. rostochien-
siswas missing the CBD, and theng2 gene ofH. glycineswas missing the
CBD and peptide linker. mRNA in situ hybridizations of thegprobes bound
specifically within the SvG of cyst nematodes (37, 123). Cellulolytic activity was
demonstrated in overexpressed clored products, and polyclonal sera raised
to recombinant ENG proteins bound specifically within the nematode SvG. Ge-
nomic clones of the cyst nematodaggenes contained an intron/exon structure
typical of eukaryotic genes (142). These data combined confirmed that the cyst
nematode endoglucanases were endogenous. More recently, similar cyst nema-
tode endoglucanase genes have been isolated@lobmwdera tabacuni60) and
Heterodera schacht{i39). Using conserved regions of nematode, fungal, and bac-
terial endoglucanase genes, a PCR-based approach was used to identify cellulase
genes inM. incognita(110). These same PCR primers have most recently been
used to isolate putative cellulase genes from plant-parasitic nematodes of diverse
parasitic habits includingratylenchus agilisParatrichodorus minorBursaphe-
lenchus xylophilusRotylenchulus reniformjsand Ditylenchus dipsac{Y Yan,

MN Rosso & EL Davis, unpublished data). The cloning of the endoglucanase
genes verifies much earlier observations of cellulase activity in plant-parasitic ne-
matodes (41). These earlier reports also suggest that other enzymes that degrade
plant cell constituents may be among the secreted products of nematode parasitism
genes.

Genomics, especially the generation of cDNA libraries and expressed sequence
tags (ESTs) from parasitic nematodes, represents a powerful and comprehensive
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approach to isolate nematode parasitism genes. The most basic approach isto con-
struct cDNA libraries from specific life stages of whole nematodes and sequence
as many random ESTs as possible (15: J Jones, H Popeijus, JBakKechots,
unpublished data). The ESTs may be used directly as “anchors” on physical maps
of the nematode genome, and in addition, database searches may quickly reveal
expressed genes that have an apparent role in parasitism. This latter approach has
been accomplished by analysis of ESTs from a preparasitic J2 cDNA library of
G. rostochiensi$100a, 101). A full-length cDNA encoding a predicted peptide of

261 amino acids was obtained that had strong homology to reported fungal pec-
tate lyases (E.C. 4.2.2.2.). The predicted protein had a secretion signal peptide,
and analyses are under way to identify if the pectate lyase may be secreted from
the nematodes (i.e. via the esophageal glands and stylet). The recent cloning of a
putative pectate lyase cDNA froM. javanicaand localization of the transcript
within the nematode’s esophageal glands (K Lambert, personal communication)
suggests the potential secretion of a pectate lyase from the nematode stylet during
plant parasitism.

Random sequencing of ESTs from a selected nematode life stage may reveal
potential parasitism genes (i.e. pectate lyase), and it may be coupled with cDNA-
AFLP analyses (5) to select candidate nematode parasitism genes from the EST
database that are expressed in a stage-specific manner (101a). It has been reporte
that the SvG ofG. rostochiensisl2 within eggs are activated by hydration (99),
but the addition of potato root diffusate is required to increase DG activity and
stimulate hatch ofG. rostochiensisl2 (4,99). cDNA-AFLP analysis compar-
ing these different stages of egg hatch ®y rostochiensidas revealed genes
that were expressed specifically in J2 upon hatch in potato root diffusate, and
the full-length sequences were obtained using an EST database of a cDNA
library of wholeG. rostochiensig2 (101a). Conversely, data obtained by the EST
approach are also being analyzed for potential stage-specific expression using
cDNA-AFLP. mRNA in situ hybridization (37) is now being employed with some
of the candidate parasitism genes isolated by the cDNA-AFLP/EST approach
to determine if the genes are expressed within the nematode esophageal gland
cells.

Differential gene expression between preparasitic and parasitic nematode life
stages has been analyzed using a RNA fingerprinting technique (42, 44). A cDNA
(mi-mspl) encoding a putative secretory venom allergin AG5-like protein with
strong similarity to Ancylostomesecreted protein 2 (67) was obtained from
M. incognitausing this protocol (44). A cDNA coding for a cellulose-binding
protein also was isolated froM. incognita(mi-cbp-1) from an elevated transcript
level in parasitic J2 (42). The CBP product is specifically expressed in the SvG of
M. incognita The N-terminal region of the predicted peptide had no similarity
to known proteins, but the C terminus has strong homology to a cellulose-binding
domain. Secretion of this protein through the nematode stylet was confirmed in
vitro. Although in planta secretion seems likely, in vivo analyses must be conducted
to test this hypothesis. The role of CBP remains elusive at this time. Interestingly,
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a recombinant cellulose-binding domain (CBD) derived from the cellulolytic bac-
teriumClostridium cellulovorangvas found to modulate the elongation of different
plant cells in vitro (119). This finding suggests a possible role of the CBP in host
modifications associated with root-knot nematode parasitism.

