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Abstract
The snail Biomphalaria glabrata (Gastropoda, Mollusca) is an important intermediate host for the
human parasite Schistosoma mansoni (Digenea, Trematoda). Anti-pathogen responses of B.
glabrata were studied towards a better understanding of snail immunity and host-parasite
compatibility. Open reading frame ESTs (ORESTES) were sampled from different transcriptomes
of M line strain B. glabrata, 12 hours post challenge with Escherichia coli (Gram-negative),
Micrococcus luteus (Gram-positive) bacteria or compatible S. mansoni, and controls. The resulting
3123 ORESTES represented 2129 unique sequences (373 clusters, 1756 singletons). Of these, 175
(8.1%) were putative defense factors, including lectins, antimicrobial peptides and components of
various immune effector systems. Comparison of biological processes (GO-terms) within different
transcriptomes indicated that B. glabrata increased oxygen transport and metal binding in reaction
to all challenges. Comprehensive comparisons of transcriptomes revealed that responses of B.
glabrata against bacteria were similar to each other and differed from the ineffective response to S.
mansoni. Furthermore, the response to S. mansoni infection was less comprehensive than that to
bacteria. Many novel (unknown) sequences were recovered in association with particular challenges.
Biomphalaria glabrata possesses multi-faceted, potent immune defenses. This agrees with the notion
that S. mansoni is capable of immune-evasion and prevents effective host defense responses in order
to survive in B. glabrata. Future analysis of the numerous unknown sequences recovered from
challenged snails may reveal novel immune factors and provide increased understanding of immunity
of B. glabrata in relation to parasite-host compatibility.
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Introduction
Biomphalaria glabrata is one of the major snail species that contributes to the transmission of
schistosomiasis to humans. To date it remains unclear why B. glabrata is such a suitable
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intermediate host for S. mansoni. Incompatible schistosome parasites evoke a rapid defense
response after penetration into a B. glabrata (Nowak et al., 2004; Sullivan and Richards,
1981) and are killed with a combination of humoral and cellular cytotoxicity (Adema and
Loker, 1997; Lockyer et al., 2004). The intramolluscan survival and successful development
of the parasite depend critically on the ability of S. mansoni to avoid immuno-elimination by
the internal defense system of the snail host. Depending on the genetic background of both
parasite and host, S. mansoni can achieve immuno-compatibility with B. glabrata in particular
combinations that may be restricted to strain and even individual level (Lewis et al., 2001;
Theron and Coustau, 2005).

Schistosoma mansoni is thought to escape elimination by avoiding recognition as non-self in
order to prevent activation of host defenses; additionally the parasite may interfere with the
efficiency of host defenses (Lie, 1982; Loker and Adema, 1995). The exact mechanisms
employed by the parasite to effect these survival strategies remain to be elucidated. Biological
properties of the snail host also play a role. Quantitative differences in cytotoxic factors
produced by internal defenses of snails, such as the ratio of individual species of reactive
oxygen radicals, may contribute to resistance or susceptibility of specific strains of B.
glabrata relative to PR-1 strain S. mansoni (Bender et al., 2007). It remains unclear, however,
how B. glabrata snails can be simultaneously resistant to one strain of schistosomes and
susceptible to another (Frandsen, 1979; Richards, 1975; Richards and Shade, 1987; Webster
et al., 2004; Webster and Woolhouse, 1998)or how snails with assumed inferior defenses can
persist in nature while being exposed continuously to other pathogens in addition to S.
mansoni.

Most studies of snail immunity involve Biomphalaria glabrata, a major intermediate host snail
for Schistosoma mansoni in the New World (Morgan et al., 2001). The distribution of B.
glabrata largely defines the areas that are endemic for schistosomiasis in South and Central
America (Dejong et al., 2003), but only a low proportion of snails in the field is patently infected
with schistosomes (de Souza et al., 1994) and some B. glabrata are naturally resistant (Paraense
and Correa, 1963). Increasingly, experimental study of B. glabrata as intermediate host of
schistosomes and related digenetic trematode parasites incorporates characterization of the
genome (Adema et al., 2006; DeJong et al., 2004; Raghavan and Knight, 2006), the proteome
(Bouchut et al., 2006b; Vergote et al., 2005) and especially the transcriptome (Bouchut et al.,
2006a; Jung et al., 2005; Knight et al., 1999; Lockyer et al., 2007a; Lockyer et al., 2007b;
Miller et al., 2001; Mitta et al., 2005; Nowak et al., 2004; Raghavan et al., 2003) of B.
glabrata.

