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Parasitism genes expressed in the esophageal gland cells of 
phytonematodes encode secretions that control the complex 
process of plant parasitism. In the soybean cyst nematode, 
Heterodera glycines, the parasitome, i.e., the secreted prod-
ucts of parasitism genes, facilitate nematode migration in 
soybean roots and mediate the modification of root cells 
into elaborate feeding cells required to support the growth 
and development of the nematode. With very few excep-
tions, the identities of these secretions are unknown, and 
the mechanisms of cyst nematode parasitism, therefore, 
remain obscure. The most direct and efficient approach for 
cloning parasitism genes and rapidly advancing our under-
standing of the molecular interactions during nematode 
parasitism of plants is to create gland cell–specific cDNA 
libraries using cytoplasm microaspirated from the eso-
phageal gland cells of various parasitic stages. By combin-
ing expressed sequence tag analysis of a gland cell cDNA 
library with high throughput in situ expression localization 
of clones encoding secretory proteins, we obtained the first 
comprehensive parasitome profile for a parasitic nematode. 
We identified 51 new H. glycines gland-expressed candidate 
parasitism genes, of which 38 genes constitute completely 
novel sequences. Individual parasitome members showed 
distinct gland cell expression patterns throughout the para-
sitic cycle. The parasitome complexity discovered paints a 
more elaborate picture of host cellular events under spe-
cific control by the nematode parasite than previously 
hypothesized. 

Additional keywords: microaspiration, plant-parasitic nematode. 

Secretions from parasites and pathogens are the primary 
functional and signal molecules at the host interface (Davis et 
al. 2000; Hussey 1989; Petnicki-Ocwieja et al. 2002). An intri-
cate exchange of molecular signals and responses between 
parasite and host occurs at this interface that changes in both 
temporal and spatial balance as the developmental needs of 
both "players" change during the interaction. Often, the true 
nature of these interactions can only be observed in vivo, espe-
cially in the case of obligate parasites such as phytonematodes. 
The majority of phytonematodes are parasites of plant roots, 
including the soybean cyst nematode Heterodera glycines, 
which causes an estimated $1 billion in U.S.A. soybean losses 

annually (Davis and Tylka 2000). Identifying vulnerable points 
in the parasitic cycle of H. glycines to target for disruption 
offers great promise to design management tactics to limit soy-
bean damage due to this pathogen. 

Understanding the complexity of the molecular signal 
exchange and response during host-parasite interactions has 
remained a daunting task, until recent advances in molecular 
biology and genomic science have allowed analyses of global 
gene expression on scales as small as a single cell (De Boer et 
al. 2002a; Karrer et al. 1995; Rekhter and Chen 2001). For sin-
gle-cell organisms such as pathogenic bacteria, analyses of 
gene products destined for secretion during interaction with the 
host can be analyzed on a "whole organism" scale (Petnicki-
Ocwieja et al. 2002). However, in multicellular parasites such 
as phytonematodes, whole organism analyses of secreted gene 
products may not provide specific information on molecules 
directly involved in parasitism. 

The most evolutionarily advanced adaptations for plant para-
sitism by nematodes are the products of parasitism genes ex-
pressed in their esophageal gland cells and secreted through 
their stylet (feeding spear) into host tissue and cells (Davis et 
al. 2000; Hussey 1989). Stylet secretions mediate nematode 
infection and parasitism of plants, and developmental changes 
in the secreted proteins occur during the parasitic cycle. The 
secreted products of the parasitism genes expressed in the 
nematode’s esophageal gland cells constitute in part or in total 
the “parasitome”, i.e., a subset of the secretome (secreted pro-
teins) of a parasite that mediates parasitism (based on the 
nomenclature of Greenbaum et al. 2001; Hussey et al. 2002). 
For phytonematodes the definition of parasitome is restricted 
in the narrow sense to secretions released through the stylet, 
because host plant cell modifications induced by these nema-
todes appear to be limited to cells coming in direct contact 
with their stylet (Hussey and Grundler 1998). The first mem-
bers of a phytonematode parasitome to be cloned were �-1,4-
endoglucanase (cellulase) genes expressed in the two subven-
tral esophageal gland cells of cyst nematodes (Smant et al. 
1998; Yan et al. 1998). These �-1,4-endoglucanase genes are 
developmentally expressed in the subventral gland cells in H. 
glycines (De Boer et al. 1999), and a �-1,4-endoglucanase has 
been determined to be secreted within soybean roots by para-
sitic juveniles during the intracellular migration phase of the 
infection process, confirming the in planta secretion of a para-
sitism gene product (Wang et al. 1999). 