Gene products with obvious (putative) functions in plant parasitism (i.e. cel-
lulases, pectinases) can be relatively easily identified from random ESTs derived
from preparations of whole nematodes if abundant transcripts are present in the
parasitic stage(s) chosen for analysis. Expressed nematode genes that are rare, or
genes with obscure functions in plant parasitism, will be more difficult to isolate
since virtually no idea of their identity exists at present. The isolation of can-
didate nematode parasitism genes can be enhanced by comparative analysis of
gene expression in different nematode life stages, such as the cDNA-AFLP and
RNA fingerprinting approaches described above. EST analyses targeting specific
nematode tissues (i.e. esophageal gland cells) that express products likely to be
involved in plant-nematode interactions can narrow this focus even further. In
one example, esophageal gland regions fidetoidogyne javanicavere excised
and cDNA was prepared from this tissue by RT-PCR (88). This cDNA pool was
differentially screened against cDNA from the (glandless) nematode tail region
to isolate genes expressed specifically in the nematode esophageal gland region.
A full-length cDNA clone was obtained that had homology to a bacterial choris-
mate mutase (CM). Tissue-specific expressiomptm1 has been localized to
the esophageal gland cells of paradifigavanicaby mRNA in situ hybridization
and with antisera generated to recombinant MJ-CM-1 protein. Chorismate mu-
tase is an enzyme associated with the shikimate pathway leading to the synthesis
of phenylalanine and tyrosine (61). Interestingly, the shikimate pathway has not
been shown to be presentin nematodes or other animals. Introduction of MJ-CM-1
into the cytosol of an initial feeding cell could potentially alter the spectrum of
chorismate-dependent compounds, which, among other functions, are involved in
cell wall formation, hormone biosynthesis, and synthesis of defense compounds.

The differential screening of cDNA generated from the esophageal gland and
tail regions ofM. javanicawas a tissue-specific approach to isolating candidate
nematode parasitism genes (88), but the gland region cDNA was contaminated
with expressed genes extracted from nontarget tissues immediately surrounding
the esophageal gland cells. To avoid contamination from extraneous tissues, a
microaspiration technique used to obtain the contents of individual nhematode
esophageal gland cells (118) is now being coupled with a protocol designed to
generate cDNA from individual cells by RT-PCR (83). mRNA isolates from tran-
scriptionally active gland cells of a range of parasitic stagdd.dhcognitaand
H. glycineshave been pooled and used to generate esophageal gland cell-specific
cDNA libraries that provide a comprehensive profile of nematode esophageal gland
gene expression during plant parasitism (43, 134). ESTs may be sequenced directly
from random clones within each gland-specific library, or alternatively, microar-
rays (DNA chips) gridded with this comprehensive gland gene profile could be
used to differentiate nematode gland gene expression at any selected parasitic stage
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(104). In addition, genes encoding secreted peptides can be selected from these
libraries using a secretion-specific vector expressed in yeast (85). Initial results of
ESTs analyzed from esophageal gland-specific cDNA libraries Moincognita
andH. glycinesinclude sequences with similarity to genes identifiecCinele-
gans some sequences with similarity to bacterial genes, and some of the isolated
ESTs have no homology to any reported genes (TJ Baum, EL Davis & RS Hussey,
unpublished data). It is envisioned that improved bioinformatics systems such as
PFAM peptide analysis (48), and the development of efficient and definitive func-
tional assays for putative plant-parasitic nematode parasitism genes, will advance
rapidly within the next few years to confirm the identity of “unknown” coding
sequences.

Expressed genes (ESTs) with homology to genes identifi€d @leganave
also been isolated from investigations of the genonirofjia malayj the animal-
parasitic nematode that is the model of the Filarial Nematode Genome Project
(16, 25). The availability of the genome sequenc€ oflegansnd the difficulties
in analyses of obligate parasite genomes have prompted a “gene discovery” (EST)
approach as the initial phase of filarial genome analysis rather than large-scale
genome sequencing (16, 80). cDNA libraries constructed from various parasitic
stages oBrugia have been used to analyze at least 16,000 ESTs. Not only do
many Brugia ESTs have homologues i@. elegansbut analysis of one 65-kb
DNA stretch surrounding a putative macrophage migration inhibition faoid) (
gene inB. malayihad conserved synteny and gene order with its counterpart in
C. elegang16). Neverthess, a number of isolated ESTBiingia have no appar-
ent homologue irC. elegansand it may be considered that these types of genes
are candidate adaptations for parasitism. Homologues of genes involved in para-
sitism among different species of animal-parasitic nematodes have been discovered
(80, 107), and it behooves investigators of plant-parasitic nematodes to search for
commonalities in these parasitic procesdaghinella spiralis for example, is an
animal-parasitic nematode that modifies host muscle cells into elaborate feeding
sites for intracellular parasitism (78) with striking similarity to the feeding sites
(syncytia) formed from plant cells for parasitism by cyst nematodes. Antigens of
T. spiralisorigin co-localize with nuclei of infected host cells (143), but it remains
in question whether the origin of the antigens is from the stichocytes (a multicellu-
lar organ similar to the esophageal gland cells of plant-parasitic nematodes) of
T. spiralis (40,79). Do the nuclear antigens ®f spiralis represent a direct
regulation of host cell gene expression, and are analogous mechanisms present
in plant-parasitic nematodes? Numerous analyses have been conducted on the
excretory-secretory (ES) products of parasitic nematodes, and the genes encoding
specific ES antigens are being isolated using ES-specific antibodies (16, 56, 67, 92).
An elegant adaptation of this procedure was used to isolate genes encoding se-
creted antigens from a tissue-specific cDNA library constructed from gut tissue of
Haemonchus contortyd07). Antigens secreted from nematodes that may inter-
act with host cell receptors may also be deposited on the surface of both animal-
and plant-parasitic nematodes (17, 66) or be present in secretions from nematode
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chemosensory organs (98). It has been demonstrated that some nematode parasites
of animals change their surface coat to alter host response to parasite invasion, and
thatthe use of surfacerf) mutants ofC. elegansnay be useful in identifying these
mechanisms (17). It seems reasonable to assume that some fundamental parallels
in the alteration of the nematode surface and/or secretory products exist among
nematodes that parasitize animals and those nematodes that parasitize plants.