Molecular studies have demonstrated that B. glabrata is capable of highly complex responses
to pathogens (Adema et al., 1999; Zhang et al., 2004) but the determinant factors for resistance
or susceptibility of B. glabrata regarding schistosome infection remain to be characterized.
Previous studies of immune-interactions between schistosomes and susceptible or resistant
strains of B. glabrata have identified several immune mechanisms that contribute to the
elimination of parasites (Bender et al., 2007; van der Knaap and Loker, 1990). The bias toward
using digenean trematodes as experimental pathogens may have limited insights into the
immune capabilities of B. glabrata because some digeneans interfere with or avoid host
responses (Lie, 1982; Loker and Adema, 1995). The experimental use of other types of
pathogens such as bacteria may provide a more comprehensive insight into the internal defense
system of B. glabrata. Previous reports regarding interactions of B. glabrata with bacteria did
not provide molecular sequence data (Adema et al., 1999; Ducklow et al., 1979; Ducklow et
al., 1980; Matricon-Gondran and Letocart, 1999).

The characterization of the immune capabilities of B. glabrata in the context of parasite-snail
compatibility also has great potential to inform on the evolution of internal defense systems of
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animals in general. As a mollusk, B. glabrata represents the lophotrochozoa. The information
on the immunology of this major branch of (invertebrate) protostome bilaterians is limited,
especially in comparison to ecdysozoa and the deuterostomes (Loker et al., 2004). Likely, B.
glabrata employs some immune factors in common with other bilateria due to their shared
evolutionary history. But in the more than 500 million years since divergence from a common
ancestor, lophotrochozoa may have elaborated unique and novel defense components that
remain to be identified.

In this study, M line strain B. glabrata snails (highly susceptible to S. mansoni) were subjected
to schistosome infection or to injection with bacteria; either Gram-negative (G−) Escherichia
coli or Gram-positive (G+) Micrococcus luteus. As is the case with injection, also schistosome
infection causes wounding and damage to snails tissues; miracidia apply mechanical force
(Pan, 1965) and proteolytic enzymes (Pino-Heiss et al., 1985; Yoshino et al., 1993) to penetrate
through the epithelia of the body wall and colonize the tissues of snails. Thus the transcription
profiles representing the responses of this single strain of B. glabrata to these distinct
challenges were each sampled using open reading frame ESTs (ORESTES, seede Souza et al.,
2000). The resulting sequences provide a broader insight into the gene complement of B.
glabrata, and will help the interpretation of data stemming from the ongoing B. glabrata
genome sequencing project (Raghavan and Knight, 2006). Data analysis was performed to
identify both known and novel candidate immune factors (unknown sequences associated with
responses to particular pathogens), and to compare immune-related and general aspects of the
transcriptome responses of B. glabrata to different immune challenges.

Methods
Live material and experimental treatments

M-line strain Biomphalaria glabrata snails are maintained at the University of New Mexico
(UNM, Loker and Hertel, 1987), adult snails (shell diameter 10–12mm) were used in this study.
Schistosoma mansoni (PR-1 strain) was obtained from the Schistosomiasis Resource Center
(NIAID Contract N01-A1-30026) at the Biomedical Research Institute (Rockville, Maryland).
Escherichia coli and Micrococcus luteus, ATCC 14948 and 9341, respectively, were available
from the microbiology teaching facility at UNM. These bacteria species were selected because
they are common in nature, their genomes have been characterized, and they have been used
frequently and are recommended as model infectious organisms in invertebrates (Hetru and
Bulet, 1997).

The 3 experimental groups consisted of pools of 20 snails; 35 snails were pooled for the control
group. For management and annotation of sequence data, groups were designated to identify
the contributing laboratory (CA for C Adema), the strain of B. glabrata (M for M line), the
experimental treatment (C, M, N, P for control, and exposure to S. mansoni, Gram negative or
Gram positive bacteria, respectively) and type of sequence data (O for ORESTES).

Individual B. glabrata were exposed to 50 S. mansoni miracidia in artificial spring water (ASW,
Loker and Hertel, 1987) for 12 hours. Snails in the bacteria-exposed groups were each injected
in the headfoot with 50 µl of bacterial culture in LB medium (OD600 of 1.0 = 8 × 108 cells/
ml ) of E. coli or M. luteus using a G27 hypodermic needle, and kept on the bench for 5 minutes
before being placed into 24 well plates with ASW for 12 hours (Adema et al., 1999). Control
snails were placed into 24 well plates with ASW for 12 hours.

mRNA purification
The shell was removed and whole body tissues of individual snails were disrupted in a 1.5µl
tube with a plastic pestle (Kimble/Kontes Glass Co., Vineland, NJ) in 1 ml Trizol®-Reagent
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(Invitrogen, Carlsbad, CA). Samples were extracted with 0.2ml chloroform and centrifuged
(12,000g, 15 minutes, 4°C). The RNA was precipitated using 0.5ml of isopropanol, pelleted
(12,000g, 10 minutes, 4°C), washed (75% ethanol), air dried, and dissolved in 50µl deionized
water.

