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The fresh water snail Biomphalaria glabrata is one of the vectors of the trematode pathogen Schistosoma

mansoni, which is one of the agents responsible of human schistosomiasis. In this hosteparasite inter-

action, co-evolutionary dynamic results into an infectivity mosaic known as compatibility poly-

morphism. Integrative approaches including large scale molecular approaches have been conducted in

recent years to improve our understanding of the mechanisms underlying compatibility.

This review presents the combination of integrated Multi-Omic approaches leading to the discovery of

two repertoires of polymorphic and/or diversified interacting molecules: the parasite antigens S. mansoni

polymorphic mucins (SmPoMucs) and the B. glabrata immune receptors fibrinogen-related proteins

(FREPs). We argue that their interactions may be major components for defining the compatible/

incompatible status of a specific snail/schistosome combination.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Host-parasite interactions are dynamic biological systems in

which the host's defense mechanisms face the parasite's infectivity

mechanisms (Combes, 2000; Howard and Jack, 2007). The co-

evolution of hosts and parasites involves huge reciprocal selective

pressures on both partners. Therefore, in natural environment, all

living organisms have developed defense systems capable of

recognizing and activating efficient effectors to eliminate most of

the pathogens encountered during their life span.

In invertebrate host/parasite interactions, invariable germ-line-

encoded or somatically diversified pathogen recognition receptors

(PRRs) that recognize a set of pathogen associated molecular pat-

terns (PAMPs) appear to be the ultimate outcome of this molecular

arms race to limit pathogen invasion (Medzhitov and Janeway,

1997). These polymorphic and/or diversified receptors have been

identified in echinoderms (SRCR or Sp185/333 of sea urchin (Ghosh

et al., 2010; Pancer, 2000; Pancer et al., 1999), insects (Dscam of

Drosophila melanogaster and Anopheles gambiae (Dong et al., 2006;

Watson et al., 2005), crustaceans (Dscam of Daphnia (Brites et al.,

2008) or Litopenaeus vannamei (Hung et al., 2013), and molluscs

(FREPs of Biomphalaria glabrata (Zhang et al., 2004)). These studies

indicated that these putative immune receptor variants vary

considerably between individuals, yielding an enlarged repertoire

of putative recognition molecules. We can speculate that large and

individual repertoires of immune receptors might confer the im-

mune recognition specificity of invertebrate immune systems and

explain in part, the issue of host-pathogen compatibility.

The present chapter explores the molecular interactions be-

tween Schistosomamansoni and the snail Biomphalaria glabrata that

provides a model of choice in evolutionary biology for investigating

host-parasite co-evolutionary dynamics and the mechanisms of

invertebrate innate immune response (Lockyer et al., 2008; Mitta

et al., 2012; Mone et al., 2011; Pinaud et al., 2016; Zhang et al.,

2004).

The genus Schistosoma contains around twenty species, three of

which, S. haematobium, S. japonicum, and S. mansoni are the prin-

cipal agents of human schistosomiasis that represents the second

most prevalent parasitic disease in the world affecting 200 million

people and killing 200,000 persons every year (Chitsulo et al.,

2004). Adult worms mate in a vertebrate host venous system.
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They produce eggs that reach the aquatic environment by passing

through the vertebrate intestinal or bladder wall. In water, eggs

hatch and release a miracidium that specifically infects fresh water

snail species. Schistosomes, like all trematode species, needs mol-

luscs as intermediate hosts to carry out part of their life cycle before

infecting humans. Inside snail tissues, the miracidium turns into

primary sporocyst (Sp1) that gives sequentially a secondary

sporocyst (Sp2) and then cercaria by asexual multiplication. After

leaving the snails, cercariae actively look for a definitive vertebrate

host to infect (Yoshino et al., 2016).

In South America, B. glabrata snails have important medical and

epidemiological impacts due to their role as the main vector of

S. mansoni, the agent of intestinal Schistosomiasis. Consequently, a

better understanding of the molecular interactions and the

compatibility (susceptibility/resistance status) between B. glabrata

and S. mansoni would contribute to the discovery of new ways to

prevent and/or control Schistosomiasis diseases in the field

(Tennessen et al., 2015b).

A high level of specificity exists between the Schistosoma

miracidia and the snail intermediate hosts. This specificity could be

explained by the suitability/unsuitability between the physiological

and biochemical states of the host and the parasite. However, the

main factor supporting this specificity is the host immune system

and the ability of the parasite to cope with this immunity and/or to

circumvent it (Sapp and Loker, 2000; Van Der Knaap and Loker,

1990). Thus, during specific interactions, either the host wins and

the parasite is eliminated or the parasite wins and infects the host.

This aspect of host/parasite interactions is described under the

spelling compatibility polymorphism (Mitta et al., 2012) (see Fig. 5).

Interestingly, investigation of the fate of miracidium parasites after

penetration in the same host snail revealed that the infected snail

can contain both developing primary sporocysts and encapsulated

sporocysts located side by sidewithin its tissues (Theron et al., 1997,

2014). The phenotype (infective vs. uninfective) of a parasite is

expressed as a function of the genotype of the particular host that it

enters. Likewise, the phenotype (susceptible vs. unsusceptible) of a

host is expressed as a function of the parasite genotype it harbours

(Theron et al., 2014). Compatibility polymorphism is thus based on

a matching-phenotype model in which the compatibility is tested

independently for each entering miracidium and each exposed

snail (Theron et al., 1997, 2014). Numerous studies using isolates or

strains of Biomphalaria snails from diverse geographic localities

that have been exposed to sympatric or allopatric strains of

S. mansoni (see Fig. 5) have emphasized the high compatibility

polymorphism that characterizes this host-parasite matching-

phenotype (Basch, 1976; Morand et al., 1996; Richards, 1975;

Richards and Shade, 1987; Theron et al., 2014).

To go further in the understanding of this matching-phenotype,

we must decipher the mechanisms through which snails and

schistosomes interact. Integrative approaches are needed to

combine a diversity of methodologies required to address the

different levels of the molecular hierarchy potentially involved in

host-pathogen compatibility and unravel the complexity of such

biological systems (Fig. 1). The recent development of comparative

genomic, transcriptomic, proteomic and epigenomic approaches,

referred as multi-omic analyses, paved the way to a better under-

standing of the underlying molecular processes of snail/schisto-

some compatibility (Fig. 1). The molecular mechanisms underlying

the high level of compatibility polymorphism observed in these

interactions are based on the formation of immune complexes

between B. glabrata fibrinogen related proteins (FREPs) and the

S. mansoni polymorphic mucins (SmPoMucs), which were previ-

ously demonstrated as the most promising candidates involved in

snail/schistosome compatibility (Dheilly et al., 2015; Mitta et al.,

2012; Mon!e et al., 2010). On one hand, SmPoMucs are mucin-like

molecules displaying a domain containing a variable number of

tandem repeats (VNTR). Mucins are known to be involved in host-

parasite interplay (Buscaglia et al., 2006; Hicks et al., 2000; Rathore

et al., 2005; Theodoropoulos et al., 2001). SmPoMucs could act as

pathogen associated molecular patterns (PAMPs) and would be the

initiator of snail host immune recognition (Mon!e et al., 2010). On

the other hand, fibrinogen-related proteins (FREPs) constitute a

highly diversified family of soluble immune pathogen recognition

receptors (PRRs) from B. glabrata (Adema et al., 1997; Mitta et al.,

2012; Mon!e et al., 2010). FREPs combine one or two N-terminal

immunoglobulin superfamily (IgSF) domains with a C-terminal

fibrinogen-related (FBG) domain and participate in binding trem-

atode parasites (Mon!e et al., 2010; Zhang and Loker, 2004; Zhang

et al., 2008a).

In this review, the roles played by FREPs and SmPoMucs in

compatibility polymorphism has been compiled from integrated

“Multi-Omic” approaches conducted on different snail and schis-

tosome combinations displaying different compatibility

phenotypes.

2. What have we learned from genomic approaches on FREPs

and SmPoMucs?

Genetic studies conducted in the S. mansoni/B. glabrata model

demonstrated that compatibility was heritable and could be

selected in the laboratory either for susceptibility/resistance of the

snail or for infectivity of the parasite (Davies et al., 2001; Richards,

1975; Richards et al., 1992; Richards and Shade, 1987; Webster and

Davies, 2001), although the underlying genetic and molecular

mechanisms were largely unknown. Compatibility may reside in a

concordance of genetically determined phenotypes in snail and

schistosome (Basch, 1975, 1976), a reduced set of parasite pheno-

types in a population generally match with solely a fraction of the

phenotypes present in the host strain (Th!eron and Coustau, 2005).

The first genome assembly and annotation of S. mansoni was

published in 2009 (Berriman et al., 2009). It is composed of

approximately 363 megabases in which 11,809 putative genes

encoding 13,197 transcripts were identified. The functions of only a

small percentage of these genes have been characterized so far.

Moreover, the assembly was not perfect considering that 40% of the

genome was repetitive and that the annotation mostly focused on

possible therapeutic target genes against adult worms. This

genomic resource has contributed to functional studies (Protasio

et al., 2013), and was particularly helpful for investigating the

mechanism of resistance to specific drugs (Valentim et al., 2013).

Nevertheless, it has never been used to identify which genomic

regions were under selection for the interplay with its intermediate

host snail.

Additional efforts have been made in the characterization of

gene loci in the B. glabrata genome associated with resistance or

compatibility to S. mansoni infection. A first study using random

amplified polymorphic DNA (RAPD) approach on several B. glabrata

strains displaying a range of compatibility toward the same parasite

isolate led to the identification of two heritable markers related to

the resistance phenotype of adult snails (Knight et al., 1999). As

these RAPD markers were located in repetitive genomic regions in

the B. glabrata genome, further attempts to characterize the asso-

ciated genes were not successful.