GENETIC MODELS OF PLANT PARASITISM
BY NEMATODES

Analysis of mutants has been an extremely powerful approach to unravel complex
biological mechanisms in organisms suchGselegans Arabidopsis thaliana

and Drosophila melanogasterUnfortunately, the artificial generation of plant-
parasitic nematode mutants altered in their parasitic behavior is still technically
challenging and in most cases, presumably lethal. Thus, plant nematologists have
to confine their studies to the genetic variation offered by nature. A well-known
group of naturally occurring variants among plant-parasitic nematodes are those
revealed by their (in)ability to reproduce on host plants that carry major resistance
genes. The data suggest that most of the reported variants in nematode virulence
can be explained by gene-for-gene relationships with their hosts, similar to what
is observed with many microbial plant pathogens (7). For one nematode/plant
combination, a gene-for-gene relationship has been confirmed by genetic analyses
of both interacting partners. Virulence tests of 15 F2 lines, obtained by selfing of
the F1 of a cross between a virulent and avirulent line, showed that virulence in
G. rostochiensisowards theH1 gene in potato is controlled by a single recessive
gene (77). Although Mendelian proof for both interacting partners remains scarce,
evidence is accumulating that such gene-for-gene mechanisms are common among
plant/nematode interactions.

At present more than 25 major resistance genes (R-genes) against nematodes
have been mapped (82). With the exception of the first nematode R-gene identified,
Hs1P-1, the other cloned nematode R-genes share various structural features with
other plant disease resistance genes that operate in gene-for-gene relationships
(7,28,49,137). Several nematode R-genes are members of a family character-
ized by a nucleotide-binding site (NBS) and leucine-rich repeats (LRRs) (87, 95).
Recent cloning of the potato cyst nematode resistance @Gpa2 also revealed
NBS and LRR domains (131). Interestingly, t@a2 gene has a remarkably
high homology with the virus resistance gd®ee Various studies have shown that
Rxmediated resistance against potato virus X is a gene-for-gene mechanism in
which the R-gene encodes a putative receptor that recognizes the viral coat protein
as an avirulence gene product (11).

A major challenge in plant nematology is to identify the avirulence gene prod-
ucts of parasitic nematodes. To reach this goal, various research groups have
conducted selections of virulent and avirulent nematode lines. Such lines have
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been established fdd. schachtii(89), M. incognita(31), H. glycines(45), and

G. rostochiensi§?7 7). Root-knot nematodes have been subjected to rigorous selec-
tion experiments to generate parasitic variants in these asexual nematode species.
Selection experiments witl. incognitaagainst theévli resistance gene of tomato
showed a slow, but progressive increase in the proportion of virulent nematodes
after each generation, suggesting a polygenic inheritance (31). However, this slow
progressive increase ofl. incognitavirulence onMi is in contrast with recent
selection experiments ofl. javanicaagainst theMi gene (137) andl. chitwoodi

on Solanum fendlericarrying the resistance gefenc2(76). These latter ex-
periments produced complete virulence after only one or two selection cycles
of reproduction of nematodes on resistant plants. Such apparent ease to select
for virulence suggests a simple inheritance of the virulence character, possibly
monogenic recessive as observed in many other resistance-breaking pathogens
(121). On the other hand, it has also been observed that for certain R-genes the
selection of virulent lines fails. Selection for virulenceMnincognitaagainst two
autodiploid resistantlinesin pepper, HD149 carryingttfe8gene and HD330 car-

rying theMelgene, showed that onMe3-virulent populations can be obtained,
whereas théVlel gene cannot be circumvented, despite strong selection pres-
sure (29).

One strategy to isolate and characterize (a)virulence gene products is to con-
struct a linkage map and to screen for tightly linked markers, which can be used as a
starting point for positional cloning of (a)virulence genes. This approach has been
initiated for H. glycines(15) andG. rostochiensig112). ForG. rostochiensis
a novel type of linkage analyses was developed involving a “pseudo-F2" map-
ping strategy. This approach enables linkage mapping in non-inbred species for
which individual genotypes are not accessible for extensive marker analysis. This
pseudo-F2 mapping strategy resulted in nine linkage groups, which correspond
to the nine chromosomes &. rostochiensig112, 113). The maximum genetic
length ofG. rostochiensisvas estimated to approximate 650 cM and the estimated
physical size was estimated ak8.0’ bp, similar to the genome @. elegans The
low kilobase/centimorgan (kb/cM) ratio of ti&doboderagenome should facilitate
the positional cloning of nematode (a)virulence genes.

The advantage of positional cloning is that it requires no assumptions with
regard to the molecular nature of the (a)virulence gene product. However, this
approach is not feasible for parthenogenic species sukh ognita The only
way to isolate (a)virulence genes frakh incognitais by rigorous differential
molecular analyses of virulent and avirulent lines. Fortunately, various near-
isogenic lines ofM. incognitahave been developed that differ in their ability
to overcome theéMi resistance gene (30). Two-dimensional gel electrophoresis
of soluble proteins and DNA fingerprinting techniques have revealed a number of
interesting polymorphisms between these virulent and avirulentlines (30, 117). As
these avirulence genes are cloned and identified, their products may be expressed
in planta in aMi background to evaluate function in the form of incompatibility
(i.e. a hypersensitive response).
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Not all plant resistance to nematodes can be explained by a classical gene-for-
gene relationship with dominant resistance genes in the plant and dominant avir-
ulence genes in the nematodes. For example, the interaction bativgbrcines
and soybean may deviate from this model (144). Analysis of inbred lines of
H. glycinessuggests that single independent recessive genes govern nematode
ability to reproduce on two resistant soybean genotypes, and an independent dom-
inantH. glycinesgene confers this ability on a third resistant soybean genotype
(45). Another example is resistance in carrot agdihshapla where resistance
is mediated by two recessive genes (133).