All bacteria-challenged snails were considered infected. To confirm S. mansoni infection of
M line B. glabrata, the absence of miracidia in the wells after exposure was confirmed
microscopically and a nested PCR method was used to detect the presence of S. mansoni 18S
rDNA in individual snails (Hanelt et al., 1997). In addition to RNA, DNA was harvested from
Trizol®-Reagent extractions from each snail that was exposed to S. mansoni. Briefly, DNA
was precipitated (using 0.3ml 100% ethanol) from the interphase that remained after removal
of the aqueous phase (RNA), pelleted (2,000g, 5 minutes, 4°C), washed twice in 1ml 0.1M
sodium citrate, 10% ethanol, and dissolved in 50µl 8mM NaOH. Only RNA samples from
snails that tested positive for parasite DNA were used.

Total RNA samples from individual snails were treated with DNA-free® (Ambion, Inc, Austin,
Texas). The absence of residual DNA was tested by PCR (AmpliTaq Gold®, Applied
Biosystems, Foster City, California) relative to a positive control, using primers: BCML-
ACT.FOR1 (GTGATGGTTGGTATGGGTCAGAAGG) and BCML-ACT.REV1
(GAAGCTGTAGCCCCTCTCAGTG) to target a cytoplasmic actin gene (GenBank#:
AF329436, Adema, 2002) . The PCR conditions were: 95°C, 10 minutes; 30 cycles at: 95°C,
1 minute, 55°C, 1 minute, 72°C, 1 minute; 72°C, 7 minutes. mRNA was purified from pooled
RNA samples with the Poly(A)Purist™ MAG kit (Ambion, Inc., Austin, Texas) and stored at
−70°C.

ORESTES mini-libraries
The open reading frame EST (ORESTES) strategy (Camargo et al., 2001) was chosen for the
propensity to sample the central (coding) regions of transcripts (as compared to ESTs derived
from poly-A primed cDNA). The recovery of coding (conserved) sequence increases chances
for relevant identification by similarity searches against databases. Also the use of random
priming for the generation of cDNA benefits the recovery of less frequently expressed
sequences (de Souza et al., 2000). ORESTES were generated as follows. Nine sets of
ORESTES primers, either 25mers (sets A-E) or 18mers (sets F-I) were designed using a random
number generator. Set A consisted of 10 primers; the subsequent primer sets consisted of sets
of 8 (Supplement S1). For each mRNA template (representing controls or experimental
groups), RT-PCR was performed with these sets of ORESTES primers, and the resulting
cDNAs were cloned to create a total of 612 mini-libraries (10 forward primers × 10 reverse
primers × 1 primer set = 100, plus 8 forward primers × 8 reverse primers × 8 primer sets =
512).

For each sample, 40ng of mRNA was reverse transcribed (42°C, 1h) with 50pmol of
appropriate primer using the Advantage® RT-for-PCR kit (Clontech, Mountain View,
California). The resulting cDNA (100µl final volume) was used as template in PCR reactions
with the same (RT) primer and one other primer within an ORESTES primer set, ultimately
using all possible combinations within a given primer set. Every 50µl PCR reaction consisted
of 5µl cDNA template, 200µM of each dNTP, 4mM MgCl2, 50pmol of each primer, and 1.25U
AmpliTaq Gold® DNA polymerase. The temperature profile was 95°C, 10 minutes; 15 cycles
at 95°C, 30 seconds, 54°C, 30 seconds, 72°C, 1 minute; 25 cycles at: 95°C, 30 seconds, 50°C,
30 seconds, 72°C, 1 minute; 72°C, 15 minutes. Unused PCR reagents and PCR products smaller
than ~80bp were removed with the Perfectprep® PCR Cleanup 96 kit (Eppendorf, Hamburg,
Germany). The resulting RT-PCR products were diluted in 30µl deionized water and were
cloned by incubating 1.5µl of product with 0.5µl TOPO-TA® pCR2.1 (Invitrogen, Carlsbad,
California) and 0.5µl salt solution (room temperature, 30 minutes). Each reaction received 25µl