However, more recently a restriction site associated DNA

sequencing (RADseq) study was conducted using two laboratory

lines of snails that have been selected for S. mansoni resistance by

experimental evolution (Tennessen et al., 2015b). RAD genotyping

revealed in both lines a genomic region linked to resistance to the

parasite. This region comprised 12 putative noncoding and 15

coding genes, among which 7 presented similarities for single-pass
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transmembrane proteins. Proteins from this family are implicated

in different processes like cell migration, adhesion, growth, and

typically act as receptors for extracellular signals (Tennessen et al.,

2015b). The authors notably underlined their potential role in the

immune system such as B- and T-cell receptors, Fc receptors, major

histocompatibility complex (MHC) receptors and Toll-like re-

ceptors, which are all membrane-bound receptors recognizing

foreign molecules (Tennessen et al., 2015b). Complementary RNA-

seq analysis revealed that the compatibility phenotype of the snail

(susceptible or resistant) was not correlated to the level of gene

expression but rather to differences in allele sequences (Tennessen

et al., 2015a, 2015b).

Several molecules have been identified and implicated for im-

munity of Biomphalaria glabrata against Schistosoma mansoni (for

review, see (Coustau et al., 2015)). However, few have been char-

acterized at the genetic or genomic level, including one particular

allele of the copper-zinc superoxide dismutase (SOD1) that is

associated with snail resistance to S. mansoni infection (Blouin

et al., 2013; Goodall et al., 2006) and of course the SmPoMuc and

FREP molecules described thereafter.

2.1. The Schistosoma mansoni polymorphic mucins (SmPoMucs)

The only parasite molecules characterized at the genomic level

and implicated in the interaction with the intermediate host snail

are the S. mansoni Polymorphic Mucins (SmPoMucs) (for review,

see (Gourbal et al., 2015)). These molecules were shown to be

highly polymorphic at both population and individual level. In a

population each miracidium expresses a unique combination of

SmPoMucs derived from a limited set of genes. SmPoMucs are

encoded by at least 6e9 multi-gene family members (Roger et al.,

2008b). These genes are composed of 15 exons: the first two

exons of the 50 gene region are considered as the variable region of

SmPoMuc genes, while the 13 other exons are considered as the

conserved 30 region. Indeed, southern blot experiments revealed

that SmPoMucs contained a variable number of repeated exon 2

that never exceeded 20 copies. The different genes were classified

in four paralogous sequence groups according to their sequence

coding for the conserved 30-terminal part of the gene. All members

of group 4 were considered as pseudogenes. Fluorescent in situ

hybridization (FISH) allowed locating SmPoMucs genes in four

distinct genomic regions of chromosomes 3 and 4. This genomic

clustering associated with the presence of pseudogenes strongly

supports that gene duplications would be at the basis of SmPoMuc

gene diversification.

In SmPoMuc genes, Exon 2 (27 nucleotides) and its flanking

introns are organized in 1 kb repeats, each separated by micro-

satellites. The high level of similarity of these genomic repeats

between all members of SmPoMuc multigene family results in the

frequent recombination and homogenization of the SmPoMucs

genes. Diversification of SmPoMuc molecules is driven by complex

genomic mechanisms. Calculation of synonymous to non-

synonymous substitutions ratios (KS/KN) and Tajima's neutrality

test indicated that purifying selection acts on SmPoMuc genes

(Roger et al., 2008b). In these genes, genomic repeats are subjected

to concerted evolution and intron sequences are more homoge-

nized than exons that evolve under purifying selection (Roger et al.,

2008b). This results in combinatory events observed at the genomic

level, probably linked to ectopic recombination and exon exchange

between clusters.

The SmPoMucs genes were not present in the current

S. mansoni genome annotation but can be found by similarity

searches. However, the current assembly (v5) around these loci

contains potential errors since similarities between genes of this

family as well as the genomic repeats prevented their correct

assembly into the genome.

Fig. 1. Integrative multi-Omics approaches of host-parasite interaction.
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2.2. The fibrinogen-related protein (FREP) genes

Several studies have focused on B. glabrata fibrinogen-related

proteins (FREPs) (for a review see (Gordy et al., 2015)) that have

been shown in vitro to interact with the parasite molecules,

SmPoMuc (Mon!e et al., 2010).

FREPs are composed of a signal peptide (SP), target signal for

extracellular secretion, immediately followed by an immunoglob-

ulin superfamily domain (IgSF), which is finally connected by a

length-variable interceding region (ICR) to a fibrinogen domain

(FBG). Moreover two classes of FREPs are described, single-IgSF

FREPs and tandem-IgSF FREPs, in which IgSF domain are arranged

in tandem and separated by a short connecting region (Hanington

and Zhang, 2011; Zhang et al., 2001). The two IgSF domains of the

tandem-IgSF FREP are quite different in sequence and are not just a

repeat of a unique domain. The two IgSF domains of tandem-IgSF

FREP are more similar to each other than to the IgSF domain of a

single-IgSF FREP (Dheilly et al., 2015).

Fourteen FREP families have been described up to date, mainly

from B. glabrataM-line strain (Adema et al., 1997; Zhang and Loker,

2003; Zhang et al., 2008a). Families 2, 4 and 14 belong to single-IgSF

FREP, while families 3, 7, 12 and 13 belong to tandem-IgSF FREP. The

other FREP families couldn't be clearly assigned to one of these

groups, because solely one IgSF or FBG domain has been described

for these genes. At the genomic level complete gene sequences are

available for only 4 FREP families (2, 3, 4 and 7). The FREP 2 and 4

(single-IgSF) are encoded by 4 exons and 3 introns (L!eonard et al.,

2001; Zhang et al., 2008a), and FREP 3 and 7 (tandem-IgSF) are

encoded by 6 exons and 5 introns. It has been shown that introns

from single-IgSF FREPs are composed of repeats that varied in

length and number, and that they presented low similarity between

FREP2 and FREP4 (L!eonard et al., 2001). The FBG region is the most

conserved domain, while IgSF and ICR are the most variable do-

mains (Dheilly et al., 2015; L!eonard et al., 2001; Zhang et al., 2001;

Zhang and Loker, 2004).

To characterize the diversity of FREPs, several approaches have

been conducted. Southern blot analysis and PCR with degenerated

primers on FBG domains revealed their abundance in B. glabrata

genome and suggest the diversity of FREPs at this level (Zhang and

Loker, 2004). Moreover, other studies have highlighted the capacity

of somatic diversification by point mutation, gene conversion and

ectopic recombination at the genomic level in all FREP families

studied so far. Such diversification events have been reported for

IgSF, ICR and FBG domains (Dheilly et al., 2015; Mon!e et al., 2010;

Zhang et al., 2001, 2004). Altogether, these results suggest a high

potential of diversification of FREP molecules. The assembly and

annotation of the B. glabrata genome will provide a powerful ex-

pected tool to describe and understand the mechanisms respon-

sible for diversity of FREPs at the genomic level.

Such diversity of FREP/SmPoMucmolecules provides support for

the matching phenotype hypothesis and might partly explain the

compatibility polymorphism observed between schistosomes and

Biomphalaria strains.

3. What have we learned from transcriptomic approaches on

FREPs and SmPoMucs?

Transcription embodies the first step of gene expression in cells.

The absence or presence of specific transcripts at a precise time

and/or specific localization in cells might gives insights on activated

or repressed genes in specific physiological or molecular pathways.

With this objective, many techniques have emerged since the 1980s

to massively and easily explore the transcriptomic compartment,

from suppression subtractive hybridization (SSH) andmicroarray to

massive RNA sequencing (RNAseq).

The history of the discovery and investigation of FREPs and

SmPoMuc follows the improvement of next generation sequencing

(NGS) methods and benefited from several methods until nowa-

days. In 2003, Marathon cDNA libraries brought the first informa-

tion about sequence diversity of FREPs genes family. It also

provided evidence for alternative splicing abilities of FREPs in

Biomphalaria in response to parasite infection (Zhang and Loker,

2003).

Alternative splicing is described as a transcriptomic process to

increase the production of host diversified recognition molecules

and enhance host's ability to recognize pathogens. This provided

the first insights toward the idea of a polymorphism and/or

diversification in the FREPs family. In SmPoMuc, a similar pattern of

alternative splicing, in addition to aberrant splicing or trans-

splicing, led to inclusion or exclusion of some parts of the genes

that ultimately produce a high level of polymorphism from a

restricted number of genes (Fig. 2), allowing to increase the di-

versity of proteins that are the potential targets recognized by the

host immune system (Roger et al., 2008b). Concerning Biomphalaria

factors, reverse transcription quantitative PCR (RT-qPCR) first

revealed the differential expression of FREP family genes in Bio-

mphalaria following infection with two species of highly infective

parasites (S. mansoni and Echinostoma paraensei) (Hertel et al.,

2005). This result gave support for putative roles of FREP2 and

FREP4 in Biomphalaria defense. Functional invalidations were

rapidly developed in Biomphalaria system to explore the involve-

ment of specific genes in compatibility phenotypes. The first RNAi

(interference RNA) gene knockdown developed in Biomphalaria

strain involved the injection of double-stranded RNA (dsRNA) into

the snail hemolymph or their addition to co-cultures of Bio-

mphalaria embryonic cell line (Bge cells) and parasites (Jiang et al.,

2006). This technique opens the way to gene inactivation of FREPs.

