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  Abstract   Nematodes are parasites of plants and animals that have evolved diverse 
and often specific mechanisms to promote a given parasitic lifestyle (Baldwin 
et al.  2004 ; Jasmer et al.  2003) , including modifications of developmental and 
reproductive potential, dissemination amongst and location of primary or alternate 
hosts, and survival strategies in the absence of a suitable host or favorable envi-
ronment. The genetic pathways underlying these lifecycle adaptations may have 
parallels 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 structures that 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 ), a protrusible oral spear, is the primary adaptation that allows all 
plant-parasitic nematodes to breach the plant cell wall to access host cell nutrients, 
which is essential 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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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 al.  2004, 2008 ; Jasmer et al.  2003 ; Maizels et al. 
 2004) . Potential origins of interacting molecules from the nematode include a 
dynamic surface coat and natural openings such as the 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 organs to be directly 
involved in adaptations for plant parasitism. Most notably, the esophageal gland 
cells in 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 al.  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 

  Fig. 1    Illustrations 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       
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nematode parasitism genes (Baum et al.  2006 ; Davis et al.  2004, 2008 ; Jasmer et 
al.  2003 ; Mitchum et al.  2007 ; Van Holme et al.  2004) .  

  2 Parasitism Gene Discovery  

 Early investigations of plant-parasitic nematode secretions were biochemical in 
nature out of necessity and included elegant experiments that provided insights valu-
able to this day (Bird  1968 ; Hussey  1989 ; Veech et al.  1987) . The difficulties in 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 al.  1994) , respectively, provided increased 
quantities of secretory proteins for direct analyses and 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 al.  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 al.  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 ) Esophageal 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 al.  1998)  in secretory granules synthesized within the 
subventral esophageal gland cells of a SCN J2. ( c ) Immunolocalization of beta-1,4 endoglucanase 
(green fluorescence) secreted from an infective SCN J2 along its path of intracellular migration 
through a soybean root. Reprinted from Wang et al.  (1999)  with permission from APS Press       
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monoclonal antibody MGR48 (De Boer et al.  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 al.  1998) . This discovery was able to 
confirm a point of origin of these cell wall-modifying enzymes as suggested in earlier 
investigations (Deubert and Rohde  1971) . The cyst nematode cellulases were the first 
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 al.  2007 ; Ledger et al.  2006 ; Keen and Roberts  1998) . A technique devel-
oped for mRNA in situ hybridization in plant nematodes (De Boer et al.  1998)  and 
polyclonal 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 sera were subsequently 
used to confirm for the first time (Wang et al.  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 era of 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 
specifically within the nematode esophageal gland cells (Lambert et al.  1999) . 
Interestingly, the root-knot nematode CM was also most similar to genes in bacteria, 
and expression of  Mjcm1  in bacteria complemented a CM-deficient mutant (Lambert 
et al.  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 al.  1998)  and one 
endoglucanase gene ( Hg-eng -5) that lacks any introns (Gao et al.  2004a) . Furthermore, 
multiple endoglucanase genes within close genomic proximity (Yan et al.  2001)  
suggested the potential for “pathogenicity islands” 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 al.  1997) , was exploited to compare cDNA-AFLP profiles derived from nema-
todes in each treatment (Qin et al.  2000) . A number of differential transcript-derived 
fragments (TDFs) were identified among the different  G. rostochiensis  treatments, and 
a useful program (GenEST) was designed to cross-reference the TDFs to expressed 
sequences tags (ESTs) derived from cDNA libraries (Qin et al.  2001) . In situ mRNA 
hybridization was conducted with  G. rostochiensis  clones that were differentially 
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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 al.  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 mRNA and generate cDNA libraries that profiled esophageal gland 
gene expression throughout the parasitic cycle (Gao et al.  2001a,   2003 ; Huang 
et al.  2003,   2004 ; Wang et al.  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 al.  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 al.  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 al.  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 several methods of cDNA synthesis, usu-
ally 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 ESTs from  H. glycines  
were generated from discrete, stage-specific cDNA libraries, providing a global 
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developmental gene expression profile (Elling et al.  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 several 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 al.  2003) . As with 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 al.  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 al. 2008) and will undoubtedly identify genes not represented among 
the available ESTs. Annotation of these genomes will be crucial to identifying 
genes involved 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 al.  1991) . 
The developing genome sequence of plant nematodes should be instrumental in 
identifying candidate virulence genes. AFLP comparisons of isolates of  Meloidogyne  
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 proteins in 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 al.  2000 ; Gao et al.  2004a ; 
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 gene in 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 
constitutive expression of the transgene (Benfey and Chua  1990) , but the use of 
alternative promoters that provide more controlled expression of the transgene 
should also be considered. Chemical-inducible promoters (Bohner et al.  1999 ; 
Padidam et al.  2003 ; Zuo et al.  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 genes in  Agrobacterium tumefaciens  or in viral 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 whole 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 al.  2000 ; Doyle and 
Lambert  2003 ; Huang et al.  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 al.  2006a) . 

