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ABSTRACT:

We compared Heterorhabditis bacteriophora GPS11 expressed sequence tags (ESTs) to the ESTs of animal-parasitic,

human-parasitic, plant-parasitic, and free-living nematodes. We identified 127 previously nondescribed ESTs of which 119 had
homologs in ESTs and 8 had homologs in proteins of free-living nematodes. These ESTs were assigned putative functions in
transcription, signal transduction, cell cycle control, metabolism, information processing, and cellular processes, thereby providing
better insight into H. bacteriophora metabolism, sex determination, and signal transduction. We also identified 36 H. bacterio-
phora ESTs that had significant similarities to ESTs of parasitic nematodes, but not to ESTs or proteins of free-living nematodes
species. Among these are the ESTs encoding a centrin, an ankyrin-repeat containing protein, and a nuclear hormone receptor.
Our analysis also revealed that parasitic nematode-specific ESTs in this H. bacteriophora data set had more homologs in animal-

parasitic nematodes than those parasitizing humans or plants.

Insect parasitic (or entomopathogenic) nematodes, belonging
to Heterorhabditidae and Steinernematidae, form unique models
for the study of parasitism, pathogenicity, and symbiosis in gen-
eral. These nematodes and their obligate bacterial symbionts
form a highly species-specific and mutually beneficial relation-
ship, i.e., heterorhabditids associating with Photorhabdus and
steinernematids with Xenorhabdus, respectively (Boemare,
2002). Although the relationship is obligate, in the laboratory
both partners can be cultured separately; the species-specific
symbiotic relationship can be restored when combined, making
genetic manipulation possible.

Insect parasitic nematodes and their symbiotic bacteria to-
gether are important biological control agents of insect pests
(Grewal et al., 2005b). The infective juvenile (1J) or dauer ju-
venile (DJ) is the only stage that can infect insect hosts. The
IJs persist in soil in search of a suitable insect host and invade
through natural body openings or the cuticle (Griffin et al.,
2005). Upon reaching the hemocoel, the 1Js release symbiotic
bacteria, which multiply rapidly, killing the host via septicemia,
usually within 24—-48 hr (Dowds and Peters, 2002). The nem-
atodes then feed on the symbiotic bacteria and complete 1 to 3
generations within the cadaver. When the food source depletes,
1Js are formed, which exit the cadaver to search for new insect
hosts (Poinar, 1990).

The potential of insect parasitic nematodes as biological control
agents can be further improved with respect to 1J longevity, bac-
terial retention, tolerance to heat, ultraviolet radiation and desic-
cation, resistance to encapsulation in the hemocoel of some key
insect pests, and trait stability (Grewal et al., 2005a). These im-
provements are now becoming feasible partly due to the deter-
mination of the complete genome sequences of 2 closely related
nematodes, i.e., Caenorhabditis elegans (The C. elegans Sequenc-
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ing Consortium, 1998) and C. briggsae (Stein et al., 2003), and
of the bacterial symbiont of Heterorhabditis bacteriophora (Pho-
torhabdus luminescens subsp. laumondii TTO1) (Duchaud et al.,
2003). Furthermore, the increase in the availability of information
on the expressed sequence tags (ESTs) of many nematode species
together with the initiation of H. bacteriophora complete genome
sequence project (supported by the National Human Genome Re-
search Institute and the United States Department of Agriculture
[http://genome.wustl.edu/genome.cgi?GENOME =
Heterorhabditis%20bacteriophora]), enhances possibilities for both
comparative and functional genomics.

To pursue genomics in insect parasitic nematodes, we carried
out a pilot-scale EST sequencing project for H. bacteriophora
IJs. Useful information was revealed when the EST sequences
were searched against WormBase and SwissProt (Sandhu et al.,
2006). Here, we report the findings of a more comprehensive
comparative analysis of these ESTs with ESTs of other nema-
todes.