Rapidly, the related molecules in Schistosoma have also been

explored. The first transcriptomic analysis of SmPoMuc revealed

that mRNAs encoding mucin-like proteins were detected at three

different developmental stages (i.e., egg, miracidium and primary

sporocyst Sp1), particularly at a high-level at the miracidium stage

of the parasite (Roger et al., 2008a). Mucins may be involved in the

penetration of miracidia into the snail and help during the transi-

tion from the free-living miracidium stage to the first intra-

molluscal stage Sp1 (Theodoropoulos et al., 2001). Comparison

between strains of parasites revealed that less-recognized

compatible strain (SmBRE) expressed 3-fold less SmPoMuc than

the best-recognized incompatible one (SmGH2) (Galinier et al.,

2017; Roger et al., 2008a),. These observations suggest that mu-

cins can be the target of the recognition by the snail and that di-

versity of these putative antigenic proteins can increase parasite

capacity to evade the host immune pathogen recognition receptors

(PRRs). Proteins containing fibrinogen Ceterminal domain have

been shown to be triggered in response to compatible and

incompatible Schistosoma infection but also following an infection

with irradiated-miracidium (Ittiprasert et al., 2010). Based upon

microarray experiments, the variation in FREP gene transcription

was analyzed and revealed the over-expression of FREP2, 3, 4 and 6,

the under-expression of FREP1, 5, 7, 10, 12 and divergent expression

of FREP11 between 12 h and 32 days following Schistosoma infec-

tion (Hanington et al., 2010). This study provided the first evidence

that FREPs constitute a complex immune-related family in which

some members are over-expressed while other are under-

expressed following the same infection response. The specificity

of parasite detection appears to be more efficient when the host

possesses a diversified repertoire of differentially-selected PRRs

that can be used in response to different pathogens. After micro-

arrays, massive RNA sequencing (RNAseq) with Illumina/Solexa

technologies have generated a lot of new information associated
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with the deeper sequencing resolution. By investigating B. glabrata

FREPs diversity from a de novo generated transcriptome, Dheilly

and collaborators (Dheilly et al., 2015) revealed that within each

FREP family member, a significant nucleotide variability was

observed in transcripts resulting in polymorphism in the predicted

amino-acid protein sequence. These authors showed that the FREP

molecules did not show the highest level of transcript variants

among lectin family members and also that, FREPs were not the

more expressed in naïve snails. This means that putative other

immune-related recognition receptor molecules within the large

lectin family (including Ig-like fold, C-Type lectin, Leucin-rich-

repeat, Selectin, Galectin) may increase immune recognition ca-

pabilities in Biomphalaria. Several Variable Immunoglobulins

(VIgLs), CREPs (C-Type lectin related protein) and GREPs (Galectin

related protein) sharing IgSF domain with FREPs were also evi-

dence. This indicates the existence of recombination or trans-slicing

events between highly-variable molecules belonging to different

lectin families. This demonstrates the strong evolutionary pres-

sures playing on those closely-related molecules, which share

similar putative immune-related features, which are able to

generate additional polymorphism and diversity.

Recent RNAseq approach confirmed the role of FREPs during a

shift from a cellular to a humoral immune response in the innate

immune memory of Biomphalaria (Pinaud et al., 2016). Despite an

absence of up-regulation of FREP genes following sympatric

infection, a global over-representation of FREPs was observed

following immune homologous challenge. Knockdown of FREP2, 3

and 4 genes revealed that the 100% acquired resistant snails

became partially susceptible (15%) after a reinfectionwith the same

parasite and confirmed the key role of FREPs among lectin families,

while highlighting that additional factors might complement FREP

function in Biomphalaria innate immune memory.

4. What have we learned from epigenomic approaches on

FREPs and SmPoMucs?

Heritable phenotypic diversity has traditionally been attributed

to genetic diversity. We know today that this view of heritability is

incomplete and must include other diversity-generating mecha-

nisms that can be heritable such as those regulated by epigenetic

elements. The epigenetic changes refer to a set of molecular pro-

cesses that can affect gene expression by non-coding RNA, through

methylation of nucleic acids in DNA, chemical modification of

histones and re-localization of a locus inside different nucleus

territories (Keung et al., 2015). These epigenetic factors have been

shown to be under the influence of the environment and their

modifications can have consequences on the chromatin compac-

tion and therefore may affect gene expression. In this sense,

epigenetic modifications can result in new phenotypes that might

be adaptive. The epigenotype is mitotically and to some degree

Fig. 2. Transcriptional SmPoMuc polymorphism defines a specific SmPoMuc pattern for each individual in a population of S. mansoni parasites. Hypothetical exon/intron structures

of SmPoMucs were used here to describe the transcriptional processes involved in the genesis of SmPoMuc diversity or polymorphism.
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meiotically heritable, but unlike in the genotype, changes in the

epigenotype are generally reversible (Keung et al., 2015). Therefore,

the epigenetic information system (EIS, epigenetics) can provide

heritable, novel phenotypes that do not rely on variation in DNA

sequence (Geoghegan and Spencer, 2012). If this EIS influences the

capacity to generate different phenotypes, both the better adapted

phenotype and the capacity to generate this phenotype will be

selected and conserved in the next generation (Gomez-Diaz et al.,

2012). This hypothesis has been investigated in the context of the

arm race hypothesis that occurs during the interaction between

S. mansoni and its intermediate host B. glabrata. The availability of

the genome for both partners (Berriman et al., 2009) (Bg genome

submitted: see Vector Base website (https://www.vectorbase.org/))

and the recent advances in genome-wide analysis have allowed the

first description of different bearers of epigenetic information in

different contexts. Histones are highly conserved proteins and

commercial drugs and antibodies are usable to target these pro-

teins and study their modifications in diverse species. Chromatin

immunoprecipitation (ChIP) analysis targeting these modified

histones has been applied to S. mansoni and allowed the visuali-

zation of the position of modified histones in vivo in different

environmental contexts and at different developmental stages of

this parasite (Picard et al., 2016; Roquis et al., 2015). Several studies

have demonstrated how histone modifications in S. mansoni are

engaged to generate phenotypic plasticity during the interaction

with its intermediate host. SmPoMuc are highly conserved genes in

their coding region and upstream putative promoter regions.

Despite this high degree of conservation observed between

compatible and incompatible strains of S. mansoni, their patterns of

expression strongly differ between these two strains (Roger et al.,

2008a). ChIP analysis revealed that different modified histones

are present in the upstream regulatory regions of the SmPoMucs

genes which could be responsible for an epigenetic-based regula-

tion of their expression (Perrin et al., 2013). Other studies further

showed that treatment of the parasite with drugs that target his-

tone acetylation led to an increased compatibility with the snail

(Fneich et al., 2016). The snail environment has also been demon-

strated to be an epigenome modifier itself as infection of allopatric

and sympatric snails with genetically identical S. mansoni resulted

in the generation of different epigenotypes in each genetically

identical parasite (Roquis et al., 2016). Furthermore, S. mansoni is a

typical organism with a tRNA methyltransferase DNMT2 for which

DNA methylation is really low and has been controversial (Raddatz

et al., 2013). DNA methylation can be studied by a large panel of

technics such as bisulfite conversion (BS) assay that allows studying

cytosine methylation at the single base resolution (Grunau et al.,

2001), methylation-sensitive amplification polymorphism (MSAP)

(Reyna-Lopez et al., 1997) and immunological and cytochemical

approaches based on the use of conserved antibodies. By combining

some of these different methodologies, Geyer et al. (2011) studied

methyl-5-cytosine (m5C) in S. mansoni and linked the presence of

the cytosine methylation machinery to platyhelminth oviposition

processes (Geyer et al., 2011). Finally, different works reported

stage and sex-specific expression of several non-coding RNAs,

which indicate that they might be involved in parasite develop-

ment. On the side of the intermediate host, B. glabrata epigenome

has also been shown to be under the influence of the environment

(Knight et al., 2016). DNA methylation and locus topography have

been shown to be modified in response to S. mansoni infection

(Arican-Goktas et al., 2014; Knight et al., 2016). A methylome of

B. glabrata has been generated by BS-Seq analysis (Cosseau et al.

unpublished data and Fig. 3). This snail displays a typical inverte-

bratemosaic-like DNAmethylation pattern, with highlymethylated

regions, predominantly in the CpG context, interspaced with poorly

methylated regions. Unlike plants and mammals, the role of DNA

methylation for regulation of gene expression is controversial in

invertebrates and other bearers of epigenetic information such as

small RNA, histone modifications and locus position in chromo-

some territories certainly deserve further attention to elucidate the

involvement of epigenetic regulation events on the observed pat-

terns of gene expression. FREP genes are typical phenotypic vari-

ants for which we anticipate an epigenetic-based gene regulation.

Such a regulation is expected in the case of the generation of

phenotypic diversity followed by natural selection upon environ-

mental changes (Cortes et al., 2012). FREPs genes in Biomphalaria

glabrata are mainly localized in lowmethylated regions (Fig. 3). The

absence of DNA methylation in these regions has been hypothe-

sized to contribute to stochastic transcriptional opportunities

(Gavery and Roberts, 2014), which is typically what is expected to

explain part of the transcriptional diversification observed in highly

diversified FREP gene families. These FREP genes are therefore

candidates for which valuable tools such as ChIP-assays against

modified histones will be worth pursuing. This will certainly open

new perspectives and improve the knowledge of the sophisticated

molecular pathways involved in the host parasite interplay.

5. What have we learned from proteomic approaches on

FREPs and SmPoMucs?

Proteomic approaches allow investigating and characterizing

features of immune-related actors by focusing on the last form of

the gene expression process, i.e. protein that can explain the

phenotype. Although genomic, transcriptomic and epigenetic ap-

proaches can inform on the sequence diversity at the gene and

transcript level and on gene expression regulation, only proteomic

approaches can provide information about the molecular interac-

tion between proteins from hosts and pathogens and give insights

into their function. This can come from characterization by gel-

based approaches (SDS-PAGE, 2D-PAGE) or gel-free approaches

(Label-Free protein sequencing) of entire proteomes coupled with

tandem mass spectrometry, or by analyzing post-translational

modifications of proteins, protein localization in cells, organs or

tissues and/or by analyzing protein/protein interactions. All these

approaches have been used in the S. mansoni/B. glabrata interaction

to identify parasite antigens and the potential corresponding

pathogen recognition receptors in the host's hemolymph.