Differential gene expression has been the most widely used 
method to clone parasitism genes expressed in the esophageal 
gland cells of phytonematodes but with only limited success 
(Ding et al. 1998; Lambert et al. 1999; Qin et al. 2000). Re-
cently, a direct and efficient cell-specific method for cloning 
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nematode parasitism genes was developed by microaspirating 
the cytoplasm from the esophageal gland cells (two subventral 
and one dorsal) of a range of H. glycines parasitic stages to 
provide mRNA for construction of gland-cell cDNA libraries 
using reverse-transcriptase polymerase chain reaction (RT-
PCR) (Gao et al. 2001a; Wang et al. 2001). Both suppression 
subtractive hybridization (Gao et al. 2001a) and signal peptide 
selection (Wang et al. 2001) of gland-cell cDNA libraries have 
provided a sampling of parasitism genes expressed within H. 
glycines, but these data suggested that a more comprehensive 
approach was necessary to obtain a complete profile of the 
nematode parasitome. As illustrated below, coupling expressed 
sequence tag (EST) analyses with techniques designed to iso-
late and characterize genes expressed exclusively within the 
esophageal gland cells of H. glycines has provided, for the first 
time, direct and surprising information on the complexity and 
dynamics of the parasitome of a multicellular parasite.  

RESULTS 

Analysis of a H. glycines gland library. 
The direct method of microaspirating the cytoplasm from 

esophageal gland cells of only 10 parasitic stages of H. gly-
cines provided sufficient mRNA to construct a gland-cell 
cDNA library representative of parasitism gene expression 
within the gland cells throughout the parasitic cycle. Macroar-
raying H. glycines gland cell cDNA clones on a nylon mem-
brane for indexing and subtraction with an intestinal cDNA 
library promoted efficient identification of unique candidate 
parasitism genes. High quality sequences were obtained for 
3,711 sequences, which produced 716 contigs representing 
2,198 sequences (leaving 1,513 singletons). The deduced pro-
tein sequences of 261 cDNAs from 3,711 cDNA sequences 
were predicted by SignalP to contain amino-terminal signal 
peptides to direct the proteins into the secretory pathway. The 
presence of the predicted signal peptides identified these eso-
phageal gland cell proteins as candidates for being secreted by 
the nematode and potentially having a biological function in 
the H. glycines–soybean interaction. These clones were se-
lected for in situ mRNA hybridization to confirm gland expres-
sion within nematode specimens. These analyses identified 53 
distinct cDNA clones that specifically hybridized to transcripts 
accumulating within the subventral (12 clones) or dorsal (41 
clones) esophageal gland cells of H. glycines (Table 1, Fig. 1). 
Fulfilling the two criteria of gland expression and encoding 
proteins with signal peptides (for potential secretion), these 
clones can be regarded as putative parasitism genes and their 
protein products as members of the H. glycines parasitome. 
Full-length cDNA sequences (from 5� cap to 3� polyA(+) tail) 
with predicted open reading frames were obtained for 51 can-
didate parasitism genes directly from the library. 5�–rapid am-
plification of cDNA ends (RACE) with a SMART race cDNA 
amplification kit (Clontech) was used according to manufac-
turer’s instructions to obtain full-length cDNAs for two clones 
(13C08 and 45D07). The full-length cDNA sequences for the 
candidate parasitism genes ranged in size from 439 to 1,937 bp 
(Table 1). The predicted proteins of several of the putative 
parasitism gene contig members differed slightly in amino acid 
identity and, therefore, represented gene families, e.g., pre-
dicted proteins of clones 10A07, 20G04, and 27D09 shared 86 
to 95% sequence identity (Table 1). Most interesting, PSI-
BLASTP analyses revealed 75% of the putative parasitism 
genes to encode novel protein sequences specific to H. glycines 
(E < 0.005). While 62% of all predicted H. glycines gland cell 
proteins had homologues in the free-living nematode Caenor-
habditis elegans, only 9% of the products of the putative para-
sitism genes were homologous with proteins of C. elegans. 

None of the 53 putative parasitism gene cDNAs contained the 
nematode-conserved 22-nt trans-spliced leader (SL1) or deriva-
tives thereof (Blumenthal and Steward 1997; Ray et al. 1994).  

