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Invertebrates lack adaptive immune systems homologous to those
of vertebrates, yet it is becoming increasingly clear that they can
produce diversified antigen recognition molecules. We have pre-
viously noted that the snail Biomphalaria glabrata produces a se-
creted lectin, fibrinogen-related protein 3 (FREP3), unusual among
invertebrate defense molecules because it is somatically diversifi-
ed by gene conversion and point mutation. Here we implicate
FREP3 in playing a central role in resistance to a major group of
snail pathogens, digenetic trematodes. FREP3 is up-regulated in
three models of resistance of B. glabrata to infection with Schis-
tosoma mansoni or Echinostoma paraensei, and functions as an
opsonin favoring phagocytosis by hemocytes. Knock-down of FREP3
in resistant snails using siRNA-mediated interference resulted in
increased susceptibility to E. paraensei, providing a direct link be-
tween a gastropod immunemolecule and resistance to trematodes.
FREP3 up-regulation is also associated with heightened respon-
siveness following priming with attenuated digenetic trematodes
(acquired resistance) in this model invertebrate immune system.
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Recent years have witnessed a surge of new information about
the immune capabilities of organisms as diverse as plants (1),

worms (2), snails (3), flies (4), sea urchins (5), and lampreys (6).
One of the insights emerging from these studies is that inverte-
brates, although they do not have adaptive immune systems
in the sense of those possessed by jawed vertebrates, nonetheless
do have sophisticated innate immune systems that have revealed
an unforeseen ability to produce diversified antigen recognition
molecules (3, 4). Possession of expanded families of antigen
recognition molecules (5), the ability to engage in extensive di-
versification of receptors by alternative splicing (4), somatic di-
versification achieved by gene conversion and point mutation (3),
and the presence of complex genomic architecture conducive to
the production of diversified antigen receptors (7) have all been
shown in invertebrates, potentially blurring some of the tradi-
tional distinctions made between innate and adaptive immune
systems in the process (8). It is not surprising that invertebrates
have immune systems that are not limited to low numbers of
pattern recognition receptors, given the diverse suites of patho-
gens with which they must cope, and the evident success of
invertebrates in persisting abundantly over evolutionary time, in
both species and numbers. Many invertebrates have life spans
longer than those of many of their vertebrate counterparts, fur-
ther accentuating their need for sophisticated protection sys-
tems. Relatively lacking, however, has been further information
documenting that diversified invertebrate defense molecules
are actually playing a protective role against natural and rele-
vant pathogens.
There has also been a resurgence of attention in the ability of

invertebrates to mount specific secondary responses different
from and more protective than those mounted following initial
exposure to the same pathogens (9, 10). This phenomenon has
been observed in two forms that differ in the specificity of the
response to secondary challenge. The first state is one in which
the immune response is primed by initial exposure, thereby

resulting in a generalized heightened immunological state that
renders secondary challenges with several pathogens less suc-
cessful. The second state is one of specificity, in which the initial
priming response and successful clearance leave the organism
resistant to homologous secondary pathogen challenge. This
specific secondary response has been demonstrated in the water
flea Daphnia magna (11), the planorbid snail Biomphalaria glabrata
(12), and the bumblebee Bombus terrestris (13). The heightened
response engendered by exposure of B. glabrata to atten-
uated digeneans was termed “acquired resistance” by its dis-
coverers (12). In addition to these examples of specific acquired
resistance to reinfection, a wealth of observational evidence
supporting increases in specific gene expression patterns, sur-
vival, and defense-related protein production is available for
other invertebrates (10), suggesting that the capacity to acquire
resistance is likely to be present in many invertebrate phyla.
Unfortunately, to date very few data are available to suggest the
mechanisms that underlie these phenomena (14).
Below we highlight recent studies building on our previous