At present, the products encoded by nematode (a)virulence genes remain a
mystery. It may be useful to conceptualize the products of nematode (a)virulence
genes as being analogous to those defined in bacterial pathogens of plants. It has
been demonstrated that the products of some bacterrigenes actually are slight
modifications of gene products necessary for successful infection (parasitism) of
plants (33, 75a). Likewise, modification of the products of parasitism genes of
nematodes may give rise to molecules that are recognized directly or indirectly
by corresponding plant resistance genes to promote avirulence. Conversely, gene
products that confer avirulence in nematodes may have no mechanistic role in the
process of parasitism by nematodes, but they can interact directly or indirectly with
specific plant resistance genes during the parasitic interaction. It should also be
considered that the products of some nematode parasitism genes may act to directly
or indirectly suppress plant defense responses, and that alterations or deletions of
these nematode gene products may promote incompatibility.

STRUCTURE, REGULATION, AND FUNCTIONAL
ANALYSIS OF PARASITISM GENES

The developmental regulation and the detailed characterizations that have been
conducted with genes cloned from the esophageal gland cells of plant-parasitic
nematodes make them good models for analysis of gene structure, regulation, and
function. Thesec1 cDNA of M. incognitg a putative myosin heavy chain peptide,
was the first transcriptidentified from the esophageal gland cells of a plant-parasitic
nematode (105). The structure of the corresponsiégg. gene contained nine short
introns that show an average AT content of 77%. Intron size and composition, as
well as splice sites and the polyadenylation signal®l, were similar to features

of genes ofC. elegang21). mj-cm1, the putative chorismate mutase gene isolated
from the esophageal glandsMf javanica(88), contains two introns and at least
one splice site that closely matches the consensus splice sequelicel@gans

The mRNA of bottsec1 andmj-cm1 were found to b&rans-spliced with a leader
sequence (SL1) commonly found in transcript€oglegangnd other nematodes
(19,21). The spliced leader skc-1 however, had one nucleotide substitution
compared to SL1 and was designated as SL1M (86, 105), and this same SL1M
spliced leader was also found oij-cmt1 (88). Both the canonical SL1 and SL1M
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have been detected in other genes expressed Wwithjavanica(86). The potential

utility of the spliced leader sequence in an expressed-gene cloning strategy has
been demonstrated in the construction of cDNA libraries from parasitic nematodes
(20, 88). How useful this strategy will be in cloning expressed parasitism genes in
plant nematodes is unclear since relatively few full-length transcripts from plant-
parasitic nematodes have been analyzed to date.

The nematode cellulase genes have been characterized in depth in terms of
structure and expression. The deduced protein sequences of the ENG-1 and ENG-2
catalytic domains are highly conserved (from 80% to 97% identity) withiros-
tochiensisandH. glycines(123). Inter-genus comparisons revealed 72% to 78%
nucleic acid identity between the catalytic domainsieteroderaandGlobodera
cellulases (123), but only 48% nucleic acid identity betweermMbmidogynecel-
lulase catalytic domains ardj-engl (110). The 5flanking regions of the four
cyst nematode cellulase genes had signature sequences typical of eukaryotic pro-
moter regions, including TATA boxes, bHLH-type transcription factor binding
sites, and putative silencer, repressor, and enhancer elements (142). No con-
spicuous similarity was found between theflanking regions ofhg-engl and
hg-eng2. In contrast, the’Slanking region ofyr-eng1 andgr-eng2 were highly
similar, with 88% nucleic acid identity in the 322-bp region preceding the putative
transcription start point. All four cyst nematode cellulase genes have the same,
rarely used polyadenylation and cleavage signal sequéf@ABAAA-3'.

The cellulase genes &. rostochiensiandH. glycines as well as six genomic
fragments of cellulase genes isolated frnincognita are interspersed by in-
trons, which are similar in size to those ©f elegangdMN Ros® & P Abad,
unpublished data; 142). No interspecific sequence homology is found among in-
trons of nematode cellulase genes, but in contrast, conserved sequence homologies
do exist between corresponding introns of different cellulase genes within a nema-
tode species. Although the number of introns is significantly different between cyst
and root-knot cellulase genes, the intron positions in the encoded cellulase peptide
sequence are identical. In addition, the cellulase genes appear to be present in
multiple copies in the genomes of cyst and root-knot nematodes. The presence of
highly conserved introns in several genes suggests that the multiple copies evolved
at least partly by an amplification process from a common ancestor gene. In all
cyst and root-knot cellulase genes reportasisplicing mainly uses the consensus
splice site sequence GU-AG (21). Only afew introns use GC aspliging donor
sequence instead of GU (142). cDNA analysis has shown thatahespliced
SL1 or SL1M sequences found in some transcripts of plant-parasitic nematode
genes are absent from nematode endoglucanase cDNAs (110, 123).