Developmental expression. 
Developmental expression patterns of the parasitism genes 

varied greatly throughout the H. glycines parasitic cycle (Table 
1, Fig. 1). While mRNA of most parasitism genes expressed in 
the subventral gland cells was usually detectable only in the 
nonfeeding preparasitic and migratory parasitic second-stage 
juveniles (Fig. 1A), transcripts of a few subventral gland cell-
expressed parasitism genes were also detected in feeding sed-
entary second-stage juveniles and later parasitic stages (Fig. 
1B). On the other hand, parasitism gene expression in the dor-
sal gland cell was usually restricted to the feeding sedentary 
parasitic stages (Fig. 1C through F, H, and I), with transcripts 
of only a few genes detectable in the dorsal gland cell in non-
feeding preparasitic and migratory parasitic second-stage juve-
niles (Fig. 1G). 

Secretory nuclear proteins. 
Fifteen of the predicted proteins of the putative parasitism 

genes were predicted by PSORT II to contain canonical nuclear 
localization signals (NLS) and to be targeted to the nucleus 
(Table 1). mRNA of three predicted nuclear proteins (4E02, 
10C02, and 17G06) was detectable exclusively within the two 
subventral gland cells (Fig. 1A and B), whereas mRNA of the 
remaining NLS-containing proteins was detectable only within 
the dorsal gland cell of H. glycines. Thirteen of the candidate 
secretory nuclear proteins were novel sequences with no signifi-
cant homology with characterized proteins in the databases 
(Table 1). Two others, 8H07 and 10A06, had significant similari-
ty to SKP-1 protein and a hypothetical rice protein, respectively.  

Other proteins with homologues in other organisms. 
Relatively few of the H. glycines parasitism gene products 

were similar to known proteins in other organisms. Four sub-
ventral gland–expressed genes were predicted to encode cell 
wall- and pectin-degrading enzymes; clones 6F06, 13C08, and 
26D05 had significant similarity to �-1,4-endoglucanases from 
nematodes, and clone 17C07 encoded a pectate lyase. The pre-
dicted product of clone 3B05, expressed in the subventral 
gland cells in the parasitic stages, consisted of only a cellulose-
binding domain and a signal peptide. Clone 2A05 encoded a 
venom allergen-like protein and clone 3D11 encoded a chiti-
nase, both of which were expressed in the subventral gland 
cells. Clone 45B07, which was expressed in the dorsal gland 
cell of all H. glycines life stages examined, encoded a choris-
mate mutase, a branch point enzyme in the shikimate pathway 
in plants. The predicted product of clone 4F01 was similar to 
an annexin, also expressed in the dorsal gland cell of parasitic 
stages. Two other dorsal gland–expressed clones, 3H07 and 
4G06, encoded secretory ubiquitin proteins.  

DISCUSSION 

Although it is currently not possible to predict the number of 
parasitism genes in H. glycines, we expect only a small frac-
tion of the estimated 15,000 to 20,000 protein-coding genes 
(based on the approximately 19,000 protein-coding genes of C. 
elegans [The C. elegans Sequencing Consortium 1998]) of a 
phytonematode to have a direct role in parasitism. Previously, 
only a very few parasitism genes have been identified, which 
was accomplished mostly in studies comparing gene expres-
sion between specific nematode stages or tissue (Ding et al. 
1998; Lambert et al. 1999; Qin et al. 2000). Therefore, a com-
prehensive analysis of the nematode parasitome requires a cell-
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specific approach involving a more direct analysis of gene 
expression in the nematode’s esophageal gland cells. Indeed, 
our discovery of an extensive suite of 53 putative parasitism 
genes, of which 51 were previously unidentified, validates our  
experimental strategy of directly targeting via microaspiration 
the gland cells of a range of parasitic stages coupled with EST 
analysis and in situ expression localization to obtain a compre-

hensive profile of the parasitome of H. glycines. Although 
some candidate parasitism gene products could possibly 
encode membrane proteins involved in the secretory pathway 
rather than proteins for actual secretion, none of the predicted 
products of the candidate parasitism genes contain transmem-
brane domains based on the TMHMM computer analysis used 
to predict transmembrane helices in proteins. 

Table 1. Summary of 53 candidate parasitism genes encoding proteins preceded by a signal peptide for secretion and expressed exclusively within the 
esophageal gland cells of Heterodera glycines. 