MATERIALS AND METHODS
EST sequences

Heterorhabditis bacteriophora GPS11 ESTs in this study were from
previously described EST data set (Sandhu et al., 2006). Heterorhab-
ditis bacteriophora GPS11 EST sequences were further processed by
removing the SMART primer sequences. EST sequences were deleted
if their lengths were shorter than 50 nucleotides after removal of
SMART primer sequences. The ESTs were clustered by removing re-
dundant sequences and grouping partially aligned sequences, resulting
in 988 unique H. bacteriophora GPS11 ESTs. ESTs of other nematodes
were obtained from the GenBank Entrez nucleotide database by key-
word searching. The nematode species whose ESTs were included in
this study are summarized in Table I. They included 21 nonprimate
animal-parasitic nematode (APN) species, 8 human-parasitic nematode
(HPN) species, 18 plant-parasitic nematode (PPN) species, and 7 free-
living nematode (FLN) species. These nematodes were classified into
clades following Dorris et al. (1999). At the time the present report was
written, the EST sequences totaled 747,259 in the nematodes described
above.

Computational analysis

All computational analyses were performed in a Linux workstation.
The ESTs from APNs, HPNs, PPNs, and FLNs were combined together
to form a database. The geninfo identifier (GI) numbers of the EST
sequences for nematodes belonging to each of the 4 categories were
separately collected into individual files. To identify the homologs of
H. bacteriophora ESTs in ESTs of all nematodes in the 4 categories,

1343



1344 THE JOURNAL OF PARASITOLOGY, VOL. 93, NO. 6, DECEMBER 2007

TABLE I. Summary of GenBank ESTs included in this study.

Species Clade* No. of ESTs
APNs
Ancylostoma caninum Vv 9,618
Ancylostoma ceylanicum A\ 10,651
Angiostrongylus cantonensis v 1,279
Ascaris suum 111 40,704
Brugia pahangi 1T 28
Dictyocaulus viviparus \ 2
Dirofilaria immitis 111 4,005
Haemonchus contortus A\ 21,967
Litomosoides sigmodontis I 2,699
Nippostrongylus brasiliensis A" 3,781
Oesophagostomum dentatum A\ 299
Ostertagia ostertagi v 7,006
Parastrongyloides trichosuri IVa 7,963
Parelaphostrongylus tenuis \4 99
Strongyloides ratti IVa 14,761
Teladorsagia circumcincta Vv 4,313
Toxocara canis 111 4,889
Trichinella spiralis 1 10,767
Trichostrongylus vitrinus A" 368
Trichuris muris I 2,714
Trichuris vulpis 1 3,063
HPNs
Ascaris lumbricoides IIT 1,822
Brugia malayi I 26,215
Loa loa 1T 27
Necator americanus \% 5,032
Onchocerca ochengi I 60
Onchocerca volvulus 111 14,974
Strongyloides stercoralis IVa 11,392
Wuchereria bancrofti 111 4,847
PPNs
Bursaphelenchus mucronatus IVb 3,193
Bursaphelenchus xylophilus IVb 13,327
Globodera mexicana IVb 17
Globodera pallida IVb 4,378
Globodera rostochiensis IVb 11,851
Heterodera avenae IVb 1
Heterodera glycines IVb 24,438
Heterodera schachtii IVb 2,818
Meloidogyne arenaria IVb 5,018
Meloidogyne chitwoodi IVb 12,218
Meloidogyne hapla IVb 24,452
Meloidogyne incognita IVb 19,935
Meloidogyne javanica IVb 7,587
Meloidogyne paranaensis IVb 3,710
Pratylenchus penetrans IVb 1,928
Pratylenchus vulnus IVb 2,485
Radopholus similis IVb 1,154
Xiphinema index 1 9,351
FLNs
Caenorhabditis briggsae \ 2,424
Caenorhabditis elegans Vv 346,064
Caenorhabditis japonica A\ 218
Caenorhabditis remanei \% 20,292
Panagrolaimus davidi IVa 1
Pristionchus pacificus A\ 14,663
Zeldia punctata IVb 391
Total 747,259

* Clade classification adopted from Dorris et al. (1999).
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FIGURE 1. Venn diagram depicting the distribution of the number of
Heterorhabditis bacteriophora GPS11 ESTs common in FLNs (A) and
parasitic nematode-specific ESTs (B) that shared similarity to ESTs of
FLNs, APNs, HPNs, and PPNs.

we searched the EST database using tBLASTx algorithm (Altschul et
al., 1997) and the —1 option to restrict the search to list of GIs for
nematodes in each category. Doing so made the E (expectation) values
in the results comparable for individual searches, as the parameters for
E value calculation are the same. The BLAST search results were parsed
by using in-house written scripts based on bioperl (Stajich et al., 2002),
and they were further analyzed manually to identify the matches to C.
elegans genes in WormBase (Schwarz et al., 2006). To identify H. bac-
teriophora ESTs, the sequences were searched against the GenBank
nonredundant (nr) database using BLASTx and BLASTn algorithms.
The matches in BLAST searches with E values lower than 10~ were
considered significant. The ESTs were searched against 5'-untranslated
region (UTR) and 3’-UTR databases derived from the nr UTR sequenc-
es obtained from UTResource (http://www.ba.itb.cnr.it/UTR/
UTRHome.html; Pesole and Liuni, 1999) using BLASTn algorithm.