Hanelt et al. Page 4

J Invertebr Pathol. Author manuscript; available in PMC 2009 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of TOP10 chemically competent cells and was kept on ice for 30 minutes, heat shocked (42°
C, 30 seconds) and incubated in 125µl of SOC for 2 hours at 37°C. Eighty µl of each cloning
reaction was plated for blue-white screening overnight (37°C). From each mini-library, 24
transformants were grown up in wells of a 96 well tissue culture plate containing 100µl LB,
50µg/ml kanamycin (37°C, 180rpm, 1 hour) and stored as (40%) glycerol cultures at −30°C.

Clone selection for insert sequencing
The plasmid insert of 24 clones from each mini-library was PCR amplified (AmpliTaq Gold®)
using 0.5 µl of glycerol stock as template with M13-20 and M13rev primers. A pilot study
indicated that sampling 20 clones per library maximized the discovery of new sequence
diversity. We expanded this set to 24 clones to facilitate the 8 × 12, 96 well plate format.
Amplicons were visualized using the E-Gel® 96 well high-throughput agarose electrophoresis
system (Invitrogen, Carlsbad, California). Clones were selected for sequencing based on: 1)
presence of a single insert; 2) insert size ≥ 100bp; 3) no size-duplicate inserts for each mini
library. Initial tests indicated that some primer combinations yielded high numbers of cDNA
inserts derived from ribosomal RNA. This was not unexpected as previously observed; rRNA
copurifies with mRNA of B. glabrata and is also reverse transcribed when using random
primers (Lockyer et al., 2007a; Nowak et al., 2004). Particular primer combinations with great
affinity for rDNA sequences were not used further.

Plasmid isolation and sequencing
All transformants selected for sequencing were regridded as glycerol stocks into 96 well tissue
culture plates, assigned a clone number consisting of plate number and well, and archived at
−70C. Plasmid DNA was extracted from each transformant with the Perfectprep® Plasmid 96
Vac Direct Bind kit (Eppendorf), using 50µl warm deionized water for elution and the
Perfectprep® PCR Cleanup 96 (Eppendorf). Single pass sequencing was done using the ABI
PRISM® BigDye® Terminator version 3.1 Cycle Sequencing Kit (ABI, Foster City,
California) with the following conditions: 3.3pM primer (M13-20), 0.5µl BDT, 1.75µl 5x
buffer, 3.7µl water, and 4µl plasmid DNA (200–400ng per reaction); 96°C, 10 minutes; 25
cycles at: 96°C, 30 seconds, 52°C, 15 seconds, 60°C, 4 minutes. Extension products were read
on an ABI 3100 sequencer.

Sequence analysis
Sequence chromatograms were edited by hand, and vector and primer sequences were removed
using Sequencher™ (Genecodes Corp., Ann Arbor, Michigan). Insert sequences shorter than
95bp and identical sequences derived from the same template and primer combination were
discarded. Putative IDs were assigned to sequences based on BLAST analysis against protein
and nucleotide databases (PROSITE, non-redundant GenBank databases, B. glabrata-derived
dbEST entries). The cut-off for significance was e = 1.0×10−5. Sequences with similarity to
rDNA or mitochondrial genes (accession number NC_005439, DeJong et al., 2004) of B.
glabrata, or to sequences from S. mansoni or bacteria were not included in transcriptome
analyses. Resulting ORESTES were submitted to GenBank. CAP3 (Huang and Madan,
1999) was used with default settings to cluster ORESTES. All clusters were BLASTED to
confirm the putative IDs previously assigned to individual ORESTES. Each EST was analyzed
for gene function using the KAAS - KEGG database (http://www.genome.jp/kegg/kaas/). The
KAAS - KEGG database is able to link a set of ESTs with a network of interacting molecules
(Kanehisa and Goto, 2000). Blast2GO (Conesa et al., 2005) was used to assign Gene Ontology
(GO) terms to ORESTES (http://www.blast2go.de/). This program also assessed differential
gene expression by comparing the distribution of GO term processes between the control and
treatment groups, generating Fisher’s Exact test P-values for representation of each GO term.
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Comparative analysis of representation of particular ORESTES among treatment groups and
control snails was done with Pymood™ software (Allometra, Davis, California).