     Gland expressiond 

Clonea Accession no.b FL/ORF (bp)c Highest protein similarity BLASTP score/E value Pre-J2 Par-J2 J3-A 

2A05 AY028639 683/439 MI-MSP-1—Meloidogyne incognita 114/1e–24 SvG SvG SvG 
2B10 AF273728 607/420 Gland cell protein—H. glycines 0 –f DG DG 
2D01 AF469057 711/558 Pioneere  – DG DG 
3B05 AF469058 585/423 CBP - H. glycines 35/.19 – SvG SvG 
3D11 AF468679 1120/10533 Chitinase - Caenorhabditis elegans 274/2.7e–21 – SvG SvG 
3H07 AF473831 571/318 Ubiquitin extension—Nicotiana tobacco  136/5e–32 DG DG DG 
4D06 AF469063 750/615 Pioneer  – DG DG 
4D09 AF469061 738/501 Pioneer  DG DG DG 
4E02* AF473826 449/279 Pioneer  SvG SvG SvG 
4F01 AF469059 1174/1026 Annexin—C. elegans 242/4e–63 – DG DG 
4G05 AF473830 928/765 Pioneer  – DG DG 
4G06 AF469060 613/360 Hexaubiquitin—Helianthus annuus (85% 

identity to 3H07)g 
 
151/1e–36 

 
DG 

 
DG 

 
DG 

4G12 AF473827 621/417 Pioneer (91% identity  to 2B10)  – DG DG 
5D06* AF469062 1937/1470 Pioneer  – DG DG 
5D08* AF473828 693/441 Pioneer  – DG DG 
6E07* AF473829 1046/645 Pioneer  – DG DG 
6F06 AY043224 1333/1059 Cellulase—H. glycines 601/1e–170 SvG SvG  
7E05 AF500023 518/330 Pioneer  – DG DG 
8H07* AF500024 1457/1197 SKP1-like protein—Arabidopsis thaliana 94/3e–18 – DG DG 
10A06* AF502391 1239/927 RING-H2 zinc finger protein—A. thaliana 50/3e–05 – DG DG 
10A07* AF500021 837/729 Pioneer  – DG DG 
10C02* AF500017 449/279 Pioneer (92% identity  to 4E02)  – SvG SvG 
11A06 AF500015 673/561 Pioneer (91% identity  to 2D01)  – DG DG 
12H04 AF490244 1908/1614 Pioneer  DG DG DG 
13A06* AF500020 899/669 Pioneer (95% identity to 6E07)  – DG DG 
13C08 AF469055 1101/1002 Cellulase—H. glycines 270/1e–71 SvG SvG  
16B09 AF490246 676/555 Pioneer  – DG DG 
17C07 AF520566 957/792 Pectate lyase—H. glycines 461/e–129 SvG SvG  
17G06* AF490247 600/300 Pioneer  – SvG  
18H08 AF490248 632/399 Pioneer  – DG DG 
19B10 AF490249 782/666 Pioneer  – DG DG 
19C07 AF490250 660/333 Pioneer  – DG DG 
20E03 AF490251 654/579 Pioneer  – SvG SvG 
20G04* AF500022 816/648 Pioneer (95% identity to 10A07)  – DG DG 
21E12* AF500028 439/354 Pioneer  – DG DG 
22C12 AF500029 676/549 Pioneer (92% identity to 16B09)  – DG DG 
23G12 AF500033 605/321 Pioneer  DG DG DG 
24A12 AF500034 598/441 Pioneer  – DG DG 
25A01 AF500019 750/528 Pioneer  – DG DG 
25G01 AF006052 1600/1428 Hg-eng-1—H. glycines 0 SvG SvG  
26D05 AY101191 1125/1008 Cellulase—Pratylenchus penetrans 263/2e–69 SvG SvG SvG 
27D09* AY101190 851/708 Pioneer (86% identity to 10A07)  – DG DG 
28B03 AF500025 1500/1302 Pioneer  DG DG DG 
29D09 AF500016 757/615 Pioneer (95% identity to 4D06)  – DG DG 
30C02 AF502393 537/492 Pioneer  – DG DG 
30D08* AF500027 443/384 Pioneer (82% identity to 21E12)  – DG DG 
30E03 AF500035 675/558 Pioneer (98% identity to 16B09)  – DG DG 
30G12 AF500018 881/717 Pioneer (93% identity to 4G05)  – DG DG 
32E03* AF500036 701/588 Pioneer  – DG DG 
33A09 Ay125963 461/270 Pioneer  DG DG  
33E05 AF502392 684** Pioneer  DG DG  
34B08 AF500037 974/735 Pioneer  DG DG DG 
45D07 AF520565 928/819 Chorismate mutase—Globodera pallida 276/2e–73 DG DG DG 
a Clones with an asterisk encode secretory proteins with predicted nuclear localization signals. 