Extensive expression analyses have been conducted with the endoglucanase
genes ofH. glycines In situ hybridizations using riboprobes specific for the
engl andeng?2 cellulase transcripts suggest that both cellulaskss glycinesare
expressed in concert in postembryonic developmental stages (38). Cellulase tran-
scripts first appear in the SvG of J2 within the eggshell shortly before hatching and
remain abundant until the start of the third-stage (J3) male and female life stages
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of H. glycines Cellulase gene expression is not detected in late-J3 male or female
life stages or in any subsequent developing female stage. Interestingly, however,
cellulase gene expression is re-initiated in the SvG of fourth-stage (J4) and adult
males ofH. glycines Contrary to observations in femalestdf glycines cellu-

lase mMRNAs were detectable by RT-PCR in adult femaldd.dhcognita(110).

A potential role ofM. incognitacellulases in the formation of a canal through
root gall tissue for deposition of eggs onto the root surface appears plausible but
has yet to be demonstrated. At the protein level, the expression profile of the
two types ofH. glycinescellulases was confirmed with specific antibodies (38).
These expression profiles are similar to previously performed Western blot (122)
and immunohistochemical analyses (36)@f rostochiensis Specific antisera
were also used to detect HG-ENG2 secreted in planta along the migration path of
H. glycinesJ2 in soybean roots (135). The data on cellulase expression and
secretion in planta are probably sufficient to postulate that cellulases aid in ne-
matode penetration, migration, and emigration of host roots, and consequently,
are involved in mediating plant parasitism. However, in plant nematology, “proof-
of-concept” of gene/protein function is difficult to achieve due to a lack of a func-
tional mutant analysis and complementation scheme. Plant nematologists have no
options available at present to complete reverse-genetic approaches to determine
the effects of the disruption of wild-type genes. Furthermore, genetic approaches
are of limited use in most cases because of a lack of the necessary genetic variabil-
ity in available nematode populations. Only in the event that natural phenotypic
differences in parasitism are observable (i.e. avirulence) can genetic concepts be
explored and exploited (see above).

Modifications of functional assays used fGr elegansgenes are being ex-
plored to develop methods to determine the function(s) of isolated plant ne-
matode parasitism genes. An efficient transformation system for plant-parasitic
nematodes would allow the expression of cloned genes in different genetic back-
grounds (94). For example, a gene suspected to confer avirulence to a certain
host resistance gene could be expressed in virulent nematode strains, and the viru-
lence/avirulence of transgenic nematode lines could be assessed. Suspected regula-
tory regions of plant-parasitic nematode genes could be fused to reporter genes like
green-fluorescent protein (GFP), and promoter activities could be monitored non-
destructively throughout the nematode life cycle. Translational fusions to GFP
could potentially be used to temporally and spatially localize nematode gene prod-
ucts secreted into plant tissue (63, 94). Although the GFP-reporter approach would
not clearly document gene functions, it would, however, shed light on the expres-
sion patterns and perhaps in planta localization of products of genes-of-interest.
The activity of aG. rostochiensipromoter inC. elegansvas the first documented
evidence of promoter function from a plant-parasitic nematode (102). Putative pro-
moter regions have also been identified for the cellulase genes of cyst nematodes,
and the expression patterns of these genes suggest that the expression of these
promoters could be SvG-specific (142).0neleganstransformation is achieved
by microinjection of gene constructs into the gonads of the hermaphrodite (94).
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Transgenes are transmitted to the progeny as extrachromosomal arrays and, as
such, are transient. In a small percentage of cases, transgene(s) are integrated intc
a chromosome, which gives rise to a stable transgenic line. The transformation
protocols inC. elegansare not directly applicable to the obligate sedentary para-
sitic cyst and root-knot nematodes, unfortunately, so several alternative strategies
are being investigated to genetically transform these plant-parasitic nematodes.
One strategy involves the microinjection of male testiglofjlycinesand allow-

ing males to mate to noninjected females (CH Opperman, unpublished data). In
another attempt, J4 and adult femaledHofschachtiiare being injected with a
candidate transgene (TJ Baum, unpublished data). A third approach employs
a ballistic delivery of DNA-coated tungsten particles into embryonating eggs of

H. glycinesandM. javanica (Y Yan & EL Davis, unpublished data; P Abad,
unpublished data). Transformation of plant-parasitic nematodes with anti-sense
constructs of target nematode genes driven by appropriate promoters could be
used, in theory, to inhibit gene activity and establish proof-of-concept of function.

A second methodology to directly inhibit gene activity that is both power-
ful and efficient is double-stranded (ds) RNA-mediated interference (RNAI) of
gene expression as demonstrate@irlegang55). In this methodology, dsRNA
complementary to a gene-of-interest is injected into the target nematode. As a
consequence, activity of the gene-of-interest is transiently abolished in the treated
animal. Two distinct advantages provided by RNAi analyses include the follow-
ing: (@) The dsRNA does not have to be injected into the nematode germ line
to exert inhibitory effects in tissues distal to the injection site (i.e. RNAI does
not require successful transformation), abylthe inhibitory effects of injected
dsRNA can be realized in one or more subsequent nematode generations derived
from the injected parent. RNAIi designed to knock-out parasitism gene function in
nematodes can be assayed directly for its effects on plant parasitism. The limited
number of affected individuals recovered from RNAI treatment of nematodes, and
the inherent variability in plant root infection assays, make this approach tech-
nically challenging. It also will be important to monitor the effects of RNAIi by
MRNA in situ hybridization and/or antibody probes specific to the target gene and
product to confirm inhibition. This confirmation has been conducted successfully
in organisms other tha@. elegang114, 146). To date, dsRNA complementary
to hg-engl has been injected into developing femalesiochachtii(TJ Baum,
unpublished data) and dsRNA complementaryniecbp 1 has been injected into
developing females dfl. incognita(RS Hussey, unpublished data). Progeny were
tested for changes in either cellulase expression or nematode parasitism, respec-
tively. At the time of writing, no evidence of a functional RNAi scheme has been
obtained for plant-parasitic nematodes.