RESULTS

The H. bacteriophora ESTs searched against the EST se-
quences from APNs, HPNs, PPNs, and FLNs using tBLASTx
algorithms are summarized in Table II. Among the 988 H. bac-
teriophora ESTs, 569 (57.6%) had no significant similarities to
other nematode ESTs, whereas 365 (36.9%) had significant sim-
ilarities to ESTs of FLNs and 54 (5.5%) to ESTs of only par-
asitic nematodes. The search against UTR databases revealed
that 7 ESTs had significant matches, and the rest had no sig-
nificant matches to known UTRs.

Among the 365 H. bacteriophora ESTs having significant
similarities to ESTs of FLNs, 55 had significant similarities to
ESTs of only FLNs, and the other 310 had significant similar-
ities to ESTs of both free-living and parasitic nematodes. Fur-
ther categorization of H. bacteriophora ESTs based on homol-
ogies to APNs, HPNs, or PPNs (Fig. 1A) showed that the num-
bers of H. bacteriophora ESTs similar to ESTs of APNs and
PPNs are about equal, and both slightly outnumber those sim-
ilar to ESTs of HPNs.

Current analysis identified 119 additional H. bacteriophora
ESTs having significant similarities to ESTs from FLNs (Table
III). Among these, 28 had significant similarities to ESTs of
only FLNs, whereas 91 had significant similarities to ESTs of
both free-living and parasitic nematodes. Based on the results
from the BLASTx search against the GenBank protein nr da-
tabase, 48 of these 119 ESTs were assigned tentative functions
(Table III; Supplementary Table I available at [http://
www?2.0ardc.ohio-state.edu/nematodes/genomics/publications/
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TaBLE II. Summary of sequence similarity search results of Heterorhabditis bacteriophora GPS11 ESTs.

Category

No. of ESTs
(% of total)

ESTs not similar to any nematode ESTs
ESTs similar to ESTs of FLNs
ESTs similar to ESTs of FLNs
ESTs similar to ESTs of both FLNs and parasitic nematodes
ESTs not similar to ESTs of FLNs
ESTs not similar to ESTs of FLNs but similar to proteins of FLNs

ESTs similar to ESTs of parasitic nematodes but not to ESTs or proteins of FLNs

Total

569 (57.6)
365 (36.9)
54 (5.5)
310 (31.4)
55 (5.6)
15 (1.5)
39 (3.9)

988

JParasitol07.html]), including metabolism, information storage
and processing, cellular processes and signaling, and general
function prediction. The remaining 71 ESTs were not assigned
specific functions but further categorized as (1) matching to
uncharacterized, unnamed, or hypothetical proteins from C. ele-
gans (46 ESTs); (2) matching to proteins from non-nematode
organisms (12 ESTs); (3) vector contamination (1 EST); and
(4) without significant BLASTx matches (12 ESTs) (Table III).

Among the 54 H. bacteriophora ESTs having no significant
similarities to any ESTs of FLNs, the deduced protein sequenc-
es of 15 ESTs had significant similarities to proteins from C.
elegans or C. briggsae. Among these 15 ESTs, 7 have been
described previously (Sandhu et al., 2006), including Hb-
GPS11.10A10, HbGPS11.10B02, HbGPS11.14B05, Hb-
GPS11.14F12, HbGPS11.14L16, HbGPS11.6L.01, and Hb-
GPS11.6P07. The other 8 are summarized in Supplementary
Table I available at (http://www2.oardc.ohio-state.edu/nema-

todes/genomics/publications/JParasitol07.html), together with
ESTs having greatest similarities to ESTs from FLNs. The re-
maining 39 H. bacteriophora ESTs had no significant similar-
ities to either ESTs or proteins from FLNs, while having sig-
nificant similarities to ESTs in at least 1 category of parasitic
nematodes derived mostly from infective stages, such as third
stage (L3) larvae of APN Ancylostoma caninum and microfi-
laria of HPN Brugia malayi (Table 1V).