b Sequences submitted to GenBank with exception of AF273728 and AF006052, which were already in the databases. 
c Size of the full-length clone with predicted open reading frame (ORF) size; ** indicates not full length. 
d In situ hybridization of cDNA probes to mRNA specifically within the single dorsal esophageal gland cell (DG) or the two subventral esophageal gland 

cells (SvG) in preparasitic second-stage juveniles (Pre-J2), parasitic J2 (Par-J2), or parasitic J3, J4, or young adult stages (J3-A) of Heterodera glycines. 
e Novel transcript with no homology to any genes in the public databases. 
f Not detected. 
g Percent identity in the amino acid residues of predicted protein. 
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The SMART oligonucleotide system was used here to obtain 
the 5�-end of cDNA needed to predict the amino-terminal sig-
nal peptide sequence for secretion, while other studies have 
utilized the conserved splice-leader sequence at the 5� end of 
many nematode mRNAs during PCR amplification to create 
cDNA libraries enriched with full-length cDNAs (Davis et al. 
2000; Lambert et al. 1999). Even though approximately 70% of 
the mRNAs in C. elegans contain a splice leader (Blumenthal 
and Steward 1997), none of the H. glycines putative parasitism 
genes cloned in this study contained a trans-spliced leader, 
indicating a possible bias against cloning parasitism genes if 
the splice leader is used as a strategy for cloning gland-
expressed genes. 

The large proportion (75%) of pioneer putative parasitism 
genes we obtained here would probably have been overlooked 
as having potential roles in parasitism if present in a whole 
nematode EST data set, since data on developmental expres-
sion in the esophageal gland cells would not have been avail-
able. The suite of pioneer candidate parasitism genes discov-
ered may represent genes unique for parasitism of soybean by 
H. glycines, but this hypothesis is tempered by the limited 
number of gene sequences currently available in the databases 
from only a few species of phytonematodes. Nevertheless, 
BLASTX analysis of the H. glycines candidate parasitism 
genes with 37 Meloidogyne incognita candidate parasitism 
genes (Huang et al. 2003) revealed few similarities, suggesting 
that the molecular tools used by cyst and root-knot nematodes 
to parasitize plants may differ considerably. Furthermore, the 
discovery that only 9% of the putative parasitism genes have 

homologues in C. elegans suggests that this model nematode 
has limited usefulness in studying nematode adaptations for 
plant parasitism. 

The prediction by PSORT II that 15 H. glycines gland-
expressed genes encoded secretory proteins targeted for 
nuclear import makes these putative parasitism genes intrigu-
ing candidates for further functional analyses. Nuclear import 
is primarily mediated by NLSs, which are short polypeptide 
regions enriched in the basic amino acids arginine and lysine 
(Hicks and Raikhel 1995; Merkle 2001). Of the three recog-
nized classes of NLSs that have been characterized, nuclear 
import sequences of the SV40-like and the bipartite classes 
were present in the predicted nuclear proteins encoded by the 
putative parasitism genes. Since the predicted nuclear proteins 
were preceded by an amino-terminal signal peptide for target-
ing the proteins to the secretory pathway, these proteins are 
presumably precluded from entering the nucleus of the H. gly-
cines esophageal gland cells in which they were synthesized. 
Indeed, these predicted secretory nuclear proteins are potential 
candidates for H. glycines secretions that could enter the nu-
cleus of a host cell following delivery into the cell through the 
nematode stylet to regulate soybean root cell phenotype during 
parasitism. Both types of esophageal gland cells in H. glycines 
expressed genes encoding the predicted secretory nuclear pro-
teins, of which 87% were novel proteins. Other pathogens and 
parasites are known to release nuclear-targeted proteins into 
host tissue. For example, pathogenicity proteins containing 
NLSs have been identified for bacterial plant pathogens, such 
as Xanthomonas species (Yang and Gabriel 1995). Also, Tri-

 

Fig. 1. Hybridization of digoxigenin-labeled antisense cDNA probes (dark staining) of parasitism gene clones to transcripts expressed exclusively within 
the subventral or dorsal esophageal gland cells of Heterodera glycines. Clone 17G06: A, migratory parasitic second-stage juvenile and B, parasitic third-
stage juvenile. Clone 4G12: C, parasitic second-stage juvenile and D, parasitic fourth-stage juvenile. Clone 16B09: E, parasitic second-stage juvenile and
F, parasitic fourth-stage juvenile. Clone 28B03: G, preparasitic second-stage juvenile, H, parasitic second-stage juvenile, and I, parasitic fourth-stage 
juvenile. DG = dorsal gland cell, M = metacorpus, and SvG = subventral gland cells. 
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chinella spiralis, an animal parasitic nematode, releases an 
antigen that localizes to nuclei in infected host muscle cells 
(Yao and Jasmer 1998). 