An alternative method to assess gene function is to identify specific inhibitors
(effectors) that alter the activity of nematode parasitism gene products. Molecules
that bind to and inactivate cyst nematode cellulases are being assayed for their
effects on plant parasitism, and additionally, such strategies may be progenitors
of novel nematode control mechanisms in crop plants (see below). Conversely,
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transformation of plant cells with putative nematode parasitism genes driven
by appropriate promoters may be used to monitor observable effects of the ex-
pressed nematode gene on plant cell phenotype. This type of analysis has recently
been conducted successfully to demonstrate that a bactéaatiiomonas cit}i
pathogenicity genepthA) can elicit plant cell division, enlargement, and death
when expressed in recipient plant cells (47). It is also conceivable that the ex-
pressed products of nematode parasitism genes could be microinjected into plant
cells to assess effects on plant cell phenotype (72). It is unknown, however, if the
plant cell targets of the products of nematode parasitism genes are extracellular,
within the plant cell cytosol, or localized within any number of subcellular com-
partments. Plant cell targets for the products of nematode parasitism genes may
be isolated by using the putative nematode parasitism gene in a modified yeast
two-hybrid screen with cDNA from healthy host plant cells (54). Most recently,

an elegant assay has demonstrated that a low-molecular-weight pe3i#®a)
component of the stylet secretions®f rostochiensigould co-stimulate the pro-
liferation of tobacco cell protoplasts in the presence of phytohormones (65). This
suggests that the activity of plant constituents (i.e. signal molecules) is critical to
the parasitic interaction, and that the products of nematode parasitism genes may
be processed or may be components of biosynthetic pathways.

ORIGINS OF PARASITISM GENES

Genes evolved from nematode ancestors of contemporary species are one likely
origin of nematode parasitism genes. In this regard, the value of the information
generatedinth€. elegan$senome Sequencing Project (27) to identify genes basic

to the biology of plant-parasitic nematodes cannot be overemphasized. Itis already
clear that som&. eleganggenes match those identified in plant-parasitic nema-
todes (EL Davis, RS Hussey & TJ Baum, unpublished data; G Smant, A Schots &
J Bakker, unpublished data). In other instances, however, such as the cellulase
genes of cyst and root-knot nematodes, no significant similarity t€Carjegans

gene can be found. It is unclear, at present, to what extent genes identified in
C. elegansnay have been adapted for plant parasitism, and to what extent genes
for parasitism may potentially have been acquired from other sources. Itis likely
that genes fundamental to the life cycle of all nematodes are similar between
C. elegansand parasitic nematodes, and that orthologues of sel€:tetegans
genes may be isolated from plant nematodes by direct molecular analyses. For
example, genes for putative guanylyl cyclase chemorecemgoygénes) cloned

from H. glycineq(141) have strong similarity to the conserved catalytic and single
transmembrane domains©f elegans gcgenes (145). The putative extracellular
(receptor) regions of the guanylyl cyclases$bfjlycinesare significantly diverged
fromthose ofC. eleganshowever, leading to speculation that theglycinesGCY

may be adapted to receive a plant signal. The largest group of genes discovered in
C. elegansare those encoding seven-transmembrane domain proteins, many of



NEMATODE PARASITISM GENES 383

which are putative chemoreceptors (8). This seems a fruitful area to investigate
potential chemoreceptors in parasitic nematodes. Orthologues of other candidate
genes fronC. eleganshat may be present in plant-parasitic nematodes include, for
example, genes involved in hatchirgel), dauer formationdaf), or sex determi-
nation &ol, her, fen), as has been suggested (15, 108). The search for orthologues
of these genes in tylenchid plant-parasitic nematodes has been frustrated, thus
far, by a lack of sufficient similarity in nucleotide sequence to obtain definitive
homologues of these genes by hybridization or PCR-based techniques. Consid-
erable sequence divergence in putative orthologues of these genes may be partly
responsible for these phenomena since, in one estimate, the Rhabditida and Ty-
lenchida are separated by an evolutionary distance of more the 300 million years
(100). Arecent molecular evolutionary analysis of the Nematoda suggests that the
tylenchids are more closely related to the cephalobids than to the rhabditids (18).
This same molecular phylogeny also suggests that plant parasitism may have arisen
independently at least three times during the course of nematode evolution. The
presence of similar cellulase gene®aratrichodorusand several tylenchid nema-
tode species suggests, however, that some genes from an ancient ancestor of all of
these nematodes may have been retained in all lineages leading to plant parasitism.
In theory, two evolutionary pathways may have led to the predicted phyloge-
netic position of the nematode cellulases (Figure 2). First, the genes encoding the
nematode cellulases and bacterial cellulases may have evolved from an ancient
cellulase gene in a common ancestor of bacteria and nematodes. The catalytic
domains in glycosyl hydrolases that are categorized into the same gene family
are thought to have evolved from a common ancestor (68). Members of the same
gene family share their secondary and tertiary protein structure, the stereochemical
outcome of the hydrolysis reaction, and biochemical specificity. This observation
implies the existence of a strong evolutionary constraint on these enzymes. An
unprecedented sequence convergence to the extent found between bacterial and
nematode cellulases, however, is a very unlikely explanation (46). The nematode
endoglucanases clearly show the highest similarity with bacterial endoglucanases,
which could also point to a horizontal gene transfer from bacteria to an ancestor of
the cyst nematode species. Interestingly, some of the tentative cases of horizon-
tal gene transfer between bacteria, fungi, and plants include glycosyl hydrolases
(32,103). ltis not likely that several independent transfers have taken place af-
ter the divergence dB. rostochiensis, H. glycineandM. incognitabecause of
the conserved intron positions in the genes (110, 142). No additional clues for a
horizontal gene transfer are present in the current data. The mel@r@ntent
of the coding regions of the nematode endoglucanases are within the range of
that in bacterial endoglucanasé&s\finia spp. andPseudomonaspp.), but is not
deviant from the molar &C content normally found in nematodes (123, 142). In
addition, the nematode endoglucanase genes have introns, splicing features, and
flanking regions that show a eukaryotic signature. This means that any speculation
on a horizontal transfer of the cellulase into the nematode genomes is based on
primary amino acid sequence only. The recent discoveries of cellulase genes in
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Figure 2 Phylogenetic analysis of beta-1,4-endoglucanases of glycosyl hydrolase fam-
ilies 5 (GH-5) and 9 (GH-9). The initial alignment of the amino acid sequences of the
catalytic domains of the cellulase genes was made using the Clustal W1.7 algorithm. The
phylogenetic tree was constructed based on maximum parsimony (PROTPARS) criteria.
No outgroup for both GH-5 and GH-9 cellulases is known, hence, the tree is unrooted.
Relative support for the different nodes was assessed using 500 bootstrap replicates with
9 random additional replicates for each bootstrap replicate. The cellulases are indicated
using either their gene names (nematode cellulases) or their primary accession numbers.