Among these 39 ESTs, HbGPS11.6016, HbGPS11.6G19,
and HbGPS11.6M13 seemed to be of bacterial origin. The re-
maining 36 H. bacteriophora ESTs had significant similarity to
ESTs of only parasitic nematodes, but not to those of the FLNs,
therefore, designated as parasitic-nematode specific ESTs (Table
1V). Six of these ESTs had significant similarities to proteins in
GenBank nr databases. Among the 36 parasitic-nematode—spe-
cific ESTs, 18 (50%) had similarities only to ESTs of APNs, 9
(25%) had similarities only to PPNs, and 3 (8.3%) had simi-

TaBLE III. Summary of novel Heterorhabditis bacteriophora GPS11 ESTs.

Category

No. of novel H. bacteriophora GPS11 ESTs

without matches to
ESTs of FLNs

with matches to
ESTs of FLNs

1. Metabolism
1.1 Energy production and conversion
1.2 Secondary metabolites biosynthesis, transport, and catabolism
1.3 Amino acid transport and metabolism
1.4 Nucleotide transport and metabolism
1.5 Carbohydrate transport and metabolism
1.6 Inorganic ion transport and metabolism
2. Information storage and processing
2.1 Transcription
2.2 Translation, ribosomal structure, and biogenesis
2.3 RNA processing and modification
3. Cellular processes and signaling
3.1 Posttranslational modification, protein turnover, chaperons
3.2 Signal transduction mechanisms
3.3 Cell cycle control, cell division, chromosome partitioning
4. General function prediction
5. No function assignment

5.1 Matching to uncharacterized, unnamed or hypothetical proteins from C. elegans

5.2 Matching to proteins from non-nematode organisms
5.3 Vector contamination
5.4 Without significant BLASTx matches

14 1
4 0
3 0
1 0
2 0
3 1
1 0

11 1
3 1
2 0
6 0

11 3
2 0
8 2
1 1

12 0

71 3

46 3

12 0
1 0

12 0
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TABLE IV. Heterorhabditis bacteriophora GPS11 ESTs that only matched to ESTs of parasitic nematodes.

Top tBLASTx match against ESTs of APNs

Top tBLASTx match against ESTs of HPNs

ESTs Acc. no. Organism* Stage E value Acc. no. Organism™* Stage E value
H. bacteriophora ESTs potentially involved in parasitism
HbGPS11.6B13 — — — — — — — —
HbGPS11.6C10 CB015842 Ha. contortus Adult 4.00E-18 — — — —
HbGPS11.6C13 CA957026 Ha. contortus — 2.00E-05 — — — —
HbGPS11.6D11 BQ693696 Ta. spiralis Adult 5.00E-06 — — — —
HbGPS11.6D13 CB037049 Te. circumcincta  Adult 1.00E-13 — — — —
HbGPS11.6E01 AW627116  An. caninum L3 1.00E-07 — — — —
HbGPS11.6E23 BQ482254 D. immitis Adult 1.00E-06 — — — —
HbGPS11.6H04 — — — — BU088675 Ne. americanus L3 4.00E-10
HbGPS11.6HO5 BF228414 As. suum Adult 1.00E-05 — — — —
HbGPS11.6HO9 AW181703 An. caninum L3 6.00E-08 BU087062 Ne. americanus L3 4.00E-08
HbGPS11.6103 — — — — — — — —
HbGPS11.6121 BM279529 Ni. brasiliensis Adult 5.00E-21 AW191554  Br. malayi Microfilaria 4.00E-11
HbGPS11.6J06 CA957511 Ha. contortus — 8.00E-09 — — — —
HbGPS11.6K11 — — — — — — — —
HbGPS11.6L04 BF423206 Ha. contortus Adult 2.00E-10 BU089164 Ne. americanus L3 2.00E-06
HbGPS11.6L11 DN190749 Ag. cantonensis — 4.00E-06 — — — —
HbGPS11.6L17 BF250079 An. caninum L3 1.00E-07 — — — —
HbGPS11.61.23 BF250165 An. caninum L3 1.00E-11 — — — —
HbGPS11.6M09 CB036921 Te. circumcincta  Adult 6.00E-05 — — — —
HbGPS11.10B20 — — — — BES580982 S. stercoralis — 4.00E-27
HbGPS11.10E05 — — — — — — — —
HbGPS11.10E09 — — — — — — — —
HbGPS11.10G04 — — — — — — — —
HbGPS11.10L03 BQ667089 An. caninum L3 7.00E-06 — — — —
HbGPS11.10N13  BI744312 An. caninum L3 4.00E-13 — — — —
HbGPS11.10N17 BM138832 Ha. contortus Adult 1.00E-07 — — — —
HbGPS11.14C02 — — — — BU666114 Ne. americanus L3 2.00E-12
HbGPS11.14D15 — — — — — — — —
HbGPS11.14G12 — — — — BU087348 Ne. americanus L3 7.00E-06
HbGPS11.14H18 — — — — — — — —
HbGPS11.14L05 CB190383 An. ceylanicum Adult 3.00E-05 — — — —
HbGPS11.14L17 CB099921 Ha. contortus — 2.00E-07 — — — —
HbGPS11.14N09  BF250079 An. caninum L3 7.00E-14 — — — —
HbGPS11.14008 BF250513 An. caninum L3 9.00E-07 — — — —
HbGPS11.14012  BI397360 S. ratti L1 7.00E-07 — — — —
HbGPS11.14P05 B1743949 P. trichosuri 2.00E-05 BG224956 S. stercoralis — 2.00E-05
HbGPS11.14P20 — — — — — — — —
H. bacteriophora ESTs of bacterial origin
HbGPS11.6G19 — — — — — — — —
HbGPS11.6M13 BM130215 An. caninum L3 3.00E-05 BE202334 On. volvulus Microfilaria 7.00E-05
HbGPS11.6016 BI1781487 As. suum — 1.00E-06 BES581808 S. stercoralis — 1.00E-05