Homologues of the putative parasitism genes in other organ-
isms may provide some insight into the function of the proteins 
in the H. glycines–soybean interaction. The predicted product 
of clone 3B05 consisted of only a signal peptide and a cellu-
lose-binding domain, which had 34% identity with the cellu-
lose-binding domain of the H. glycines endoglucanase HG-
ENG-1 (Smant et al. 1998). A cellulose-binding protein with a 
novel amino-terminal domain has been cloned previously from 
M. incognita (Ding et al. 1998). A recombinant cellulose-bind-
ing domain, when expressed in plant tissue, was found to 
modulate the elongation of different plant cells (Shpigel et al. 
1995), indicating a possible role for the novel cellulose-binding 
protein secreted by H. glycines in the development of the large 
feeding cells (syncytia) in soybean roots. The discovery of 
three new cellulase genes (6FO6, 13C08, and 26D05) makes a 
total of six subventral gland cell–synthesized �-1,4-endogluca-
nases in H. glycines. Previous research indicates that H. gly-
cines uses these enzymes to hydrolyze the �-1,4 glycosidic 
bonds of cellulose in the cell walls during penetration and 
intracellular migration within soybean roots (De Boer et al. 
1999; Wang et al. 1999). Interestingly, the predicted �-1,4-
endoglucanase of clone 6F06 was similar to the catalytic do-
main of previously identified H. glycines �-1,4-endoglucanases 
(e.g., AF04421, 96% sequence identity [Gao et al. 2002a]), 
whereas clones 13C08 and 26D05 encoded distinctly different 
�-1,4-endoglucanases, with the amino acid identity of the cata-
lytic domains being only 42 to 48% to those of the previously 
cloned �-1,4-endoglucanases. A different group of cell wall–
digesting enzymes is represented by pectate lyases. Clone 
17C07 encodes a pectate lyase, which is the second pectinase 
gene cloned from H. glycines (De Boer et al. 2002b). Interest-
ingly, the �-1,4-endoglucanases and pectate lyase from H. gly-
cines have their highest similarity outside of plant-parasitic 
nematodes with genes of prokaryotic microbes, suggesting a 
potential horizontal gene transfer of these parasitism genes to 
an ancestor of cyst nematodes (Davis et al. 2000; Smant et al. 
1998; Yan et al. 1998). 

Another parasitism gene product of H. glycines with a dis-
tinct prokaryotic signature is chorismate mutase encoded by 
clone 45B07, which is expressed in the dorsal gland cell. This 
protein is a key branch-point enzyme in the shikimate pathway 
leading to the synthesis of phenylalanine and tyrosine. Choris-
mate mutase was previously cloned from the root-knot nema-
tode, M. javanica, and Globodera pallida, in which it is expressed 
in the subventral gland cells (Jones et al. 2003; Lambert et al. 
1999). Transgenic expression of MJ-CM-1 in soybean hairy 
roots results in a phenotype of reduced and aborted lateral roots 
(Doyle and Lambert 2003). 

The 4F01-encoded protein resembles a secretory annexin. 
This finding is interesting because annexins represent a large 
gene family of calcium-dependent, phospholipid-binding pro-
teins without signal peptides. In C. elegans, annexins are 
expressed in a variety of tissues, including the gland cells of 
the terminal bulb of the esophagus, where they may have a role 
in exocytosis (Creutz 1992; Daigle et al. 1999). An annexin 
was immunolocalized in the amphids and nonglandular tissue 
in G. pallida (Fioretti et al. 2001). The H. glycines predicted 
annexin differed from those nematode annexins by being pre-
ceded by a signal peptide and only expressed in the dorsal 
gland cell. Clone 3D11 encodes a chitinase that is expressed in 
the subventral glands only in the parasitic stages, precluding a 
role in egg hatching (Gao et al. 2002b). Interestingly, clone 
2B10, which was the most abundant cDNA in the parasitism 
gene sequences and was previously cloned from H. glycines 