other species of plant-parasitic nematodes (see above), in termites (128), and in
crayfish (26) will aid in comparative analyses to test the hypothesis of an ancient
horizontal gene transfer between bacteria and nematodes.

It is impossible to provide conclusive evidence for a horizontal gene transfer
from one organism to the germ line of another organism. Therefore various lines
of evidence are usually necessary to build a convincing case. Examples of putative
cases of horizontal gene transfer have been described from prokaryote to prokary-
ote, from eukaryote to prokaryote, and from prokaryote to eukaryote (124, 126).
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In practice, the transfer of genetic material between bacteriophage and bacteria,
or betweerAgrobacteriumand host plant cells, represents our (now routine) ex-
ploitation of natural gene transfer. However, there is no confirmed example of
acquisition of a gene by horizontal transfer from bacteria or fungi to an animal.
No obvious physical mechanism is apparent for potential gene transfer from bac-
teria to nematodes, although it is plausible that genes were (somehow) procured
and retained in a bacterial-feeding ancestor of modern nematodes. The apparent
transfer of double-stranded RNA (dsRNA) across the gut oélegansafter in-
gestion ofE. coli producing the dsRNA, and the resultant dsRNA suppression of
the complimentary gene in distal target tissues within the nematode (127), may
suggest that genetic material could have been transferred in some similar fash-
ion during evolution. Alternatively, the potential presence of bacterial symbionts
in nematode ancestors, such as Webachiasymbiont present in some filarial
nematodes (16), may represent a source for transfer of bacterial genes to nema-
todes. Bacterial symbionts within the esophageal gland cells or other tissues of
contemporary plant-parasitic nematodes, however, have not been detected.
Recent discoveries that other genes expressed in the esophageal gland cells of
plant-parasitic nematodes have their strongest similarities to bacterial genes lend
support to the hypothesis that parasitism genes in plant nematodes may have been
acquired, at least in part, by gene transfer from microorganisms that inhabit the
same parasitic niche. Thmj-cm1 andmi-cbp1 genes both have their strongest
similarities to bacterial genes (42, 88). Complementation of a bacterial mutant with
mj-cm1 has been used to provide functional analysis of this gene (88) and may be
indicative of the bacterial origin of this gene. Some ESTSs recently analyzed from
the esophageal gland cell-specific cDNA libraried/bfincognitaandH. glycines
have their strongest similarities to bacterial genes, and hybridizations of a subset
of these ESTs on Southern blots of nematode DNA provide preliminary evidence
that the expressed gland genes are of nematode origin (EL Davis, RS Hussey &
TJ Baum, unpublished data).

TARGETING THE PRODUCTS OF NEMATODE
PARASITISM GENES

Understanding the origins, structures, and functions of the products of nhematode
parasitism genes will undoubtedly present new targets to interfere with nematode
parasitism of plants. Nematode attack of plants may be thwarted when the ne-
matodes are still in the soil, or alternatively, new mechanisms of defense may be
introduced (bioengineered) into plants for nematodes to encounter as they para-
sitize prospective hosts. It is conceivable that adaptive processes like nematode
egg hatch and chemotaxis (and the gene products that control them) may be vul-
nerable to target-specific chemicals, bioengineered rhizosphere microorganisms,
or transgenic plants that exude inhibitory compounds (81, 98). Most effort to date,

however, has focused upon the disruption of nematode feeding in transgenic plants,
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and readers are referred to two recent reviews on this topic (3,132). Efforts to
isolate natural plant resistance genes, and their corresponding nematode virulence
genes, seek to transfer natural resistance genes into new plant genotypes and/or
to modify the resistance to make it more broad-spectrum and durable. Efforts to
develop novel transgenic mechanisms of resistance to nematodes in plants must
combine appropriate temporal and spatial expression with carefully selected effec-
tor transgenes. Effector transgenes that target plant processes to disrupt feeding
site formation by nematodes must be very tightly expressed to avoid damage to
the plant or potential gene silencing in subsequent plant generations. Transgenes
that target nematodes should be relatively innocuous to plants, but they must be
chosen wisely to avoid potential harmful effects to nontarget organisms (including
humans) and the environment, and to prevent the rapid evolution of nematode
genotypes that are resistant to the effector. The use of expressed toxins, for exam-
ple, might be subject to both of these problems. The most successful nematode-
oriented strategy to date has been to target nematode gut proteinases with specific
inhibitors to purportedly disrupt proper digestion by feeding nematodes (3,91). A
modified oryzacystatin@c-1A86), expressed in transgenic plants, reduced both
the development and fecundity Gf rostochiensigandM. incognita(3).