work showing that the freshwater planorbid snail, Biomphalaria
glabrata, is capable of producing a unique category of circulating
defense molecules called fibrinogen-related proteins (FREPs).
FREPs are calcium-dependent lectins with one or two N-terminal
Ig superfamily (IgSF) domains and a C-terminal fibrinogen do-
main. They are known to be up-regulated following infection and
to bind to parasite surfaces (15). As one of their most distinctive
features, FREPs are diversified somatically by both gene con-
version and point mutation (3). Just as mosquitoes have de-
veloped into important research models for studying invertebrate
immunity because of their role in transmitting malaria, gastropod
molluscs such as B. glabrata are of interest because of their role in
the transmission of digenetic trematodes that cause schistoso-
miasis. Many of the more than 18,000 species of digenetic trem-
atodes (digeneans) found worldwide have a significant impact on
animal and human health (16). Among them, schistosomes afflict
more than 200million persons, mostly in sub-Saharan Africa (17).
Almost all digenean species depend on molluscs, usually snails,
for their larval development, a relationship characterized by
a high degree of specificity (18). Digenean infections of snails are
characterized by an intimate, often life-long association that
involves parasite proliferation and castration of the snail host
(19). Compatibility between snail and digenean is determined, in
part, by immunological interactions believed to be particularly
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pronounced during the early stages of infection (20): The parasite
attempts to suppress the snail immune response (21) or to dis-
guise itself from it (22), thereby allowing the parasite to establish.
For its part, the snail host mounts humoral and cellular responses
to encapsulate and kill the parasite (20, 23, 24). In some snail–
digenean combinations, the snail is resistant to infection and the
immune components responsible have been a frequent topic of
study (23), in part because of the ramifications for interrupting
transmission of schistosomes to humans. Below we provide evi-
dence to implicate FREP3 in resistance of snails to trematode
infection, confirm that it is diversified among hemocytes, and that
specific knockdown of FREP3 using siRNAs can increase the
susceptibility of snails to digenean infection.

Results
Using a microarray emphasizing known immunological tran-
scripts expressed by the snail B. glabrata (20), we identified
FREP3 as one of a small group of transcripts consistently and
significantly up-regulated following challenge of resistant snails
with digeneans (Fig. 1A). Snails resistant to infection because
of their strain, increased age and hence larger size (25), or
sensitization by a previous exposure to irradiation-attenuated,
homologous trematodes (the latter referred to as “acquired
resistance”), all displayed a significant increase in FREP3 trans-
cription as assessed using the microarray, and confirmed using
quantitative RT-PCR (Fig. S1; Tables S1–S3). Conversely, snails
successfully infected with digeneans exhibit down-regulation of
FREP3 expression (21) (Fig. 1 B and C).

Characterization of bacterial artificial chromosome (BAC)
sequences revealed a cluster arrangement of both multiple B.
glabrata FREP3 genes and partial sequences. This spatial con-
figuration and the high level of sequence similarity among these
sequences are conducive for, and consistent with, gene conver-
sion (26) (Fig. S2). The association that we noted between
FREP3 and resistance to trematode infection, as well as its re-
markable capacity for diversification, provided strong justifica-
tion for further investigation of FREP3. To examine FREP3
diversification, we chose to focus on exon 5 because it is con-
venient to amplify, encompasses parts of both the second IgSF
domain and the interceding region of FREP3, and represents
a part of the FREP3 molecule that has not previously been
surveyed. We examined four subsets of 20–40 hemocytes taken
from each of five individual snails (Fig. 2A). As expected (3), this
analysis yielded a limited number of frequently recovered
FREP3 “source sequences” in common to all hemocyte subsets
from a given snail (five for each snail investigated). Source
sequences are the unaltered FREP3 alleles present in the snail’s
germline. Previous studies based on Southern blot analysis have
shown there to be no more than 2–5 FREP3 loci present in
B. glabrata (27) a number possibly inflated by cross-reactivity of
our FREP3 cDNA probe with IgSF-encoding portions of frag-
mented or other incomplete FREP genes. Subsequent analysis of
a FREP3-containing BAC clone revealed no more than two to
three intact FREP3 loci. Assuming some heterozygosity at these
loci, this smaller number of loci is consistent with the presence of
five source sequences per snail that we noted in the present
study. These results again emphasize the point that the number