* The genus names of the organisms were abbreviated as follows: Ag., Angiostrongylus; An., Ancylostoma; As., Ascaris; Br., Brugia; Bu, Bursaphelenchus; D.,
Dirofilaria immitis; G., Globodera; Ha., Haemonchus; He., Heterodera; M., Meloidogyne; Ne., Necator; Ni., Nippostrongylus; On., Onchocerca; Os., Ostertagia;
P., Parastrongyloides; S., Strongyloides; Ta., Trichinella; Te., Teladorsagia; Tr., Trichuris; X., Xiphinema.

larities only to human-parasitic nematodes. The rest had simi-
larities to ESTs from nematodes belonging to at least 2 cate-
gories (Fig. 1B).

DISCUSSION

Previously, we reported H. bacteriophora 283 EST sequenc-
es having significant similarities to C. elegans proteins in
WormBase (Sandhu et al., 2006). Present analysis yielded an-
other 119 H. bacteriophora ESTs having significant similarities
to ESTs from FLNs, including those encoding 4 transcription

factors (HbGPS11.6A21, HbGPS11.10H22, HbGPS11.2L15,
and HbGPS11.6E22), an F-box—containing protein (Hb-
GPS11.14P23), a homology of human « subunit of sarcoglycan
complex (HbGPS11.10I15), and other proteins.
HbGPS11.6A21 had high similarity (E value = 4e-34) to C.
elegans doublesex-family transcription factor Y67D8A.3 relat-
ed to Drosophila doublesex and C. elegans mab-3. Similar
doublesex- or mab-3-related transcription factors have been
identified in invertebrates such as the fruit fly Drosophila me-
lanogaster (Burtis and Baker, 1989) and the Queensland fruit
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Top tBLASTx match against ESTs of PPNs

Top BLASTx match against GenBank nr database

Acc. no. Organism* Stage E value Acc. no.

Description E value

CV509972 X. index — 8.00E-11 —

XP_741933
CV509439 4.00E-09  CAF89842

CV511724 X. index — 4.00E-07 XP_795809

BE578503 1.00E-07 CAJ82965

BM415851 G. pallida 8.00E-05 —

M. javanica —

EE270325 1.00E-07 —
EAA12444
7.00E-05 —

G. rostochiensis —

BM415650 G. pallida Mixed
CB825560 He. glycines J3 3.00E-24 —
CV511276 X. index — 1.00E-05 —