Results
Immune challenge of snails

All B. glabrata snails in the control group and the 24 snails exposed to S. mansoni were alive
12 hours after they had been exposed or sham exposed and isolated in separate wells. Nested
PCR targeting parasite 18S DNA identified 20 snails that harbored S. mansoni for use in this
study. Bacterial exposure, effected by injection of 50 µl bacterial suspension into the tissues
of the head foot of snails, did not adversely impact snail viability; all snails were alive and
active at 12 hours post challenge. The mRNA was extracted and pooled from 20 snails of each
challenge group and from 35 untreated controls.

Sequence data compilation and annotation
The mRNA samples from the 4 groups of B. glabrata (3 experimental and 1 control) were used
to generate 2448 mini-libraries by use of paired random primers (Supplement S1) and low-
stringency RT-PCR. After screening an initial 58752 clones against small or duplicate insert
size, 7331 clones were selected for unidirectional single-pass sequencing of inserts. Of the
resulting sequences, 2303 inserts (31%) derived from rDNA genes
(http://biology.unm.edu/biomphalaria-genome/rdnabg.html) or the mitochondrial genome
(DeJong et al., 2004). This considerable reduction in yield of sequence data was anticipated;
rRNA sequences from B. glabrata are A-rich and copurify with mRNA. This rRNA is also
converted to cDNA during experimental reverse transcription to generate ESTs (Lockyer et
al., 2007b; Nowak et al., 2004). After removal of 840 failed reads, 542 short reads (< 90nt),
476 identical replicates within mini-libraries, and 47 sequences from plant, yeast or bacteria,
ultimately 3123 valid ORESTES (322 nt average length) were obtained. Of these, 1028
sequences were derived from the control group, 707 and 678 resulted from snails exposed to
E. coli or M. luteus, respectively, and 716 represented the transcriptome of S. mansoni-infected
B. glabrata. BLAST analyses revealed that 1928 (61%) of these ORESTES had no similarity
to any of the 18016 ESTs from B. glabrata contained within GenBank (June 2007), 380 (12%)
had similarity to both B. glabrata ESTs and ESTs from other mollusks and 5% had similarity
to ESTs reported only from other mollusks but not B. glabrata. Additionally, 75 singleton
ESTs and 71 ORESTES clusters without a putative ID had similarity to unidentified mollusk
ESTs in GenBank (see Supplement S2 for complete list). Putative identities based on BLAST
similarity were included with the submissions to GenBank. [GenBank:CF216472-CF216486,
CK327217-CK327247, CK386771-CK386814, CK640644-CK640684, CK725226-
CK725261, CK768266-CK768306, CK800769-CK800816, CK84999-CK85025, CN013290-
CN013346, CN445741-CN445897, CN476057-CN476119, CN549142-CN549191,
CN655000-CN655058, CN779671-CN779736, CX820337-CX836382, CX727730-
CX727806, CX820337-CX820343, CX836372-CX836382, DN966827-DN967024,
CO635864-CO635934, CO654001-CO654074, CV022343-CV022409, CV042520-
CV042595, CV173977-CV174081, CV627118-CV627165, CV997188-CV997219,
CX160605-CX160630, CX727807-CX727810, CX820344-CX820347, DN837171-
DN837237, DN952341-DN952395, DN967025-DN967047, EE722305-EE723011,
EE723012-EE723689].

Clustering of the 3123 individual ORESTES using CAP3 software (Huang and Madan,
1999) yielded 373 clusters (assembled out of 1367 ORESTES; Figure 1A), leaving 1756
singletons. Most clusters consisted of between 2–6 sequences but the largest clusters comprised
over 50 members (Figure 1B). The largest clusters included sequences with similarity to
hemoglobin, myoglobin and myosin. BLAST searches provided putative IDs for 1668 (78 %)
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of the 2129 unique sequences (clusters and singletons). In several cases a cluster provided a
putative ID for a cluster mate sequence that did not share significant BLAST similarity to
known sequences. The putative identity of several ORESTES provided new views of the
general biology of B. glabrata (Supplement S3). The remaining 22% of the unique sequences
(461 clusters and singletons, representing 993 ORESTES) were novel sequences that lacked
significant similarities to the databases.

Functional classification
KAAS - KEGG analysis assigned gene function to 509 (16.3%) of all ORESTES. Based on
significant similarity with known sequences (BLAST e-values < e−5), the Blast2GO utility
(http://www.blast2go.de) assigned level 3 Gene Ontology classifications to 1210 ORESTES
(39%) of the original 3123 ORESTES. More than half of the classified ORESTES (619) were
involved in binding and nearly a third (332) were involved in catalytic activity (Figure 2).
Between both analyses, functions were assigned to 1354 of the 3123 ORESTES.