Fig. 1. Microarray studies of responses of B. glabrata to trematode infection, including three different models of resistance. (A) Venn diagrams showing up-
regulated transcripts at different days postexposure (dpe) that are shared among the three forms of resistance to trematode infection. Outer colors of the
Venn circles correspond with bar colors shown in A and B. Listed below each time point are the transcripts common to all three resistance models (size, strain,
and acquired immune resistance. (B) Enumeration of up-regulated (above zero line) and down-regulated array responses (below zero line) over a time course
from 0.5 to 32 d postexposure for juvenile M-line strain snails susceptible to both S. mansoni (open bars) and E. paraensei (black bars); BS-90 strain snails
susceptible to E. paraensei (open bars) but resistant to S. mansoni (blue bars); and adult M-line snails resistant to E. paraensei (green bars). In this latter
experiment, the transcripts represented on the graph are ones that are up-regulated as a result of size resistance, with those up-regulated during challenge of
susceptible small M-line snails subtracted. (C) Summary of transcriptional profiles associated with induction of acquired resistance to E. paraensei in M-line
snails: sensitized control snails exposed only to irradiated miracidia, which fail to develop; challenge control snails exposed only to normal (viable) miracidia,
which establish successful infections; and experimental snails sensitized with irradiated miracidia and challenged 8 d later with viable miracidia that are killed
because of the development of acquired resistance (12). That acquired resistance occurred was verified by exposure of snails to determine if they became
infected (shed cercariae): 2 of 59 (3%) snails exposed only to irradiated miracidia, 78 of 84 (93%) exposed only to viable miracidia, and 13 of 94 (14%) exposed
first to irradiated miracidia and later challenged with viable miracidia became infected.
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of source sequences is very limited relative to the diversity of
FREP3 sequences recovered from each snail in our analyses (3)
(Fig. S3). In addition, unique FREP3 genomic sequences were
found in each hemocyte subset (between four and 11 variants/
hemocyte subset per snail), reflecting involvement of both point
mutation and gene conversion in generation of greater FREP3
sequence diversity than that encompassed by the source sequen-
ces (Fig. S3), and consistent with the occurrence of random diver-
sification events unique within hemocytes comprising each subset.
A common result of trematode infection in snails is that he-

matopoiesis is stimulated (25, 28). This observation led us to
hypothesize that the increased FREP3 expression associated
with resistance is linked to the production of new hemocytes.
Using in situ hybridization (Fig. S4), we noted expression of
FREP3 transcripts in newly produced hemocytes (as assessed by
BrdU incorporation) was greater than in the original hemocyte
population, or in PMA-stimulated proliferation controls (Fig. 2B
and Fig. S4), supporting our hypothesis that FREP3 is somati-
cally diversified in hemocytes.
FREP3 binding targets were identified using monosaccharides

that have been shown to be associated with surface glycoproteins
of larval digeneans (29). We reasoned that FREP3 would have
lectin binding properties because FREP4 had previously been
shown to precipitate digenean secretory/excretory products in
a monosaccharide-inhibitable manner (15). When conjugated to

fluorescent microspheres and injected into snails, α-D-mannose
and α-D-galactose induced higher rates and proportions of
phagocytosis in the resident population of hemocytes than the
other monosaccharides tested (Fig. 3 A and B). To confirm that
FREP3 contributed to the increase in phagocytosis observed
using α-D-galactose, it was purified from snail hemolymph and
conjugated to microspheres that were then injected into snails.
FREP3-coated beads were phagocytosed at significantly higher
rates and proportions than control beads, or beads conjugated to
any of the monosaccharides (Fig. 3 A and B). Finally, by in-
cubating monosaccharide-conjugated microspheres with cell-free
snail plasma we demonstrated that FREP3 bound a range of
monosaccharides including D-glucose, GlcNAc and most strongly,
α-D-galactose (Fig. 3C). Because α-D-mannose was not bound by
FREP3 in this study, it is likely the phagocytosis induced by α-D-
mannose was because it was bound by mannose binding lectin,
which has been identified in other invertebrates (30) and has
been shown to be involved in the recognition and phagocytosis of
pathogens (31, 32). A C-type lectin-like sequence from B. glabrata
with significant similarity to macrophage mannose receptor (20),