(Wang et al. 2001), contains the C-terminal motif of the bioac-
tive plant peptide CLAVATA3 (Lindsey et al. 2002; Olsen and 
Skriver 2003). Clone 2A05 encodes the second venom aller-
gen-like protein isolated from H. glycines (Gao et al. 2001b). 
Venom allergen-like proteins constitute a family of secreted 
proteins found in nematodes with similarity to an extracellular 
protein from hymenopteran insect venom. The translation 
products of 3H07 and 4G06 are similar to plant ubiquitin pro-
teins (Callis et al. 1990). However, these H. glycines ubiquitins 
have two unique features. They contain a signal peptide and a 
novel 19 amino acid extension peptide at the C-terminus. Plant 
ubiquitins, on the other hand, are not secretory proteins, and 
their extension proteins are ribosomal proteins (Callis et al. 
1990). Since ubiquitin is an abundant protein in a plant cell, the 
secretion of ubiquitin per se by H. glycines would not likely 
affect the parasitized cell. One possibility is that the secretory 
ubiquitins of H. glycines function as a chaperone for the novel 
extension peptide that might serve as a peptide signal in the 
parasitized cell (Lindsey et al. 2002). This possible role is cur-
rently being investigated. In addition, H. glycines produces 
another secretory protein involved in ubiquitination, the 8H06 
translation product, which resembles an SKP1 protein. SKP1 is 
a key component of the SCF complex involved in a variety of 
signal transduction pathways using ubiquitination (Carlos del 
Pozo and Estelle 1999). Interestingly, the few translation prod-
ucts of the putative parasitism genes with similarity to proteins 
of known function are either involved in cell wall digestion or 
suggest involvement in the regulatory machinery of plant cells. 

The drastic phenotypic changes of soybean root cells during 
syncytium formation are the result of H. glycines–mediated 
changes, directly or indirectly, in the developmental program 
of the parasitized cells (Williamson and Hussey 1996). An un-
derstanding of the molecular signaling events in this process 
will not only provide fundamental knowledge of nematode 
parasitism and regulation of plant gene expression, it will also 
suggest vulnerable points in the parasitic process to interfere 
with for practical applications to limit H. glycines–related 
damage to soybean. Furthermore, intraspecific comparison of 
the structure of parasitism genes should provide the knowledge 
to establish a genetic basis for soybean cultivar specificity 
among H. glycines races (Riggs and Schmitt 1988). Beyond the 
subtle differences in molecular structure of parasitism gene 
products among H. glycines genotypes lies the larger question 
of how the products of the parasitism genes function and inter-
act with host cell molecules to culminate in successful parasit-
ism. A combination of RNA-mediated interference, inhibitory 
peptides, and parasitism gene expression in host cells will be 
required to dissect these functions (Davis et al. 2000). Re-
cently, ingestion of dsRNA by preparasitic second-stage juve-
niles of cyst nematodes was effective in reducing the corre-
sponding transcripts and development of the nematode on its 
host (Urwin et al. 2002). The H. glycines parasitome discov-
ered here provides a comprehensive template to target func-
tional analyses for dissecting the molecular interactions of H. 
glycines with soybean.  

MATERIALS AND METHODS 

H. glycines gland cell cDNA amplification by PCR. 
Life stages of H. glycines representing different timepoints 

in the parasitic cycle were hand-dissected from infected soy-
bean roots, surface-disinfested, and embedded in 0.7% agarose. 
The cytoplasm of the esophageal gland cells of 10 H. glycines 
specimens was aspirated into glass micropipettes containing 1 µl 
of mRNA extraction buffer to minimize nuclease degradation of 
the mRNA (Gao et al. 2001a) and was transferred into separate 
microcentrifuge tubes for storage at –80�C until used. 
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Poly(A)+ RNA from the aspirated gland-cell cytoplasm was 
isolated on Oligo (dT)25 magnetic beads (Dynal, Lake Success, 
NY, U.S.A.) and eluted with 5:l diethyl pyrocarbonate 
(DEPC)-treated water at 70�C for 2 min (Gao et al. 2001a). 
First-strand cDNA synthesis was conducted in 0.5-ml reaction 
tubes in a 1 µl volume of the following mixture: 4 µl mRNA 
sample, 0.5 µl 10 FM 3�-RACE cDNA synthesis primer (Clon-
tech Laboratories, Palo Alto, CA, U.S.A.), 0.5 µl 10:M 
SMART II Oligonucleotide (Clontech), 2.0 µl 5× first strand 
buffer, 1.0 µl 20 mM DTT, 1.0 µl 10 mM 50X dNTP, 1.0 µl Su-
perscript II (200 units per µl) (Gibco-BRL, Grand Island, NY, 
U.S.A.). The SMART oligonucleotide system was used to en-
rich full-length cDNA for subsequent signal peptide analyses. 
The tubes were incubated at 42�C for 1 h, and 90 µl TE buffer 
(10 mM Tris, pH 7.6, and 1 mM EDTA) was added. Diluted 
first-strand reaction solution (10 µl), 2 µl 10 mM dNTP mix, 10 
µl TaqPlus long 10x low salt buffer, and 1 µl TaqPlus long 
(Stratagene, La Jolla, CA, U.S.A.), 2 µl nested universal 
primer (Clontech) were used in a 100:l volume long-distance 
(LD) PCR reaction. LD PCR was performed with hot start fol-
lowed by 24 cycles at 94�C (20 s), 65�C (30 s), and 72�C (7 
min). Negative controls of DEPC water were performed at 
each reaction step above.  