The proteinase inhibitor approach targets a basic component of nematode
metabolism as opposed to a fundamental adaptation for plant parasitism. As
progress in the identification of nematode parasitism gene products proceeds, it
is envisioned that inhibition of multiple fundamental mechanisms of parasitism
by nematodes will present an effective and durable means to develop and de-
ploy transgenic plant resistance to nematodes. Attempts are already in progress
to inhibit the activity of nematode esophageal gland cell gene products that are
secreted into plant tissues during parasitism. These investigations serve both as
assays to infer nematode parasitism gene function and as potential means to de-
velop novel nematode management tactics. The expression of specific antibody
genes in plants (plantibodies) has been demonstrated to modulate the activity of
target molecules and to provide resistance to viral pathogens and phytoplasmas
(90, 125, 136). Plantibodies have been developed that bind specifically to a dorsal
gland antigen inM. incognita(10). Single-chain variable fragments (scFv) of
chosen antibodies are smaller molecules that can overcome potential difficulties
in antibody assembly in plants yet retain antibody binding specificity and affinity
(125). The ability to target scFv molecules to the intra- or extracellular spaces
of plant cells is an important advancement to direct plantibody activity to where
target nematode stylet secretions are released (116). ScFv plantibodies that bind
to specific esophageal antigensvhfincognitaandG. rostochiensitave been de-
veloped (111, 115) and transgenic plants are currently being evaluated. In addition
to plantibodies, the expression of inhibitory peptides that bind to and inactivate
nematode secretory gene products that are essential for plant parasitism represents
an alternative means to develop novel nematode control. Peptides are relatively
small molecules that can have high binding affinities and strong activities. Sev-
eral classes of naturally occurring plant defense peptides have been reported that
provide defense against both insects and pathogens (57). Synthetic and natural
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combinatorial libraries are emerging as reservoirs to be screened to obtain batteries
of new bioactive molecules that bind to and inactivate target molecules (12, 106).
This novel approach is now under way to identify peptides that inhibit the activity

of H. glycinescellulases (X Wang & EL Davis, unpublished data).

In theory, effector molecules may be designed to specifically interfere with the
interaction of any secreted nematode parasitism gene product and its host target
molecule. Itisinherently advantageous if the target of an effector is external to the
nematode body, so that potential barriers to ingestion or transport of effectors to
internal body tissues can be avoided. Studies suggest that the feeding tubes formed
within feeding cells ofMeloidogyneand Heteroderaspecies act as molecular
sieves (51, 74) and may limit the size of ingested compounds to less than 40 kDa
(22,63, 130)—an important consideration for effectors targeted to the nematode
gut. Likewise, effector molecules that target internal body tissues must be able to
cross the nematode body wall or gut lining to reach the appropriate internal tissues
to exert their effects. In contrast, access of effector molecules to products secreted
from the nematode, components of the nematode surface, or targets exposed to the
environment in natural body openings should be relatively unimpeded and present
a greater opportunity for successful intervention in nematode parasitism of plants.

CONCLUDING REMARKS

The cloning and characterization of genes that promote nematode parasitism of
plants is in its early stages, but already, some promising research directions and
unexpected results have been realized. Genetic analyses will be merged with phys-
ical maps of plant-parasitic nematode genomes to isolate nematode (a)virulence
genes, but it is unclear if these genes will represent a subset of modified parasitism
genes or if they will have functions unrelated to plant parasitism. Direct molecular
analyses of genes expressed in the nematode esophageal gland cells whose prod
ucts are secreted into plant tissue during parasitism is proving to be a fruitful area
of investigation. The isolation of nematode cellulase genes that are specifically
expressed in the subventral gland cells and demonstration of the secretion of the
cellulase into plant tissue is verification that the products of the glands are involved
in plant parasitism. A surprising result is that the nematode cellulase genes, and
several other genes cloned from nematode esophageal gland cells, have striking
similarities to microbial genes (84), suggesting that some nematode parasitism
genes may have been acquired by ancient horizontal gene transfer. If this tempt-
ing hypothesis is correct, it is likely that expanses of chromatin, rather than single
genes, would have been transferred to nematodes. As genetic and physical map-
ping of the genomes of plant-parasitic nematodes progresses, it will be interesting
to see if functionally coupled nematode parasitism genes are clustered within the
genome (97). Initial evidence of the genome organization of the cellulases genes
of H. glycinesindicates that at least two cellulase genes are present in tandem
(Y Yan & EL Davis, unpublished data). If expanses of chromatin have been
acquired from microbial sources, it may be considered that all or part of some
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“pathogenicity islands” (33) may have been exchanged and usurped for nema-
tode parasitism of plants. The application of genomics to the study of nematode
parasitism genes will help to address these questions and allow the isolation of
additional nematode parasitism genes to progress. The development of efficient
assays for functional analysis of isolated parasitism genes will be of paramount
importance to understanding the evolution and complexity of plant parasitism by

nematodes.
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