Fig. 2. (A) Presence of variant FREP3 genomic sequences in the indicated
626-bp portion of the molecule was ascertained among multiple subsets of
20–40 hemocytes taken from each of five snails (identified by different col-
ors). The five large circles (diameter indicating frequency of recovery) rep-
resent the presumptive FREP3 source sequences. Note that the five snails had
mostly the same source sequences. The attached small satellite circles (di-
ameter representing recovery rate from 1–3) represent relatively rare FREP3
variants recovered from particular hemocyte subsets that were derived from
a source sequence by point mutation (length of connecting lines represents
number of differing nucleotides, range 1–6). One variant sequence of source
sequence 1 was recovered from two individual snails (satellite circle with two
colors). Rectangles indicate additional novel sequences generated by gene
conversion, with the contributing source sequences indicated by numbers.
The observation of two occurrences does not imply that gene conversion
involving FREP3 sequences is rare, as no more than 800 hemocytes were
sampled. Our data are consistent with the contribution of gene conversion
(additional to point mutations) to extensive somatic diversification of FREP
genes as recorded from whole body tissues of B. glabrata (3). (B) Circulating
hemocytes taken from snails with 8-d E. paraensei infections were more
likely to exhibit both BrdU incorporation (indicative of recent origin) and
expression of FREP3 transcripts than hemocytes from snails either injected
with PMA or sham injected. *Significant differences from sham-injected
controls (P < 0.05, one-way ANOVA). Bars indicate SE.

Fig. 3. FREP3 is involved in detection of monosaccharides and is able to
enhance phagocytosis. (A) Streptavidin beads conjugated to different
monosaccharides or to purified FREP3 were injected into snails; 2 h later,
hemocytes were removed and assayed for presence of beads. Graph shows
mean number of beads phagocytosed per hemocyte for 100 hemocytes
counted from each snail (n = 10) (filled bars, left axis). Also shown is the
percentage of cells counted that had phagocytosed beads (open bars, right
axis). *Significant difference from corresponding control (P < 0.05, one-way
ANOVA). Bars indicate SE. (B) Hemocytes observed during the phagocytosis
experiment with varying numbers of beads within. Beads were conjugated
with the substance indicated on each figure. (C) Monosaccharide-conju-
gated beads were incubated with cell-free snail plasma. Polypeptides were
then solubilized from the beads, run on an SDS/PAGE gel, and transferred to
nitrocellulose. The Western blot was probed with anti-FREP3 antibody to
show which sugars were bound by FREP3.
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array feature BGC04266), is frequently up-regulated following
exposure to digenean infection (Tables S1–S3). These assays in-
dicate FREP3 has lectin activity and opsonic properties for
hemocytes which are known to be involved in attacking and
phagocytosing portions of the tegument of digenean sporocysts as
part of the encapsulation response in resistant snails (33).
A number of other phagocytosis-related transcripts were also
shown to be up-regulated in resistant snails by our transcriptional
analysis, underscoring the importance of this process in resis-
tance to digenean infection (Table S1). Of particular interest is
feature BGC0426, which, because of sequence similarities to
dermatopontin (an extracellular matrix protein) and hemagglu-
tinin/amebocyte aggregation factor (20), may attract hemocytes
and regulate cellular adherence (Fig. 1A).
To further test the role played by FREP3 in antidigenean

responses in B. glabrata, we developed an alternative method to
effect RNA interference mediated knock-down of FREP3 ex-
pression using a combination of siRNAs rather than a single
large dsRNA construct as used previously for RNAi in this snail
(34). Significant knock-down of FREP3 was confirmed at both
transcript and protein level in experimental snails whereas con-
trol (pre–knock-down), or siGFP-specific knock-down snails
showed no alteration in FREP3 expression (Fig. 4A). The effect
of FREP3 knock-down on susceptibility to E. paraensei was
assessed in adult M-line B. glabrata (10- to 15-mm shell di-
ameter), which are typically resistant to E. paraensei infection
(25) (Fig. 4B). Knock-down of FREP3 in these large snails
resulted in an alteration of the resistance phenotype such that 16
of 52 (31%) of these snails became infected with E. paraensei
that had developed to the redial stage, as compared with 0 of 50
control snails that received GFP-targeted siRNA oligos. The
phenotype of susceptibility to digenean infection has thus been
uniquely changed in a snail as a consequence of experimental
alteration of the expression of a specific immune gene product.
Furthermore, although these data suggest that FREP3 is not the
only defense factor involved in digenean resistance, it does imply
that it is one of importance.