Following snail infection by S. mansoni, incompatible miracidia

are recognized, encapsulated and killed in few hours, while

compatible miracidia remain unaffected. This observation suggests

constitutive antigenic differences between those strains of parasite.

Thus, a global comparative proteomic approach has been con-

ducted to characterize these antigenic differences (Roger et al.,

2008a, 2008c). The main difference identified corresponded to

SmPoMucs that exhibited a pronounced qualitative and quantita-

tive polymorphism between compatible and incompatible parasite

strains (Roger et al., 2008c). SmPoMuc were further investigated

(Roger et al., 2008a, 2008c) and the data obtained showed that

these proteins are: (i) only expressed at larval stages interacting

with the mollusc, (ii) located in the apical gland of miracidia and

sporocysts, (iii) secreted and released in excretory-secretory

products and finally (iv) displayed a high degree of poly-

morphism at the protein primary structure level and (v) are highly

glycosylated. The analysis of the global glycosylation status of

SmPoMucs, for both strains through chemical deglycosylation ex-

periments, highlighted higher glycosylation levels for variants of

the incompatible strain as compared to compatible strain (Roger

et al., 2008a). All of these characteristics make SmPoMucs key

candidates of the compatibility polymorphism and matching

phenotype process, being potential pathogen antigens recognized

by the host recognition receptors.
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Mucins have indeed already been identified as important actors

of the host-parasite interaction (Theodoropoulos et al., 2001),

FREPs were originally discovered as circulating glycoproteins pre-

sent in the plasma of B. glabrata and able to agglutinate rabbit

erythrocytes (Boswell and Bayne, 1984). This agglutination was

shown to be inhibited when carbohydrates were pre-incubated

with plasma before the addition of rabbit red blood cells, sug-

gesting the key role of sugar in this interaction. Further studies

demonstrated that an agglutination reaction also occurred when

Biomphalaria glabrata plasma was exposed to sporocyst of trema-

tode parasites species (S. mansoni and Echinostoma paraensei)

(Couch et al., 1990; Loker et al., 1984, 1994). Furthermore, the in-

tensity of the reaction independent of the snail strain used

regarding the infection (naïve or infected) and its resistance (sus-

ceptible or resistant) toward the parasite considered (Bayne et al.,

1986; Couch et al., 1990; Loker and Hertel, 1987). These aggluti-

nation factors were finally demonstrated to precipitate E. paraensei

secretory/excretory products, which later turned out to contain

FREPs (Adema et al., 1997; Zhang et al., 2001).

To shed light on the molecules from the host that specifically

recognize parasite proteins and therefore trigger the appropriate

immune response, an interactome approach has been performed

on the Biomphalaria-Schistosoma host-pathogen system. In addition

to several enzyme inhibitors, hormones and metalloenzymes, two

families of lectins from B. glabratawere identified as able to interact

with Schistosoma proteins: several galactose binding lectin-like

proteins and FREPs (Mon!e et al., 2010). Moreover, many different

proteins from the parasite interacting with host proteins were also

identified including three glycoprotein families that are integral

membrane protein Sm23, secretory glycoprotein k5 and SmPoMuc

(Mon!e et al., 2010). To go further, co-immunoprecipitations were

mandatory to demonstrate which snail protein(s) bind to SmPo-

Mucs. CO-IP assays were thus conducted using proteins from Bio-

mphalaria hemolymph, parasite extract containing SmPoMuc and

antibody raised against C-terminal part of SmPoMucs. This revealed

three proteins directly interacting with SmPoMuc include an alpha

amylase, a thioester-containing protein (TEP) and a specific protein

from the FREP family, FREP2 (Mon!e et al., 2010). It was hypothe-

sized that TEP would interact with the complex primarily formed

by FREP2 and SmPoMuc but the mechanisms and the binding sites

involved in such an immune complex are currently unknown

(Gordy et al., 2015; Mon!e et al., 2010).

Finally, in B. glabrata, it has been hypothesized that these PRR

molecules could serve as complementary or collaborative recog-

nition factors that interact with each other to form complexes

(Adema and Loker, 2015). Among them, FREPs have been shown by

western blot analysis to occur in Biomphalaria hemolymph as

multimers of high molecular weight although the mechanism

responsible for this multimerization and its importance in the role

of FREP-based pathogen recognition has yet to be investigated

(Adema et al., 1997; Gordy et al., 2015; Zhang et al., 2008b).

Nevertheless, such multimerization could be an additional process

for increasing the mollusc pathogen recognition repertoire, by

generating a wide range of multimers each with a different level of

parasite antigen specificity. As such, it could increase the potential

for specific recognition of parasite molecules, allowing a high ca-

pacity of immune system to recognize non-self and to trigger

specific anti-pathogen innate immune responses (Adema et al.,

1997; Schulenburg et al., 2007).

FREPs diversification would have been the evolutionary

response of host to maintain its recognition capacity and could be

engaged with hemocytes to mediate phagocytosis after parasite

recognition (Hanington and Zhang, 2011; Peterson et al., 2009).

These results highlight how, even at the protein level, the interac-

tion between FREPs and SmPoMuc could be at the basis of the

process of compatibility between different strains of Schistosoma

and Biomphalaria (Coustau et al., 2015; Mitta et al., 2012).

6. A multi-omic integrative view of FREPs/SmPoMucs

compatibility polymorphism

The molecular mechanisms underlying the high level of im-

mune specificity observed in these interactions are based on the

formation of complexes between a specific set of highly poly-

morphic or diversified immune recognition molecules named the

fibrinogen-related proteins (FREPs) from B. glabrata and poly-

morphic parasite's glycosylated mucin molecules, named Schisto-

soma mansoni polymorphic mucins (SmPoMucs) (Dheilly et al.,

2015; Mon!e et al., 2010). Results obtained from “Omic” ap-

proaches on these two candidates were summarized in the Fig. 4

for different sympatric snail and Schistosome combinations dis-

playing different levels of compatibility (see legend of Fig. 4 for

details on S. mansoni and B. glabrata strain origins and phenotypes).

We found that the polymorphism and expression levels of FREPs

and SmPoMucs would be linked to the compatibility level between

S. mansoni and B. glabrata (Galinier et al., 2017). In BgBAR/SmLE

interaction, snail hosts presented a low diversity but a high level of

expression of FREPs while the parasite expressed low levels of

highly diversified SmPoMucs (Fig. 4). In this context, the increased

diversification combined with the decrease expression levels of the

SmPoMucs glycoproteins could allow the parasite to escape from

being recognized by FREP immune receptors. The same strategy

could also be described for the BgVEN/SmVEN interaction, but as

the host has a low expression of FREPs, the recognition selective

pressures on the parasite were reduced and thus a moderate

expression of SmPoMucs has been maintained. In this case, the

parasite invests more in SmPoMuc diversification than in reduction

of expression to circumvent recognition. A totally different strategy

could be observed in BgBRE/SmBRE interaction. In this case, the

snail host presents a high diversity and low expression of FREPs and

the parasite a low diversity and low expression of SmPoMucs. We

could hypothesis that it could be difficult for the parasite to

Fig. 3. Genome extract of the B. glabrata genome assembly: LGUN_random_Scaffold990:3335-119,948. Methylated cytosines are represented by blue bars. The height of the bar

represents the percentage of methylation obtained for the methylated cytosines. The highest percentage of methylation observed in this window is 96%. CDS are represented

according to a previously published transcriptome (Dheilly et al., 2015). Two FREPs have been annotated in this window (from position 44,955 to 47,325 and from position 99,422 to

114,087) (Richard Galinier, personal communication). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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diversify the SmPoMucs more than the host FREP molecules (BgBRE

snails exhibited the highest FREP diversity) and thus parasitewould

reduce SmPoMuc expression to limit recognition. Finally, in BgGUA/

SmGH2 interaction, intermediate patterns can be observed, with

moderate diversity/moderate expression of host FREPs and mod-

erate diversity/high expression of parasite SmPoMucs. In this case,

SmPoMucs were highly expressed and could be easily recognized

by FREPs, which could explain the low compatibility observed in

this host-parasite couple. On one hand, these results seemed to

demonstrate that a high diversity and a low expression of SmPo-

Mucs are required to enhance parasite infectivity. On the other

hand, the diversity of FREPs seems not to be correlated to the

compatibility level as it could be expected from an ongoing arms

race between FREPs and SmPoMucs. Indeed, BgBRE and BgGUA

(highly compatible snail strains) displayed the higher numbers of

variants by comparison with BgVEN and BgBAR (low compatible

snail strains). The explaining factor seems to be the high level of

expression of FREPs that is required to enhance snail resistance

Fig. 4. Diversity and expression levels of FREPs and SmPoMucs in four sympatric host/parasite combinations.

Host and parasite were designated BgBAR/SmLE (for Belo Horizonte, Brazil), BgVEN/SmVEN (for Guaraca, Venezuela), BgBRE/SmBRE (for Recife, Brazil), and BgGUA/SmGH2 (for le

Lamentin, Guadeloupe) (Theron et al., 2014). The number of FREPs and SmPoMucs symbols represents the level of expression. The color of FREPs and SmPoMucs symbols represents

the level of diversity. Mixed colors in SmGH2 represent the SmPoMucs with intermingled repeats which are a specificity of this Guadeloupian parasite strain.