CF358052 7.00E-08 —

BI863274 1.00E-13 —

M. arenaria J2

M. javanica —

CAGO01948

CB379493 He. glycines — 3.00E-08 —

CK349410 3.00E-05 —

CAE12886

He. glycines —

No matches found —
No matches found —
No matches found —
Centrin (Plasmodium chabaudi chabaudi) 7.00E-08
No matches found —
No matches found —
No matches found —
Unnamed protein product (Tetraodon nigroviridis) 6.00E-05
No matches found —
No matches found —
PREDICTED: similar to synaptobrevinlike 1, partial 7.00E-10
(Strongylocentrotus purpuratus)
Calcyclin binding protein (Xenopus tropicalis) 1.00E-12
No matches found —
No matches found —
No matches found —
No matches found —
No matches found —
No matches found —
No matches found —
ENSANGP00000006608 (Anopheles gambiae str. PEST) 2.00E-11
No matches found —
No matches found —
No matches found —
No matches found —
No matches found —
No matches found —
No matches found —
No matches found —
No matches found —
No matches found —
No matches found —
No matches found —
No matches found —
No matches found —
Unnamed protein product (Tetraodon nigroviridis) 1.00E-11
No matches found —
No matches found —

No matches found —

No matches found —

Isoleucine tRNA synthetase (Photorhabdus luminescens  4.00E-84
subsp. laumondii TTO1)

fly Bactrocera tryoni (Shearman and Frommer, 1998), and in
vertebrates such as humans (Raymond, Parker et al., 1999),
chickens (Raymond, Kettlewell et al., 1999), and mice (Kim et
al., 2003). These transcription factors are required for the con-
trol of somatic sexual differentiation in invertebrates and for
testis development in vertebrates. However, the role of this gene
in the sex determination of nematodes has not been investigat-
ed. Nonetheless, the presence of the homologs of this gene in
H. bacteriophora, APNs, HPNs, PPNs, and FLNs implied the
importance of this transcription factor for nematodes.

We have identified 3 ESTs of bacterial origin, which may be
the result of contamination from symbiotic or other bacteria.

HbGPS11.6016 encoded an isoleucine tRNA synthetase.
HbGPS11.6G19 matched a region in the linear chromosome of
soil bacterium Agrobacterium tumefaciens (GenBank
AE009348). HbGPS11.6M13 had similarity to the 16S ribo-
somal RNA gene from an uncultured soil bacterium (GenBank
DQ378206). These genes may be the result of contamination
from symbiotic or other bacteria, although oligo(dT) primers
have been used in the cDNA library construction (Sandhu et
al., 2006). However, we cannot rule out the possibility that at
least some of these genes were acquired by the nematodes
through horizontal gene transfer (HGT) from bacteria, because
all 3 genes had similarities to independently obtained ESTs
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from other 5 nematode species. Among these 5, Onchocerca
volvulus harbors symbiotic Wolbachia (Pearlman and Gillette-
Ferguson, 2007), whereas the other 4 species have no known
symbiotic bacteria. However, these 4 species may encounter
bacteria in the soil. In addition, HPN Strongyloides stercoralis
and APNs Ancylostoma caninum and Ascaris suum may en-
counter bacteria in their invertebrate intermediate hosts. Al-
though no HGT is known for APNs or HPNs, it has been sug-
gested that PPNs have acquired bacterial genes such as those
encoding cell wall-degrading enzymes via HGT (Scholl et al.,
2003; Jones et al., 2005).

We have identified 36 H. bacteriophora ESTs having simi-
larity to ESTs of only parasitic nematodes, but not to those of
the FLNs, suggesting that they are involved in parasitic nema-
tode-specific functions, e.g., parasitism. Four were assigned pu-
tative functions based on sequence similarity to proteins iden-
tified in other organisms. For example, HbGPS11.6D11 was
similar to centrin protein from Plasmodium chabaudi chabaudi
(Hall et al., 2005). Centrin is found in many eukaryotes, and it
is known as a versatile molecule that has been adapted to per-
form diverse cellular functions, including signal transduction
mechanisms (Hall et al., 2005), cell division (Zamora and Mar-
shall, 2005), and nuclear mRNA export (Fischer et al., 2004).
HbGPS11.10B20 had significant similarity (2e-11) to a protein
from malaria-transmitting mosquito Anopheles gambiae
(GenBank EAA12444). This protein contained a domain of an-
kyrin (ANK) repeats that mediate protein—protein interactions
across diverse protein families. HbGPS11.14012 had signifi-
cant similarity (le-11) to an unnamed protein product (Gen-
Bank CAGO01948) from the green spotted pufferfish, Tetraodon
nigroviridis, which contained domains of a c4 zinc finger in
nuclear hormone receptor and a ligand binding domain of hor-
mone receptors.