 Gene silencing using RNA interference (Fire et al.  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 al.  2002)  to ingest 
dsRNA in vitro as a component 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 al. 
 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 decrease in infectivity of host plant roots and reduced reproductive 
rate were observed after RNAi soaking of J2 stage  G. rostochiensis  in 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 al.  2007) . The RNAi soaking 
technique requires relatively harsh conditions, including 2–5 mg ml –1  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 genes that 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 development 
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 al.  2004)  
may be translocated to nematode feeding sites by introducing expression constructs 
in shoot tissues. Since the size exclusion limit (Urwin et al.  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 ; 
Davis et al.  2004) . Double-stranded RNA of ingestible size may be produced, how-
ever, via the inherent RNAi machinery of host cells that includes a DICER enzyme 
to digest dsRNA into small interfering RNAs (siRNAs) 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 developmen-
tal processes (Yadav et al.  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 crops that 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 ( 16D10 ) that encodes a product that interacts with a plant 
transcription factor (Huang et al.  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  16D10  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 nematodes 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 majority of candidate plant nematode parasitism genes identified to date 
encode polypeptides that are predicted to be secreted from the nematode esopha-
geal gland cells into plant tissues via the 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 al. 
 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 II carbohydrate binding domain (CBD) and  eng-2  which did not. The transcripts 
and translated products of the cyst endoglucanase genes were produced exclusively 
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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 al.  1999 ; Goellner et al.  2000) . Secretion of cyst nematode endoglucanase was detected 
during intracellular migration within host roots (Wang et al.  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 
cell wall modifications of these cells (Goellner et al.  2001) . Expressed endoglucanase 

  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 roles in the formation of specialized 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 localization 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       
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genes were subsequently identified in a number of plant-parasitic nematode species 
(summarized in Mitchum et al.  2007 ; Vanholme et al.  2004) , and in all 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 al.  2000 ; Gao et al.  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 al.  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 polygalacturonase have been isolated from several nematode spe-
cies (summarized in Vanholme et al.  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 al.  2005)  and pectate lyase (Kikuchi et al. 
 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 eggshells is also curious (Gao et al.  2002)  and may reflect an adapta-
tion to mitigate concurrent infection by organisms with chitin-containing walls. 
The first expressed xylanase (Mitreva-Dautova et al.  2006)  and beta-galactosidase 
(Vanholme et al.  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-exp1 ) 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  
(Kudla et 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 sliding of fibrils past each other (Cosgrove  2000) . Expansin activity in 
plant cells was confirmed in proteins derived directly from PCN as well as from the 
expressed  GR-exp1  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 al.  2005 ; Lambert et al.  1999)  
and cyst nematodes (Gao et al.  2003 ; Jones et al.  2003)  express parasitism genes 
encoding chorismate mutase, a pivotal enzyme in the shikimate pathway that converts 
chorismate to prephenate (Romero et al.  1995) . The activity of chorismate mutase is 
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 a down-regulation of plant defense 
against 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 (Bekal et al.  2003 ; Lambert et al.  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 al.  2003) , and another 
annexin without signal peptide has been isolated from the amphids and other tissues 
of  Globodera pallida  (Fioretti et al.  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 oxalate; 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 
phospholipid-binding proteins with a wide range of reported functions (Clark et al. 
 2001) , and several known activities of annexin are related to the phenotype of the 
nematode feeding cells induced in hosts. Some annexins (Clark et al.  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 al.  2003) , suggesting that annexin introduced into host plant 
cells by nematodes may modulate the extreme modifications of cell walls observed 
in nematode feeding cells. Sensitivity to osmotic stress demonstrated in the  AnnAt1  
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 al.  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. This is 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 al.  2007b ; Tytgat et al.  2004) . DNA-binding domains are also 
predicted in some of the NLS-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 proteins with high similarity to proteins that bind 
to the small 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 al.  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 al.  2001) . Altered regulation of host feeding cell cycle 
is a primary 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 Skp1-
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 a domain 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 unique 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.  