In each table cell was indicated in the left corner the expected/observed compatibility phenotype (C: compatibility; M: moderate compatibility; IC: incompatibility) and in the right

corner the prevalence (P, percentage of snail infected) and intensity values (I, number of parasites per infected snails) for all sympatric and allopatric combinations following

experimental infection with 20 miracidia (Theron et al., 2014). Expected compatibilities were estimated based on the hypothesis proposed from the observations of sympatric

compatibility phenotypes (see part 5. for details). Highlighted table cells correspond to host/parasite interactions in which expected and observed phenotype data are not in

concordance. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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toward S. mansoni. Allopatric interactions would also confirm these

hypotheses; for example, SmVEN parasite succeed in infecting

BgBAR but solely at a prevalence of 55% because SmPoMuc diver-

sification is high but expression remains quite high and BgBAR

FREPs would manage to form complexes with SmPoMucs. In

SmGH2, the moderate diversity and high expression of SmPoMucs

appeared to be a deleterious pattern that could perhaps explain the

high incompatibility phenotype of this strain (prevalence never

exceeds 60%).

Based on these hypotheses, the expected compatibilities be-

tween all potential combination of the four strains of hosts and

parasites were estimated and compared to the experimentally

observed compatibility phenotypes (see table in Fig. 4, experi-

mental prevalence and intensity values are indicated). Interest-

ingly, most of the expected and observed phenotypes were in

agreement. Only two cases for which expected phenotypes did not

fit with observed phenotypes were identified: (i) SmBRE in BgGUA

expected to have amoderate compatibility because of themoderate

expression of FREPs from BgGUA that are expected to recognize a

large part of SmBRE parasites but is actually compatible (see

Table Fig. 4); (ii) SmGH2 in BgBRE expected to have a moderate

compatibility because of the low expression of FREPs in BgBRE and

the high expression of SmPoMucs in SmGH2, and is actually

incompatible (see Table Fig. 4).

This discrepancy between expected and observed phenotypes

would be expected. Indeed, if recognition by FREPs seemed to

explain most of the compatibility, we know, based on knockdown

experiments (Hanington et al., 2012; Pinaud et al., 2016), that FREPs

were not the unique determinant of compatibility and that addi-

tional factors were involved in Biomphalaria immune response. The

activation of signalling pathways following recognition leading to

hemocytes-dependent phagocytosis or encapsulation and to the

release of humoral factors have to be considered.

Finally, the results described above on B. glabrata/S. mansoni

interactions, challenged our view of the role or function of FREP

diversification. These results lead us to a totally new unexpected

hypothesis: we argue that quantity rather than diversity of FREPs

would benefit the overall recognition and elimination of a specific

S. mansoni pathogen. Local adaptation or co-evolution would

indeed favour the selection of a specific subset of FREPs that would

be expressed at a high level to recognize a specific subset of

SmPoMucs expressed by the parasite.

Nevertheless, it remains unclear to what extent FREP diversity

benefits immune function of B. glabrata (Adema, 2015). Poly-

morphism and/or diversity of FREP immune receptor variants yield

an enlarged repertoire of putative recognition molecules between

individuals. This diversification provides a mechanism to increase

host's recognition ability, and as such, the potential for specific

recognition of pathogens. Indeed, Biomphalaria glabrata snails are

confronted with an environment filled with complex changing

communities of microorganisms and potential pathogens (bacteria,

fungus, yeasts, trematodes, nematodes, etc…). Therefore, it can be

expected that snails have to co-evolve with these pathogen com-

munities and should possess sophisticated recognition systems for

dealing with them. FREP diversification would be part of this

enhanced immune recognition capabilities used to recognize and

eliminate most of these pathogens.

7. And now, what next?

To further understand the interaction between S. mansoni and

B. glabrata different lines of research can be considered.

6.1.) The interaction between FREPs and SmPoMucs is part of an

immune complex involving different partners, like the thio-ester

containing protein (BgTEP) and perhaps other molecules that

remain to be characterized (Gourbal et al., 2015; Mone et al., 2010).

Identification of such molecules will necessitate co-

immunoprecipitation or pull-down experiments with recombi-

nant FREP or TEP incubated with parasite extracts and snail plasma.

Another question to solve is to identify the nature of the interacting

domains and how molecules interact with one another. To answer

this question, approaches such as those described above could be

conducted using targeted mutagenesis or truncated recombinant

proteins.

6.2.) To explore the function and role of highly-variable mole-

cules like FREPs and SmPoMucs, transcriptomic approaches from

RT-qPCR to NGS have suffered from technical limitations, notably

the lack of genomic resources in non-model species (Dheilly et al.,

2014). However, emerging technologies such as single-cell RNA

sequencing will provide technical breakthroughs for this field of

research. We can expect that individual diversity and expression of

both FREPs and SmPoMuc will be unraveled using this technology.

For example, sequencing the hemocyte transcriptome for the same

individual before and after pathogen infection might give insights

on pathogen recognition receptor diversification in an invertebrate

model.

6.3.) Analysis of transcriptomic data from different strains of

B. glabrata (Dheilly et al., 2015) strongly suggests the existence of

other FREP subfamilies and consequently additional genes that

have to be clarified with the use of the future B. glabrata genome

annotation (Bg genome available at Vector Base website (https://

www.vectorbase.org/)).

6.4.) Whole-genome re-sequencing of parasite populations us-

ing PacBio and/or illumina genomic sequencing would be a

powerful tool to circumvent the limits of actual genome assemblies

for multi-gene families containing genomic repeats. The highly-

contiguous de novo assemblies using PacBio sequencing can close

gaps in current reference assemblies and longer reads would be

useful to sequence through extended repetitive regions (Rhoads

and Au, 2015). Whole-genome re-sequencing might permit to

explore how patterns of genetic variation change across the

genome and detect, based on population genetic tests, the genes

• Compatibility: a pair of specific host and parasite genotypes/phenotypes in which an 

individual parasite infects an individual host and completes the part of its life cycle 

appropriate to the host.

• Incompatibility: a pair of specific host and parasite genotypes/phenotypes in which an 

individual parasite did not infects an individual host and fails to complete the part of its life 

cycle appropriate to the host.

• Sympatric interaction: host and parasite species coexist in the same geographic area. They

experiment frequent encounters one another.

• Allopatric interaction: host and parasite species originate from different geographic area.

They never experiment encounters one another.

Fig. 5. Key definitions related to snail-schistosome interactions.
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under directional and balancing selection (Crellen and Iantorno,

2015; Rhoads and Au, 2015). Genetic approach by quantitative

trait locus (QTL) mapping or extreme QTL (X-QTL) mapping using

S. mansoni genome data would also be useful to identify genomic

regions that were under selection for the interplay with its inter-

mediate snail host.

6.5.) Methods for the functional characterization of genes of

interest (i.e., invalidate and/or restore gene functions to analyze the

corresponding phenotype modifications: functional genomic) are

still lacking in schistosomes and snails. Except gene knockdown by

RNA interference (RNAi) that is successfully used in both animal

models, knockout or stable transgenic systems have to be devel-

oped now. Development of tools to introduce DNA constructs into

adult and larval schistosome stages to express reporter genes have

been tentatively developed using particle bombardment, electro-

poration or virus-based infection strategies. Unfortunately, until

now non stable transformations were obtained (Beckmann and

Grevelding, 2012; Crellen and Iantorno, 2015; Kines et al., 2008,

2010; Mann et al., 2008; Rhoads and Au, 2015). Such de-

velopments in Biomphalaria still lag behind. Finally, gene knockout

using the CRISPR-Cas genome-editing technique (Komor et al.,

2016) provides the ability to edit genomes within living cells or

organisms representing a major advance for both host and parasite

models.

The existence of polymorphic and/or diversified putative host

immune receptors and parasite antigens that variy considerably in

pathogen and snail populations no longer has to be demonstrated.

However, understanding the function of such polymorphic or

diversified molecules in invertebrates will be now a new challenge

to solve and will deserve further investigations.
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and David Duval*
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Detection of pathogens by all living organisms is the primary step needed to implement 

a coherent and efficient immune response. This implies a mediation by different soluble 

and/or membrane-anchored proteins related to innate immune receptors called PRRs 

(pattern-recognition receptors) to trigger immune signaling pathways. In most inver-

tebrates, their roles have been inferred by analogy to those already characterized in 

vertebrate homologs. Despite the induction of their gene expression upon challenge and 

the presence of structural domains associated with the detection of pathogen-associ-

ated molecular patterns in their sequence, their exact role in the induction of immune 

response and their binding capacity still remain to be demonstrated. To this purpose, 

we developed a fast interactome approach, usable on any host–pathogen couple, 

to identify soluble proteins capable of directly or indirectly detecting the presence of 

pathogens. To investigate the molecular basis of immune recognition specificity, different 

pathogens (Gram-positive bacterium, Micrococcus luteus; Gram-negative, Escherichia 

coli; yeast, Saccharomyces cerevisiae; and metazoan parasites, Echinostoma caproni 

or Schistosoma mansoni) were exposed to hemocyte-free hemolymph from the gastro-

pod Biomphalaria glabrata. Twenty-three different proteins bound to pathogens were 

identified and grouped into three different categories based on their primary function. 

Each pathogen was recognized by a specific but overlapping set of circulating proteins 

in mollusk’s hemolymph. While known PRRs such as C-type lectins were identified, 

other proteins not known to be primarily involved in pathogen recognition were found, 

including actin, tubulin, collagen, and hemoglobin. Confocal microscopy and specific 

fluorescent labeling revealed that extracellular actin present in snail hemolymph was able 

to bind to yeasts and induce their clotting, a preliminary step for their elimination by the 

snail immune system. Aerolysin-like proteins (named biomphalysins) were the only ones 

involved in the recognition of all the five pathogens tested, suggesting a sentinel role of 

these horizontally acquired toxins. These findings highlight the diversity and complexity 

of a highly specific innate immune sensing system. It paves the way for the use of such 

approach on a wide range of host–pathogen systems to provide new insights into the 

specificity and diversity of immune recognition by innate immune systems.