Because APNs, HPNs, and PPNs differ in the mechanics of
parasitism, we analyzed H. bacteriophora ESTs potentially in-
volved in parasitism in the context of phylogeny. Based on
established phylogenetic relationships (Blaxter et al., 1998;
Dorris et al., 1999), H. bacteriophora, as a member of clade V,
is closely related to a group of APNs in clade V. However, H.
bacteriophora is distantly related to APNs and HPNs in clade
II1. This observation that H. bacteriophora shared more similar
genes with several APNs is consistent with the phylogenetic
relationship of H. bacteriophora and these APNs. It should be
noted that the decrease in genes shared with HPNs could be the
result of underrepresented HPN data set (64,369 ESTs com-
pared with 150,976 for APNs and 147,861 for PPNs). Although
insect parasitic H. bacteriophora is distantly related to PPNs in
clade IVb, both have stages in their life cycles dwelling in the
soil, making it possible that they may share certain genetic el-
ements. However, it should be noted that the EST distribution
among the nematodes may change when additional EST data
become available.

Although parasitism has independently evolved numerous
times, resulting in substantial biological diversity within each
group of parasitic nematodes (Jasmer et al., 2003), the insect
parasitic H. bacteriophora, like APNs, HPNs, and PPNs, needs
to overcome common obstacles in establishing itself as a suc-
cessful parasite. The detailed comparison of parasitism among
these parasitic nematodes will shed light on the parasitic mech-
anisms of H. bacteriophora. APNs and HPNs generally achieve

infection via oral route, skin penetration, or injection by inter-
mediate hosts during feeding (Jasmer et al., 2003), whereas
most PPNs directly invade specific parts of plants, including
roots, stems, or leaves (Dropkin, 1989). In contrast to other
parasitic nematodes, all PPNs have an oral stylet for perforation
of plant cell walls and ingestion of cytoplasm from the feeding
site (Jasmer et al., 2003). Despite mechanical mechanisms, host
invasion and migration seem to be facilitated through the use
of enzymes to degrade structural components of tissues, cells,
and cell walls in all parasitic nematodes (Jasmer et al., 2003).
Heterorhabditis bacteriophora invades insect hosts via cuticle
or natural openings, such as mouth, anus, and spiracles. There-
fore, penetration of nematodes through the cuticle, petritrophic
membrane of the gut wall, or spiracles may be facilitated by
enzymatic activities as well as mechanical mechanisms. Previ-
ously, we have identified several proteases that may play an
important role in insect pathogenesis (Sandhu et al., 2006). The
ongoing full-scale EST project as part of the H. bacteriophora
genome sequencing effort should help identify the participating
enzymes.

In the host—parasite interaction, parasitic nematodes may
modify a host’s defense system and interfere with host cell pro-
cesses and gene expression (Jasmer et al., 2003). Metallopro-
tease activity in excretory/secretory products of HPN Necator
americanus may interrupt host signal transduction (Culley et
al., 2000), and PPNs may secrete antioxidants to counteract
plant host-generated reactive oxygen species (Henkle-Duhrsen
and Kampkotter, 2001). Specifically, PPNs modify plant cells
into giant feeding cells, creating a syncytium, and they also
modulate host gene expression and cell cycle regulation (Ghey-
sen and Fenoll, 2002). Disruption of even 1 of these genes via
host-mediated RNA interference has been shown to disrupt par-
asitism (Huang et al., 2003). In the insect parasitic nematode
H. bacteriophora, host—parasite interactions also involve its
symbiotic bacterium P. luminescens. To antagonize the defense
mechanisms of insect hosts, H. bacteriophora produces a spe-
cific extracellular protease that degrades cecropin, a broad-spec-
trum antibacterial protein generated by insects (Jarosz, 1998).
Such a mechanism allows the establishment of bacterial infec-
tion, which is the key element of H. bacteriophora life cycle
and insecticidal ability. The functional studies of these parasitic
nematode-specific genes of H. bacteriophora identified in our
EST analysis await the development of genetic tools such as
stable transformation or RNA interference in H. bacteriophora.
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