Discussion
The focus of this study was to identify transcripts that are im-
portant to defense of B. glabrata to trematode infection and to
then functionally characterize these transcripts in relation to
their role in snail defense. Microarray analysis of the transcrip-
tional profiles associated with size, strain, and acquired resis-
tance models identified FREP3 as a transcript that is commonly
up-regulated in resistant snails. Conversely, previous studies
have demonstrated that FREP3 is a transcript that is targeted by
the parasites for suppression during successful infections (21).
FREP3 is a member of a diverse group of B. glabrata hemo-

lymph lectins that possess one or two IgSF domains coupled to
a fibrinogen domain (3). Immune-related molecules containing
fibrinogen domains have been identified in a steadily increasing
number of invertebrate phyla (15, 35–39), however gastropod
FREPs are structurally unique and, thus far, have not been found
outside the Phylum Mollusca. FREPs change in abundance in
snail hemolymph following digenean infection (15, 35, 36) and
can precipitate secretory/excretory products of sporocysts im-
plying they play a role in response to infections (15). FREPs have
recently been shown to form complexes with highly polymorphic
mucin molecules produced by S. mansoni sporocysts, complexes
that also include thioester-containing proteins believed to favor
phagocytosis and encapsulation responses (40). Previous analysis
of genomic sequence variants of the first IgSF domain of FREP3
(exon 2 underlined in Fig. 2A) revealed that a limited number of
germline alleles are somatically diversified by both gene con-
version and point mutation, and that correspondingly diverse
populations of FREP3 mRNAs are produced (3). High levels of
variability in another subfamily of FREPs (FREP2) have also
recently been independently reported (40).
Our ability to link FREP3 expression patterns within B. glabrata

to newly generated hemocytes responding to E. paraensei in-
fection, coupled with our confirmation of diversification of the
FREP3 molecule implies that B. glabrata hemocytes are not all of
the same and, in aggregate, produce a considerable diversity of
FREP3 sequences (between 4 and 11 variants/hemocyte subsets
per snail). In addition, confirmation of sequence diversification in
the second Ig domain provides a more complete picture of the
potential variability of the final FREP3 protein. We now know
that both IgSF domains and the ICR are diversified by point mu-
tation and gene conversion events providing the potential for
differing FREP3 molecules to recognize different pathogen-
associated targets.
Our RNAi data imply an important role for FREP3 in the B.

glabrata response to the digenean E. paraensei, and suggest this
will be a useful approach for testing several other promising
factors also shown by our microarray studies to be involved in
snail defense against digeneans. As FREP3 transcripts are also
up-regulated in the BS-90 strain B. glabrata, which are resistant
to S. mansoni, our results suggest it is also an important molecule
in defense against this important human-infecting digenean as
well. Identification of specific factors associated with resistance
to schistosome infection opens the door for further study of snail
susceptibility to schistosomes in areas endemic for S. mansoni
and how this attribute might be manipulated to assist with
schistosomiasis control.
Finally, we note that in the model of acquired resistance dis-

cussed above, snails previously sensitized by exposure to attenu-
ated digeneans respond to challenge with homologous viable
parasites with a strongly up-regulated FREP3 response. This
makes FREP3 one of a small group (41–43) of invertebrate
immune-associated molecules that has the potential to increase
antigen recognition capability during a distinctive period of
heightened immune responsiveness that, in this case, confers
meaningful protection against parasite infection. Similar activa-
tion of defenses might occur in field situations when snails are