Construction of gland-cell cDNA library. 
The gland-cell cDNA derived from LD PCR was purified 

with the QIAquick PCR purification kit (Qiagen, Valencia, 
CA, U.S.A.), as described previously (Gao et al. 2001a), and 
ligated into the pGEM-T Easy (Promega, Madison, WI, 
U.S.A.) vector at a mass ratio of 3:1 (plasmid/cDNA) at 4�C 
overnight. Ligation products were precipitated with 10 mM 
glycogen and 100% ethanol, followed by a wash with 70% 
ethanol. The purified ligation products were electroporated into 
competent cells of E. coli DH10B. White colonies (on blue-
white selection) of the gland cell cDNA library were hand-
picked (6,130), were transferred to 96-well Microtest III tissue 
culture plates (Becton Dickinson, Franklin Lakes, NJ, U.S.A.) 
containing 200 µl 10% glycerol Luria-Bertani medium with 
ampicillin, and were incubated overnight at 37�C prior to 
macroarraying (BioRobotics Co., Malden, MA, U.S.A.) onto 
sterile Hybond-XL nylon membranes (Amersham Pharmacia 
Biotech, Piscataway, NJ, U.S.A.).  

cDNA sequencing and bioinformatics. 
The macroarrayed gland-cell library was hybridized with 

cDNA probes from a LD PCR cDNA library of H. glycines in-
testinal cells, prepared as described above to remove expressed 
common housekeeping and structural genes. Gel-purified 
[32P]dCTP labeled intestinal cDNA probes (20 ng) were hy-
bridized to a macroarray of the gland-cell cDNA library and 
gland cell clones (approximately 4,800) that did not hybridize 
to intestinal cDNA probes were randomly selected for 5� end 
single pass cDNA sequencing using the primer 5�-
GGTAACAACGCAGAGTACGCG-3�. Sequences were col-
lected on an ABI 3700 Sequencer (Applied Biosystems, Foster 
City, CA, U.S.A.). The average sequence read for the single 
pass sequence was 555 bp. Phred was used to generate base 
calls and quality scores from the raw chromatograph files from 
the ABI 3700 Sequencer (Ewing and Green 1998; Ewing et al. 
1998). Sequencher (GeneCodes, Ann Arbor, MI, U.S.A.) was 
used to process (remove low quality sequence from the ends of 
each read and vector sequence) the individual sequence files, 
using the Phred base calls and quality scores. Contigs of the 
high quality sequences (3,711) were assembled using Se-
quencher parameters of 85% minimum match in at least a 50-
bp overlap. Batches of the high quality sequences were ana-
lyzed using the BLAST client software, blastcl3, at the Na-

tional Center Biotechnology Information website. A BLASTX 
search was performed to determine sequence identity at the 
protein level, and the results were compiled into a Microsoft 
Excel-based database with the aid of MuSeqBox (Xing and 
Brendel 2000). Analysis for an amino-terminal signal peptide 
sequence for secretion was conducted on all translated proc-
essed sequences using SignalP (Nielsen et al. 1997). Trans-
membrane regions and subcellular localization sites of the de-
duced proteins were predicted by TMHMM (Krogh et al. 2001) 
and PSORT II (Nakai and Horton 1999), respectively. The pre-
dicted proteins encoded by cDNAs expressed in the gland cells 
also were analyzed with PSI-BLASTP (Altschul et al. 1997) 
with novel sequences designated as “pioneers”. 

Developmental expression of candidate parasitism genes. 
Specific forward and reverse primers for each gland-cell 

cDNA clone predicted to encode a signal peptide were used to 
synthesize digoxigenin (DIG)-labeled antisense cDNA probes 
(Boehringer Mannheim, Mannheim, Germany) by asymmetric 
PCR (Gao et al. 2001a). High-throughput in situ hybridizations 
were performed using fixed, permeabilized preparasitic juve-
niles and mixed parasitic stages of H. glycines (De Boer et al. 
1998; Gao et al. 2001a). cDNA probes that hybridized within 
the nematode were detected with alkaline phosphatase-conju-
gated anti-DIG antibody and substrate, and specimens were ob-
served with a compound light microscope (De Boer et al. 
1998).  
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