Keywords: invertebrate innate immunity, interactome, pathogen sensing, Biomphalaria glabrata, pattern-

recognition receptor, proteomic profiling, immune specificity, hemocyte-free hemolymph
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INTRODUCTION

he innate immune system allows the host to sense pathogens 
and mount an appropriate anti-pathogenic defense. Confronted 
with a large variety of pathogens, ranging from viruses to 
multicellular parasites, the animals’ immune systems did not 
converge to a unique system with shared features but they 
emerged independently to provide an optimal protection of 
the host from infection (1). However, they all tend toward the 
genesis of a restricted repertoire of pathogen recognition mol-
ecules, named pattern-recognition receptors (PRRs), allowing to 
identify a determined diversity of pathogens (2). In vertebrates, 
pathogens recognition ability can be complemented by somatic 
recombination and hypermutation of a large repertoire of 
genes encoding immune receptors that lead to the production 
of soluble or membrane-bound antibodies (3, 4). Twelve years 
ago, Hargreaves and Medzhitov described the innate immune 
system in vertebrates as a complex of several recognition mol-
ecules capable of triggering one or more pathways to eliminate a 
given pathogen (1). Concepts highlighting the cooperation and 
complementation between the diferent recognition molecules 
leading to the activation of immune responses have since been 
supported by functional studies in vertebrates and in some 
model species (5, 6).

In invertebrates, and despite the lack of a vertebrate-like 
adaptive immunity, an increasing number of studies reported 
diferent repertoires of surprisingly highly diversiied immune 
receptors within the innate immune system. his molecular 
diversity appears to be an essential basis for developing a 
ine and speciic immune response against a large range of 
pathogens (7). he diversiied arthropods’ Down syndrome 
cell adhesion molecule (Dscam) generated by diferent splic-
ing events, the somatic hypermutated snail ibrinogen-related 
proteins (FREPs), the C-type lectins, or the sea urchin 185/333 
proteins whose diversity is generated by RNA editing and post-
translational modiications are the most well-known diversiied 
immune molecules (8–10). However, they are not the only 
critical factors involved in pathogen recognition since their 
knock-out by RNA interference did not result in a complete lack 
of protection (11, 12).

Many additional actors have been characterized with the 
increasing use of high-throughput sequencing. heir annota-
tion as “immune-like receptors” was based on the induction of 
their gene expression following infectious challenges and/or on 
the presence in their gene sequence of homologous domains 
already characterized in known immune receptors. Indeed, most 
immunological processes in invertebrates are extrapolated based 
on protein sequence homology with other model species (13–15). 
Moreover, many transcriptomic experiments performed in inver-
tebrates following challenges with diferent pathogens resulted 
in a list of diferentially expressed immune genes, supposedly 
involved in pathogen recognition, for which the interaction with 
pathogens and the potential roles in immune recognition have 
never been validated (16–18). As a consequence, many molecular 
functions still remain to be clariied, particularly their real con-
tribution in the efective host immune response and the nature of 
the pathogen and/or molecular target with whom they interact.

To solve these questions, we investigated the immune sensing 
ability for a wide range of pathogens, from bacteria to trematodes, 
by the schistosomiasis vector snail, Biomphalaria glabrata. he 
objective of this study was to identify which molecules from the 
snail host interacted with pathogen’s surface determinants and 
their potential role in the speciicity of the innate immune sys-
tem. In this study, we report the repertoire of sensors from innate 
immunity constituted of previously characterized immune rec-
ognition factors (IRF) and of proteins involved in non-canonical 
immune pathways. hese diverse and complementary molecules 
display a sentinel role by their constitutive expression in naïve 
animals. his circulating activity brings clues about the speciic-
ity and the mechanisms of pathogen detection in the host plasma. 
hese results provide insights into the evolutionary selection of 
such factors and their role in speciicity of invertebrate innate 
immunity that ultimately trigger an appropriate immune 
response, from inlammation to targeted clearance mechanisms.

MATERIALS AND METHODS

Snail Rearing
An albino strain of the freshwater snail B. glabrata originated 
from Recife, Brazil (BgBRE2) was used as the invertebrate host 
(19). he snail strain was maintained in rearing chambers at 26°C, 
12/12 h light/dark period. he laboratory and experimenters pos-
sessed an oicial certiicate from the French Ministry of National 
Education, Research, and Technology, CNRS and DRAAF 
Languedoc Roussillon for experiments on animals, animal hous-
ing, and animal breeding (# A66040; decree # 87–848, October 
19, 1987; and authorization # 007083).

Hemolymph Extraction and Interaction 

with Pathogens
he interactome procedure used in this study consists in 
comparing the proteomic proile of the pathogen alone with 
the proteomic proile of the pathogen that was in contact with 
the cell-free hemolymph from the snail (Figure 1). his allows 
identifying the native proteins from the hemolymph that interact 
with outer proteins from the entire living pathogen. Hemolymph 
was collected from the head–foot region of twenty 9- to 10-mm 
snails (Figure 1, 1) as previously described (20). 5 and 2 mL of 
hemolymph from a pool of snails were used for each replicate for 
interactome with bacteria and yeast and with metazoan parasites, 
respectively. Hemolymph was centrifuged at 2,000 × g for 10 min 
and the supernatant, constituting the cell-free hemolymph, was 
recovered for further interaction (Figure 1, 2). All plasma prepa-
rations were used immediately ater their collection.

Integrity of the cells was veriied by confocal microscopy to 
ensure that the procedure was not damaging the hemocytes, which 
could bias downstream analyses. hree conditions were tested: 
1.freshly collected hemocytes were centrifuged at 2,000 × g for 
10 min and used as a control for intact cells; 2. hemocytes vor-
texed and centrifuged at 2,000 × g for 10 min corresponded to the 
hemolymph preparation procedure of the interactome; 3. hemo-
lymph sonicated (70% for 5 s) and then centrifuged (2,000 × g for 
10 min) was the control of disrupted cells. Hemolymphatic cells 



FIGURE 1 | Graphical representation of the interactome procedure. The hemolymph is collected (1) and then centrifuged (2). Meanwhile, the pathogen is also 

collected (3) and centrifuged (4). The cell-free hemolymph is put in contact with the pellet of pathogen (5; “pathogens + hemolymph”). A control is also performed 

consisting in adding a buffer that mimics the internal snail osmolarity to the pellet of pathogen (6; “pathogens only”). After 20 min, the suspension is centrifuged (7), 

the pellet is washed and proteins are extracted (8) for their proteomic profiling by 2D-PAGE (9).
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were deposited on microscope slides to check their integrity and 
adhesion to surface. Cells were labeled with DAPI, which labels 
the DNA, and phalloidin, which labels the actin, by incubation 
for 20 and 2 min at 26°C in dark, respectively. Preparation was 
observed under a Zeiss LSM 700 microscope with two lasers at 
wavelengths of 405 and 488 nm for detection of DAPI and phal-
loidin labeling, respectively.

Five pathogens from three diferent kingdoms were used: the 
Gram-positive bacteria Micrococcus luteus, the Gram-negative 
bacteria Escherichia coli, the yeast Saccharomyces cerevisiae, 
and the two parasitic trematodes Echinostoma caproni and 
Schistosoma mansoni. S. mansoni and E. caproni have been 
maintained in the laboratory on B. glabrata BgBRE2 snails as 
previously described (12, 21).

he bacteria were plated and isolated on LB-agar Petri dishes. 
For each bacterium, one colony was introduced into a LB liquid 
medium and cultured overnight. hen, 150 µL of culture media, 
which contained approximately 35 million of bacteria, was 
sampled (Figure 1, 3) and centrifuged at 5,000 × g for 10 min 
(Figure 1, 4). his quantity of bacterial cells was based on studies 
previously published (22, 23) and it was shown to be above the 
detection threshold of the 2D-SDS-PAGE approach by prelimi-
nary tests (data not shown), which ensured a proper analysis of 
the interactome proiles. he supernatant was discarded and the 
pellet was washed twice with 1 mL of Chernin’s balanced salt 
solution (CBSS); NaCl, 48 mM; KCl, 2 mM; Na2HPO4, 0.5 mM; 
MgSO4⋅7H2O, 1.8 mM; CaCl2⋅2H2O, 3.6 mM; NaHCO3, 0.6 mM; 
pH 7.4. his bufer was chosen to mimic the internal snail osmo-
larity (24). he pellet was then resuspended in 1 mL of cell-free 
hemolymph and incubated on a rotating agitator for 20 min at 
26°C (snail rearing chamber temperature) (Figure  1, 5). As a 
control, the bacterial pellet was incubated with 1 mL of iltered-
CBSS in the same conditions (Figure 1, 6). Ater the incubation, 
the suspension was centrifuged at 5,000 × g for 10 min and the 
pellet was washed twice with 1 mL of CBSS (Figure 1, 7). hree 
biological replicates of each condition (“pathogen alone” and 
“pathogen + hemolymph”) were performed.

he yeast culture was performed on a unique colony in 
Sabouraud liquid medium (dextrose, 20 g L−1; pancreatic digest 
of casein, 5 g L−1; peptic digest of animal tissue, 5 g L−1, pH 5.6) at 
26°C for 4 days. One hundred microliters of culture media, which 

contained approximately 30 million yeast cells, was collected as 
described above for bacteria.