Fig. 4. RNAi-mediated knock-down of FREP3. (A) Confirmation of tran-
scriptional knock-down (i) using representative results of RT-PCR assays on
samples taken from unexposed control snails between 0 and 120 h post-
injection. FREP3 knockdown specificity was confirmed using an elongation
factor 1-α (EF-1α) endogenous control. Protein level knock-down (ii) shown
for two trials, each a Western blot analysis loading 100 μg plasma protein
from eight individual snails either before (−) or 4 d after (+) injection of
FREP3 specific siRNA. Tick marks represent standard size markers of 75 kDa
(Lower) and 100 kDa (Upper). (B) Results of two trials comparing the effects
of injection of either GFP oligos (control) or four 27mer FREP3 oligos (ex-
perimental). The percentage of snails in each group found to contain rediae
at 12–14 dpe is shown and indicated by the red pie segments. The number of
snails injected for each group is shown at the bottom of the figure.
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exposed to miracidia either of digenean species that they nor-
mally do not host or of normally compatible digeneans that have
been attenuated naturally (as, for example, by age), resulting in
an increase in the ability of the snail to reject medically relevant
digeneans such as S. mansoni. Our studies also point out a role
for somatic diversification in invertebrate immune defense and
help to explain how heightened levels of responsiveness could be
achieved in organisms lacking an adaptive immune system ho-
mologous to that found in the vertebrates (44).

Materials and Methods
Microarray Scanning and Analysis. Microarrays used to assess transcriptional
differences between controls and snails with size, strain, and acquired re-
sistancewere probed in triplicate,with eachprobederived froma separatepool
of cDNA from five snails. Analysis was performed using Genepix and Acuity
software (Molecular Devices). Statistical analysis was assessed using SAM
software (45), and a 1.5-fold change in expression was imposed on all data.

Assessment of FREP3 Sequence Diversity. Snail hemolymph was isolated and
diluted using sterile snail saline to a concentration of 20–40 hemocytes per 10
μL. Cells were lysed for 10 min at 94 °C and then used as a template for PCR
amplification of FREP3. The resulting amplicons were cloned and sequenced,
and then analyzed to identify sequence differences.

Generation of an Anti-FREP3 Antibody and Detection of Native FREP3 in Snail
Plasma. The polyclonal antibody to FREP3 was generated against a recombi-
nant fragment of the FREP3 protein representing the first IgSF domain and
joining region between the two IgSF domains. This antibody was used to
purify FREP3 from snail plasma as well as to detect FREP3 on Western blots.

BrdU Labeling and Detection of FREP3 Using in Situ Hybridization. Approxi-
mately 5–15 μL (depending on snail body size) of the undiluted BrdU labeling

reagent was injected into the hemocoel of the snail. Snails were bled 24 h
after injection, and hemolymph was placed on microscope slides to allow
hemocytes to adhere. BrdU incorporation into the DNA of the hemocytes was
assessed following the FLUOS protocol (Roche). FREP3 expression in hemo-
cytes was assessed using DIG-labeled RNA probes specific for FREP3. The
presence of the DIG-labeled probe was detected using anti-DIG antibody.

Assessment of FREP3 Binding and Function Using Streptavidin-Conjugated
Microspheres. FREP3 and monosaccharides were biotinylated and conjugated
to streptavidin-coated latex beads (Bang Laboratories). Beads were injected
through the shell into the hemocoel of the snail directly beside the heart.
Injected snails were bled by head–foot retraction 2 h after injection, and
hemolymph was placed on microscope slides to allow cells to adhere before
assaying for phagocytosis.

Knock-Down of FREP3 in E. paraensei-Resistant Snails. siRNA 27mer oligos were
synthesized by Integrated DNA Technologies (IDT) using different conserved
locations along the FREP3 transcript. Knock-down was confirmed by RT-PCR
and Western blot analysis. For RNAi experiments, snails were injected with
FREP3 RNAi oligos and infected with E. paraensei on the same day. Analysis
of altered resistance phenotypes was by dissection and searching for rediae,
performed 12–14 d after exposure.

Detailed Materials and Methods. A detailed description of the materials and
methods used in this study is provided in SI Materials and Methods.
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