Immune factors
A total of 766 ORESTES representing 179 clusters and singletons (8.5% of all unique
sequences), was assigned a putative immune function, based on sequence similarity with
previously characterized immune response genes using results from BLAST, BLAST2GO and
KAAS – KEGG searches and confirmation by hand. These immune factors were categorized
into the following functional groups: 1) pattern recognition, 2) cell adhesion, 3) signal
transduction, 4) metal binding, 5) stress response, 6) (anti)oxidant-related, 7) proteases, 8)
serpins, 9) inflammatory response, 10) apoptosis-related and 11) other putative immune
factors. A twelfth group lists unknown clusters and singletons with similarity to sequences
identified in other studies as differentially expressed in B. glabrata in response to pathogens.
Several sequences were recovered uniquely from pathogen-challenged B. glabrata. Among
sequences not previously documented from B. glabrata were several chitin-binding factors, as
well as components of cell-mediated cytotoxicity and RNA interference (see Table 1). The
number of ORESTES associated with putative immune function varied between control and
exposed snails (control: 21.3%, M. luteus-exposed: 26.3%, E. coli-exposed: 26.3%, S.
mansoni-exposed: 25.6%; Table 1).

Comparison of Transcriptomes
BLAST2GO comparison of the biological processes represented within the separate
transcriptomes revealed several significant differences (Table 2). First, each treatment group
differed significantly from the control group at several Directed Acyclic Graph (DAG) nodes.
Second, the responses relative to the control of bacteria-challenged groups are highly similar
to each other and differ from the response of S. mansoni-exposed B. glabrata.

Snails challenged with any pathogen showed higher levels of ‘gas transport’, (‘oxygen gas
transport’), and ‘metal ion binding’ (‘iron ion transport’). Snails challenged with bacteria
showed increased alcohol and sugar catabolism, glycolysis, and ‘structural molecule activity’,
relating to actin. Bacteria-challenged snails also showed a decrease in ‘amine metabolic
processes’, whereas challenge only with E. coli indicated lower ‘hydrolase activity’. By
contrast, the transcriptome of S. mansoni–exposed snails showed decreased levels of
‘transcriptional activator activity’ and ‘chromatin binding’ (Table 2). None of the biological
pathways associated with defense was represented by adequate numbers of sequences to reveal
significant differences with the BLAST2GO analysis.
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Comparison of transcriptomes using all sequence data
The use of PyMood software for a sequence-based similarity comparison (BLAST) of all 3123
individual ORESTES (regardless of cluster status, putative ID, or experimental group from
which they originated) identified 1630 ORESTES that were shared by two or more
transcriptome groups, 1502 sequences were unique to a particular single transcriptome group
(Figure 3). Interestingly, the 671 ORESTES shared by all groups assembled into only 42
clusters, of which 10 were unknowns. These constitutively expressed transcripts may include
candidate housekeeping genes, but this will require future confirmation by determination of
expression level (Table 3). The 544 individual ORESTES recovered only from untreated B.
glabrata were more diverse; they represented 432 clusters and singletons. These sequences
were not evoked by any specific immune challenge; therefore defense factors included in this
set are assumed to be expressed constitutively. A great diversity of 250 unique sequences not
seen from untreated controls was recovered from experimentally challenged snails; several of
these may represent general response factors to stress or injury. Each of the transcriptome sets
sampled from B. glabrata contained a large proportion (between 47 and 55%) of novel
sequences that could not be assigned a putative ID. Comparatively, the expression profiles
from snails exposed to G− or G+ bacteria were more similar to each other than to expression
profiles of Schistosoma mansoni-exposed snails or controls (Figures 4a and 4b).

Finally, when considering a comparison of the expression profiles resulting from each
treatment, the responses of bacteria exposed snails are more similar to each other than to that
of S. mansoni exposed snails (first 3 rows of Table 4). The expression profile of control snails
is more similar to that of S. mansoni exposed snails than to those of either bacterial exposed
snails (last 3 rows of Table 4).

Discussion
Previous investigations of the immunobiology of B. glabrata have aimed to characterize the
differences between snail strains that are resistant or susceptible to S. mansoni. This study
differs by characterizing responses of one single B. glabrata strain (M line) to different
challenges with either compatible S. mansoni or bacteria (incompatible).