Schistosoma mansoni eggs were recovered as previously 
described (12), then exposed to water and light for 2  h to 
let miracidia hatch. E. caproni adults were recovered on the 
digestive tracts of mice, cultured in vitro in RPMI solution sup-
plemented with penicillin and streptomycin (SP4458, Sigma) 
at 37°C for 2 days. Eggs were recovered, washed, and stored in 
water in the dark at 26°C with air injector. Twenty days later, 
eggs were put in fresh water and exposed to light for 2 h for 
miracidia hatching. One thousand ive hundred miracidia from 
S. mansoni and E. caproni were individually counted by using 
a glass pipette and processed as described for bacteria until 
protein extraction.

Protein Extraction and 2D-SDS-PAGE 

Profiling
Proteins were extracted by resuspending the pellet of CBSS-
washed pathogens in 70  µL of denaturing UTTC bufer  
(urea, 7 M; thiourea, 2 M; Tris, 30 mM; CHAPS, 4%; pH 8.5) 
(Figure 1, 8). Ater 2 h incubation at room temperature on a rock-
ing agitator, the sample was centrifuged at 10,000 × g for 5 min 
and the supernatant was transferred to a low protein binding tube 
for its analysis by 2D-electrophoresis (Figure 1, 9).

hen, 280 µL of rehydration bufer (urea, 7 M; thiourea, 2 M; 
CHAPS, 4%; DTT, 65 mM) containing 0.2% of Bio-Lyte 3/10 
ampholyte (Bio-Rad) was added. he sample was then loaded on 
a tray channel for 5 h of passive rehydration followed by 14 h of 
active rehydration (50 V) of a 17 cm ReadyStrip IPG strip with a 
non-linear 3–10 pH gradient (Bio-Rad). Focusing was performed 
using the following program: 50 V for 1 h, 250 V for 1 h, 8,000 V 
for 1 h, and a inal step at 8,000 V for a total of 90,000 V h with 
a slow ramping voltage (quadratically increasing voltage) at each 
step. Rehydration and focusing were both performed on a Protean 
IEF Cell system (Bio-Rad). Focused proteins were reduced by 
incubating the strip twice with equilibration bufer (Tris, 1.5 M; 
urea, 6 M; SDS, 2%; glycerol, 30%; bromophenol blue; pH 8.8) 
containing DTT (130 mM) at 55°C and they were alkylated by an 
incubation with equilibration bufer containing iodoacetamide 
(135 mM) on a rocking agitator (400 rpm) at room temperature 
protected from light.
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Proteins were separated in function of their molecular weight 
on a 12%/0.32% acrylamide/piperazine diacrylamide gel run 
at 25 mA/gel for 30 min followed by 75 mA/gel for 8 h using a 
Protean II XL system (Bio-Rad). Protein standards were loaded 
with Whatman paper impregnated with 3  µL of Unstained 
Precision Plus Protein Standards (Bio-Rad) on the let part of 
the gels. Gels were stained following a regular silver staining 
procedure: sensitizing using sodium acetate (68  g  L−1) and 
sodium thiosulfate (2  g  L−1), marking with 2.5  g  L−1 of silver 
nitrate, and then developing with sodium carbonate (25 g L−1) in 
a 7.5% formaldehyde solution. Staining was stopped by replacing 
the developing solution by a solution of glycine (5 g L−1) in 0.1% 
acetic acid. Gels were scanned using a ChemiDoc MP Imaging 
System (Bio-Rad) associated with Image Lab sotware version 
4.0.1 (Bio-Rad). he qualitative comparative analysis of digitized 
proteome maps was conducted using the image analysis sotware 
PDQuest 7.4.0 (Bio-Rad). Only spots present in all the three 
replicates of “pathogens + hemolymph” samples and absent from 
all the proiles of pathogens alone were selected and picked in a 
mass spectrometry (MS)-compatible silver stained gel for further 
identiication.

Spot Picking and Trypsin Digestion
Spots were excised from the gels using a Onetouch Plus Spot 
Picker Disposable (Harvard Apparatus), equipped with speciic 
1.5-mm methanol-washed tips. he gel plug containing the spot 
was disposed into a methanol-washed low protein binding tube 
and stored at −80°C until further processing. Gel plug was irst 
destained by incubating it in 150 µL of a solution of potassium 
ferricyanide (15 mM) and sodium thiosulfate (50 mM) at room 
temperature for 10 min on a rocking agitator (500  rpm). he 
destaining solution was discarded and this step was repeated once. 
hen, the plug was washed twice by adding 150 µL of ammonium 
bicarbonate (25 mM) and it was incubated at room temperature 
for 30 min on a rocking agitator (500 rpm). Finally, 150 µL of a 
solution of ammonium bicarbonate (12.5 mM) and acetonitrile 
(50%) was added to the spot. Ater incubation at room tempera-
ture for 10 min on a rocking agitator (500 rpm), the solution was 
discarded and the gel plug lyophilized for 30 min. he plug was 
rehydrated with 50  µL of sequencing grade modiied trypsin 
(Promega) and incubated on ice for 30 min. he excess of trypsin 
was discarded and 50 µL of ammonium bicarbonate (25 mM) was 
added. Digestion was performed overnight at 30°C. he 50 µL of 
solution were put in a new methanol-washed low-protein binding 
tube and the peptides were extracted from the plug by washing 
it three times with 100 µL of a solution of formic acid (1%) and 
acetonitrile (50%) and by incubating 15 min at room temperature 
on a rocking agitator (500  rpm). he solution was collected at 
each washing step and mixed together in the same tube (inal 
volume: 350 µL). he solution was lash-frozen in liquid nitrogen, 
lyophilized for 3 h and stored at −80°C until further processing.

MS/MS Identification
Peptides were resuspended in 10 µL of 3% (v/v) acetonitrile and 
0.1% (v/v) formic acid, and then analyzed with a nano-LC1200 
system coupled to a Q-TOF 6550 mass spectrometer equipped 
with a nanospray source and an HPLC-chip cube interface 

(Agilent Technologies). A 34-min linear gradient (3–75% 
acetonitrile in 0.1% formic acid), at a low rate of 350 nL min−1, 
was used to separate peptides on a polaris-HR-Chip C18 column 
(150 mm long × 75 µm inner diameter). Full autoMS1 scans from 
290 to 1700 m/z and autoMS2 from 59 to 1700 m/z were recorded. 
In every cycle, a maximum of ive precursors sort by charge state 
(2+ preferred and single-charged ions excluded) were isolated 
and fragmented in the collision cell that was automatically 
adjusted depending on the m/z. Active exclusion of these pre-
cursors was enabled ater 1 spectrum within 0.2 min, and the 
absolute threshold for precursor selection was set to 1,000 counts 
(relative threshold 0.001%). For protein identiication, peak lists 
were extracted (merge MSn scans with the same precursor at 
±30 s retention time window and ±50 ppm mass tolerance) and 
compared with speciic databases by using the PEAKS studio 
7.5 proteomics workbench (Bioinformatics Solutions Inc., build 
20150615). he searches were performed with the following 
speciic parameters: enzyme speciicity, trypsin; three missed 
cleavages permitted; ixed modiication, carbamidomethylation 
(C); variable modiications, oxidation (M), pyro-glu from E and 
Q; monoisotopic; mass tolerance for precursor ions, 20 ppm; mass 
tolerance for fragment ions, 50 ppm; MS scan mode, quadrupole; 
and MS/MS scan mode, time of light. For each interactome 
experiment, each spot identiication was performed against the 
B. glabrata translated transcriptome (12, 25) and against the 
corresponding pathogen proteome. Only signiicant hits with 
a false discovery rate (FDR ≤ 1) for peptide and protein cutof 
(−logP ≥ 20 and number of unique peptides ≥2) were consid-
ered. For ensuring a proper identiication of the proteins found 
by the interactome approach, a BLAST search against NCBI 
nr database was performed and the conserved domains of the 
sequence were retrieved using the NCBI CD-search available at 
https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi (26). For 
each protein, pI and molecular mass were also calculated with 
the ExPASy Compute pI/Mw tool (available at http://web.expasy.
org/compute_pi) to compare with their location on the gel and 
provide an additional conirmation of their proper identiication.

Validation of Actin As an Extracellular 

Immune Factor
Integrity of the cells was veriied by confocal microscopy prior to 
actin localization in the plasma to ensure that the preparative pro-
cedure was not damaging the hemocytes, which could bias down-
stream analyses. he same three samples of hemolymph used for 
cell integrity (centrifuged hemolymph, vortexed and centrifuged 
hemolymph, and sonicated and centrifuged hemolymph) were 
used. 40 µL of hemolymph from each sample were extracted in 
Laemmli bufer (Bio-Rad) containing β-mercaptoethanol and 
denaturated at 99°C for 5 min. Proteins were separated in a 12% 
acrylamide gel using the Mini-Protean Tetra Cell machinery (Bio-
Rad) powered by PowerPac HC (Bio-Rad) at 110 V for 80 min. 
Proteins were then transferred onto a 0.2 µm PVDF membrane 
using Trans-Blot Turbo Transfer Pack for 3 min at 25 V and 
2.5 A (Bio-Rad). Ater saturation during 1 h at 37°C in TBSTM  
[1× TBS (500 mM Tris-HCl, 1.5 M NaCl, pH 7.5), 0.05% Tween20, 
5% non-fat milk], the membrane was incubated for 90 min at 
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RT in TBSTM containing a mouse actin monoclonal antibody 
(mAbGEa, hermoFisher) at a 1:1,000 dilution. he membrane 
was washed three times with TBST (TBSTM without milk), and 
further incubated for 70 min at RT with manufactured horseradish 
peroxidase-conjugated goat anti-mouse IgG antibody (Agrisera) 
at a 1:4,000 dilution. he membrane was washed three times with 
TBST. Actin presence was revealed by incubating the membrane 
in an enhanced chemiluminescent reagent (Super Signal West 
Pico Chemiluminescent Substrate, hermoScientist) for 5 min at 
RT. he membrane was scanned using a ChemiDoc MP Imaging 
System (Bio-Rad) associated with Image Lab sotware version 
4.0.1 (Bio-Rad).