  4.3.4 The 14-3-3 Protein Family 

 Two isoforms of a protein identified as a member of the 14-3-3 family were isolated 
from stylet secretions induced in vitro from J2 root-knot nematode (Jaubert et al. 
 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-
mordia and 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 also been localized within genital primordia of infective J2 (E.L. Davis, unpub-
lished). Interestingly, although the 14-3-3b protein was originally isolated from 
stylet secretions, no signal 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 allergen-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 al.  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 hypodermis is 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 are in 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 

11
  to C 

24
  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 al.  2000)  and exclusively in the subventral gland cells of J2 root-knot nematodes 
(Tytgat et al.  2005) . The SXP-RAL-2 family is limited, 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 al.  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 
the localized hyperplasia that is a hallmark of gall formation, cell cycle regulation in 
feeding sites, and other cytokinin effects stimulated in roots by root-knot nematodes 
(Lohar et al.  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 al.  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 (Gao et al.  2003) , was first isolated from a screen of an expressed  H. gly-
cines  gland cell-specific cDNA library for signal peptides that function in secretion 
(Wang et al.  2001) . Database searches of the complete predicted protein provided no 
significant homology, but the C-terminus of the SYV46 protein contained the consen-
sus domain of known CLAVATA3/ESR-like (CLE) plant signaling peptides (Olsen 
and Skriver  2003) . Plant CLV3 peptide regulates the balance of stem cell proliferation 
and differentiation in the shoot meristem through interactions with a CLAVATA1/
CLAVATA2 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 al. 2008; Wang et al. 
 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 a role in feeding cell differentiation in roots via direct 
interaction with a CLV1-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  rhg1  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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 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 al.  2003) . The mature 16D10 peptide contained only 13 amino acids 
and was immunodetected in secretions from the pre-infective juvenile stage of 

  Fig. 4    Localization of HG-SYV46 in  Heterodera glycines  and effects of  Hg-SYV46  expression in 
transgenic  Arabidopsis thaliana . ( a ) Polyclonal antibodies localized HG-SYV46 within the dorsal 
esophageal gland cell, its extension, and the gland cell ampulla at the base of the stylet (feeding 
spear) of a parasitic stage of  H. Glycines  dissected from a host plant root. ( b ) The developing shoot 
of a wild-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 internal 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 al. 1995 ) carrying more floral organs in 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 mm in  a , 1.0 mm in  b – d  and  f – h . Reprinted from Wang 
et al.  (2005)  with permission from Blackwell Publishing Ltd       
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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 al.  2006a)  provide the first evidence that a secreted 
nematode parasitism gene product may regulate host gene activity via binding 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 

  Fig. 5    Interaction of the root-knot nematode 16D10 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       
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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 obstacles to feeding, including migration through differ-
ent tissues and evasion of host defense (Hussey and Grundler  1998) . Emerging 
information on expressed genes in 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 al.  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.  1992a)  and likely requires suppression 
of host defense at some level since plant callose deposition is stimulated around the 
nematode stylet (Hussey et al.  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 al.  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 
cells induced for feeding within these sites are a unique adaptation to plant infection 
by nematodes. The growth and development of the sedentary stages of these species 
must be accommodated 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 al.  2004, 2008 ; Mitchum et al.  2007 ; Vanholme et al. 
 2004) . The products of these gland cells are directed for secretion from the nema-
tode stylet into the plant tissues in all 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 criteria in 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 major driving force in the evolution of plant parasitism by nematodes 
(Baldwin et al.  2004 ; Davis et al.  2000 ; Jasmer et al.  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 al.  2004) . In some respects, this transition is mirrored in the 
expression of some parasitism genes within the esophageal gland cells (Davis et al. 
 2004 ; Hussey  1989) . While the cell wall-modifying genes decrease in activity within 
the subventral gland cells during this transition, some subventral gland genes con-
tinue to be expressed throughout parasitism, and a few 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 as feeding sites develop suggests significant and diverse “regulatory” roles 
for these secretions in parasitism (Gao et al.  2003 ; Huang et al.  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 alleles 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 biological 
information relative to the plant–nematode interaction when an observable pheno-
type is 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 analysis 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. As with 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, 
as the specific effects of some RNAi soaking assays on nematode infectivity of hosts 
have been observed (Bakhetia et al.  2005a ; Chen et al.  2005 ; Rosso et al.  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 proteins into plant tissues by nematodes 
has been demonstrated in video and immunoassays (Doyle and Lambert  2003 ; 
Goellner et al.  2001 ; Jaubert et al.  2005 ; Wyss and Zunke  1986 ; Wyss et al.  1992 ; Wang 
et al.  1999) , the intracellular localization of nematode secretions within feeding cells 
remains a technical challenge. The demonstration of functional nuclear localization 
signals (Elling et al.  2007b)  and a nematode secretory peptide that can interact with a 
specific domain of a plant transcription factor (Huang et al.  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 treatise provide a launching pad for such further exploration.      
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