Bacterial infections are rare in wild populations of gastropods and experimentally injected
bacteria are cleared from the circulation within hours and then eliminated by phagocytic
hemocytes (Bayne, 1982; van der Knaap et al., 1981). Snails, including B. glabrata, routinely
survive exposure to bacteria (Adema et al., 1999). Now, gene discovery disclosed aspects of
the transcriptomes associated with the predictably effective antibacterial defense responses of
B. glabrata, including 533 individual sequences that were uniquely recovered following
bacterial challenge.

The snails were sampled at 12 hours post challenge to capture both the antibacterial responses
of B. glabrata and the initial response efforts of the snails to S. mansoni. This relatively early
time point was chosen to complement those used in other studies (Bouchut et al., 2006b; Jung
et al., 2005; Knight et al., 1999; Lockyer et al., 2007a; Lockyer et al., 2007b; Miller et al.,
2001; Mitta et al., 2005; Nowak et al., 2004; Raghavan et al., 2003). Another consideration
was that the rapid encapsulation of penetrating (incompatible) schistosomes by snail hemocytes
indicates that crucial aspects of mounting defense responses are orchestrated early during
pathogen-snail interactions, even if the actual elimination may take 72–96 hours (Loker et al.,
1982; Nowak et al., 2004; Sullivan and Richards, 1981).

Among the putative immune factors that were identified was a PIWI-like sequence. This
indicates that B. glabrata has gene silencing abilities for defense of its genome against mobile
elements (Thalia et al., 2008), as also demonstrated by functional RNA interference in B.
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glabrata (Jiang et al., 2006). A collection of chitin-interacting factors (Peritrophin A,
Chitotriosidase, DEC-1, DEC-3, and Fibrillin), including a Chitin-binding protein previously
described as a putative defense factor of B. glabrata (Mitta et al., 2005), fits well with a report
that chitin response factors are part of immune defenses in mollusks and other organisms
(Badariotti et al., 2007). Other sequences that are expressed by B. glabrata in response to
immune challenge may be either defense factors, part of responses to secondary infections, or
stress-response factors. Considered together, independent of the challenging pathogen, the
immune-relevant ORESTES revealed aspects of many stages of a functional defense response
in B. glabrata ranging from recognition to regulation, stress responses and both cellular and
humoral immune-effector systems.

The size of this dataset and the current lack of large-scale analysis methods (e.g. microarrays)
made the analysis of expression patterns of individual transcripts impractical. Therefore, this
study relies on computational analyses (Blast2GO and Pymood) to make the data accessible
for functional interpretation.

The Blast2GO program has an ‘enrichment analysis’ component for holistic comparison of
datasets. Each ORESTES was placed into a higher functional context, so that all ORESTES
in a given treatment group can be compared to the control group. Though the Blast2GO analysis
was limited since only 39% of the ORESTES could be assigned GO annotations, several
intereting features were none-the-less noted from the different groups of immune-challenged
snails. Oxygen transport and heme binding (specifically the upregulation of hemoglobin 1, 2,
and myoglobin) were elevated in B. glabrata following exposure to all pathogens, suggesting
that a higher respiratory demand is associated with responses to infection. Previous studies that
focused on hemocytes rather than the whole body of B. glabrata also reported elevated
metabolic rates following exposure to S. mansoni (Raghavan et al., 2003; Yoshino and Lodes,
1988). Increased respiration has also been noted in leaf cutter ants in response to pathogenic
fungus (Poulsen et al., 2002). Similarly, increased metal ion binding (specifically iron) was
noted from challenged snails. The sequestering of iron in response to pathogens by vertebrates
and invertebrates is considered an ancient host defense response (Beck et al., 2002; Weinberg
and Weinberg, 1995). Finally, the consistency of differences in GO annotation between
treatment and control group lends confidence to the validity of this method of transcriptome
comparison.

Given that the genome of a protostome invertebrate may contain up to 20000 genes (Doolittle,
2002) and considering the absence of several sequences expected to be expressed in B.
glabrata (e.g. enzymes that generate toxic oxygen radicals, Bender et al., 2007; Lockyer et al.,
2007a), it is clear that the 2129 unique sequences reported here do not represent a complete
sampling of the transcriptome. However, the subsets of transcriptomes do provide relevant
information; two independent and different large scale analyses (BLAST2GO and PyMood)
each revealed similar patterns among the four different complex transcriptome assemblies.
Both methods consistently distinguished antibacterial responses from those of the S.
mansoni-exposed B. glabrata, and from untreated snails. Furthermore, sampling bias was
avoided by using identical methods to generate and characterize randomly selected ORESTES
from each group. Thus the patterns within the transcriptome data were analyzed to generate
testable hypotheses regarding the responses of B. glabrata to the challenges applied in this
study.

The data presented here strongly suggests that the responses of B. glabrata to E. coli and M.
luteus are much more similar to each other than to S. mansoni, based on either all ORESTES
or only those ORESTES deemed immunologically relevant (Table 4). The data also suggest
that the response to S. mansoni is different (Table 2), and more similar to the expression profile
of control snails (Table 4) when compared with a response to bacteria. These observations are
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consistent with the notion that B. glabrata has effective internal defenses but fails to mobilize
a successful responses when interacting with a compatible schistosome parasite (Lie,
1982;Loker and Adema, 1995). Taken together, the expression profiles may allow us to begin
putting together the ‘recipe’ used by snails for an effective immune response and to identify
‘ingredients’ that are lacking from unsuccessful responses.

The large number of unknown sequences makes sweeping conclusions difficult; the data
collected may contain a number of candidate immune factors that require functional
characterization before meaningful interpretation of immune capabilities of B. glabrata is
possible. Likely, the function of unknown sequences evoked by S. mansoni contributes little
to an effective defense response, although several of these gene products may be part of a
frustrated or incomplete response. Several of the unknown sequences that were recovered from
B. glabrata following challenge with bacteria were expressed during the rapid clearance of
incompatible pathogens by the internal defenses of snails and could therefore be involved in
killing pathogens. New tools, such as microarrays will help evaluate the expression and
characterization of these factors. In fact many of the sequences reported here have contributed
to the design and production of cDNA arrays and oligo arrays for more detailed analysis of
transcriptome reactions of B. glabrata. With the recent insights that immune defense of various
phylogenetic groups differ dramatically from each other and from the mammalian paradigm
(Litman et al., 2005; Loker et al., 2004), the many unknown sequences collected from B.
glabrata may inform regarding lophotrochozoan immunity, in ways that further elucidate the
immunobiology of B. glabrata and the underlying mechanisms for compatibility of S.
mansoni/B. glabrata associations.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Size distribution of ORESTES clusters within the Biomphalaria glabrata data set
A. Proportion of clusters versus singletons. Note: the 1364 clustered sequences fall into 373
clusters. B. Distribution of ORESTES clusters by size.
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Figure 2. Patterns of Biomphalaria glabrata ORESTES across experimental groups
ORESTES recovered from particular treatments groups are presented within individual ovals.
Non-overlapping areas of ovals represent ORESTES unique to that group (Control: unexposed
control, G−: Escherichia coli-exposed, G+ Micrococcus luteus-exposed, Sm: Schistosoma
mansoni-exposed). Overlap of ovals contains ORESTES shared by groups. Numbers in bold
are the total numbers of ORESTES; non-bolded numbers represent unknowns (without
GenBank sequence similarity). The numbers of clusters are indicated in brackets, delimited by
a comma from the number of remaining singlets.
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Figure 3. Distribution of shared transcripts based on sequence similarity and putative ID
Virtual microarray view of Biomphalaria glabrata ORESTES data. Black squares represent
ORESTES uniquely recovered from G--exposed snails. ORESTES shared by G--exposed
snails and one or more other groups are identified as colored squares as indicated in the legend.
Gradations of these colors indicate: 1) degree of similarity (saturation of color: darker squares
indicate less similar ORESTES), and 2) sharing of ORESTES by more than 2 groups (mixture
of colors; for example, pink indicates ORESTES shared by G--exposed, G+-exposed, and
control). Note the numerous blue spots compared with the relatively few green spots. This
indicates that the response of B. glabrata to both bacterial exposures (blue) was much more
similar than the response of S. mansoni-exposed was to that of G--exposed snails.
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Figure 4. Gene Expression profile of Biomphalaria glabrata using Gene Ontology
Values indicate the number of ORESTES categorized into the third molecular function
ontology level, and include data from all groups. Only the sixteen most abundant categories
are presented. Analysis based on 1210/3123 ORESTES assigned a GO term.
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Table 4
Summary of ORESTES shared by groups
Number of ORESTES shared by pairs of challenged groups and of each challenged group to control. Numbers indicate
total number of ESTs; numbers in brackets indicate the number of clusters made by assembling ORESTES.

All ORESTES Putative immune related
ORESTES

E. coli and M. luteus 116(39) 24(8)

E. coli and S. mansoni 50(18) 8(2)

M. luteus and S. mansoni 54(21) 12(4)

Control and E. coli 110(39) 7(2)

Control and M. luteus 88(32) 13(3)

Control and S. mansoni 147(45) 44(13)
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