Yeast Clotting by Incubation with Cell-Free 

Hemolymph
Yeast cells were cultured in Sabouraud medium as described 
above. hey were washed twice with CBSS. Yeasts were then 
resuspended either in CBSS or in cell-free hemolymph for 20 min 
or 3 h. Preparations were deposited on microscope slides for plat-
ting and were then labeled with DAPI and phalloidin as described 
above. hey were observed using a Zeiss LSM 700 microscope.

RESULTS AND DISCUSSION

An Original and Simple Method
Generally, the identiication of host molecules that can bind 
or recognize a set of pathogen determinants is performed by 
global pull-down assays. Such global interactome approach 
consists in the incubation of native or denatured protein extracts 
from both the host and the pathogen. he resulting interact-
ing protein complexes are then separated through diferential 
centrifugation steps, revealed by SDS-PAGE and identiied 
by MS (27–29). Although powerful, this strategy sufers from 
several laws, mainly associated with the extraction procedure 
itself which might (i) afect the nature of protein interactions 
by changing their conformation and (ii) promote forced inter-
action between proteins that would not encounter each other 
in  vivo. herefore, a part of the interactions observed can be 
essentially artiicial and experimentally biased. To bypass these 
problems, we propose a new and simple interactome procedure 
in a cell-free hemolymph context that tends to mimic biologi-
cal interactions between pathogens and soluble host proteins 
(Figure 1). Indeed, entire living pathogens were exposed to cir-
culating humoral factors already present in cell-free hemolymph 
freshly extracted from naïve snails and they were incubated at 
26°C, which corresponds to the environmental and internal 
temperature of this ectothermic organism. herefore, only pro-
teins present at the surface of the pathogen are recognized in a 
biologically realistic context. Moreover, the short time (20 min) 
chosen allows focusing exclusively on the very irst step of innate 
immune response and avoiding the pathogen to respond to the 
attack from the immune factors, which could afect pathogens’ 
proteomic proiles and bias the analysis. As a control, only 
spots that were present in the three “pathogen + hemolymph” 
replicates and absent in the three “pathogen only” replicates 
were considered for the analysis of each pathogen studied. 

Each MS/MS proile was confronted to both the databases of 
the host and of the pathogen. his ensured that the approach 
reliably enabled the identiication of host’s interacting molecules 
while limiting the risk of false positives. No signiicant matches 
were observed against any of the pathogen databases, which 
conirms that all spots exclusively identiied in the analysis of 
“pathogen + hemolymph” samples and not in the “pathogens 
only” gels were proteins from the snail’s plasma. he beneit of 
this approach relies on its universality: it can be used with most 
host and parasite systems and gives rise to reliable qualitative 
diferences within just few hours, which represents a great step 
forward for studies focusing on model and non-model systems.

Identification of a Large Variety  

of Interacting Proteins
his approach allowed the identiication of a total of 109 
spots exclusively identiied in “pathogen  +  hemolymph” 
samples for the ive pathogens tested (Figure 2; Figure S1 in 
Supplementary Material). hese spots provided a signiicant 
match to 34 unique accession numbers, referring to 23 dif-
ferent proteins (Table S1 in Supplementary Material). Each 
pathogen was recognized by a speciic, but overlapping, set of 
circulating proteins in mollusk’s hemolymph (Figure 3). Speciic 
recognition proteins to a given pathogen must be expected 
since each class of pathogen express at their surface speciic 
and diferent structural motif also called pathogen-associated 
molecular patterns (PAMPs). he best known PAMPs are 
lipopolysaccharide from Gram-negative bacteria, lipoteichoic 
acid or peptidoglycan from Gram-positive bacteria, mannan-
derived molecules or glycan from fungi, and fucosylated or 
glycoprotein receptors from Schistosoma sp. (30). Surprisingly, 
we identiied numerous proteins not known to be involved in 
pathogen recognition and/or killing (extracellular matrix pro-
teins, protease, and carbohydrase enzyme). Considering that 
some of these proteins are generally considered as intracellular 
molecules, a possible explanation for their presence could be 
that host’s cells were damaged during the hemolymph collection 
(although non-invasive) and/or during the centrifugation step.  
A dual-staining with DAPI and phalloidin of hemocytes revealed 
no diference between fresh hemocytes and vortexed ones that 
were intact, as compared to sonicated hemocytes that were 
totally disrupted (Figure 4). his conirmed that the procedure 
of preparation of cell-free hemolymph did not damage the cells 
and that all interacting proteins from the snails were naturally 
present in the extracellular compartment of the hemolymph.

We, thus, propose to classify the snail interacting proteins iden-
tiied into three diferent categories based on their nomenclature 
and known primary function: (i) molecules previously described 
as primary pathogen recognition molecules able to trigger an 
immunological response, with potential additional lytic activ-
ity  [immune recognition factors (IRF)], (ii) proteins whose 
primary role is not pathogen sensing but are involved in other 
physiological functions [non-canonical proteins interacting  
with pathogens (NCIP)], and (iii) enzymes implicated in the 
metabolism of a wide range of molecules enzymes interacting 
with pathogens (EIP).



FIGURE 3 | Major families of proteins implicated in recognition of at least one 

of the five pathogens used. They are classified in three categories: immune 

recognition factors (IRF), non-canonical proteins interacting with pathogens 

(NCIP), and enzymes interacting with pathogens (EIP).

FIGURE 2 | 2D-PAGE gels of “pathogens + hemolymph” conditions. Colored spots are exclusively present in the “pathogens + hemolymph” profiles but not in the 

proteomic profiles of “pathogens only” (shown in Figure S1 in Supplementary Material). A schematic synthetic representation of the distribution of the spots 

exclusively present in the “pathogens + hemolymph” conditions is presented. Spots corresponding to proteins that interacted with the Gram-positive bacteria 

Micrococcus luteus are represented in red, those with the Gram-negative bacteria Escherichia coli in green, with the yeast Saccharomyces cerevisiae in blue, and 

with the trematodes Echinostoma caproni in orange and Schistosoma mansoni in purple.
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Pathogen Sensing by Soluble Immune 

Receptors and Atypical Toxins (IRF)
Among the IRF, two diferent families of proteins are identiied: 
lectins and biomphalysin (Figure 2). Lectins represent a large 
family with a wide variety of evolutionarily conserved structures 
and some of them have been described as involved in immune 
recognition (7, 31). Among them, calcium-dependent (C-type) 
lectins were considered the most promising pattern-recognition 
proteins involved in the speciic recognition of pathogens in 
the invertebrate immune system. his speciicity is due to their 
high level of polymorphism and/or diversiication to face up 
pathogens’ antigenic diversity (31). In addition to their role 
as soluble receptors, they can also limit the spreading of the 
pathogen in the host’s tissues and participate to its elimination 
(32, 33). Two diferent C-type lectins were interacting with the 
bacterium M. luteus and the yeast S. cerevisiae but not with the 
three other pathogens (Figure  2; Table S1 in Supplementary 
Material). Another C-type lectin-related protein (CREP4), 
recently characterized in B. glabrata from transcriptomic data 
(25), was apparently able to bind to S. cerevisiae. By contrast, the 
recognition of the bacterium E. coli involved a totally diferent 
category of lectin, the hyal-adherins (H-type), which are also 



FIGURE 4 | Hemocyte integrity was tested by analyzing the spreading capacity and by observing the nuclear/cytoplasmic ratio. Hemolymph was carefully collected 

and was either (A) slowly centrifuged, (B) vortexed and centrifuged, or (C) sonicated and centrifuged. Hemocytes were stained with DAPI, which colors nucleicacids 

contained in the nucleus in blue, and with phalloidin, which colors f-actin in green. White bar = 10 µm.
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carbohydrate-binding proteins but data are missing concerning 
their role in pathogen recognition. Among the lectins, FREPs are 
proteins containing immunoglobulin-like domains whose role in 
the interaction between snails and metazoan parasites has been 
suggested (34, 35). Surprisingly, FREPs were not identiied in the 
interaction with both metazoan parasites in our study while they 
were evidenced in previous transcriptomic and proteomic stud-
ies (27, 29). Such discrepancy with previous results likely comes 
from the diferent developmental stage of the parasites used in 
the diferent studies, i.e., miracidia herein and sporocysts in other 
studies. Several proteomic and glycomic studies showed that the 
glycan elements harbored by Schistosoma, to which FREPs bind, 
difer from one developmental stage to another (36, 37). his 
would suggest a subtle ability for the snail immune machinery 
to distinguish various intramolluscal developmental stages of 
the parasite (miracidium to primary and secondary sporocysts 
or even cercariae) and FREPs might not be involved in the rec-
ognition of all stages. Moreover, FREPs were previously identi-
ied by interactome experiments ater 2.5 h of contact between 
protein extracts from sporocyst and snail cell-free hemolymph 
(27) while our procedure includes a 20-min contact of outer 
pathogen membrane proteins with circulating snail hemolymph 
proteins. Of note, it has been observed that some FREPs can 
form multimers and that they can interact with other proteins 
such as thioester-containing proteins (TEPs), which could both 
modulate their recognition ability (27, 34, 38). It is, therefore, 
possible that these processes are mandatory for the recognition 
by FREPs of the pathogens used in this study. A longer exposure 
time between pathogens with proper membrane-bound glycan 

antigens and the cell-free hemolymph would then be required for 
the complexes to form and for their detection by our interactome 
approach.

he second class of IRF identiied is the biomphalysin toxin, 
which is an aerolysin-like protein that has been acquired by 
a putative horizontal gene transfer from a bacterium (39) 
(Figure 3). his protein is constituted of two domains: one large 
domain that shares structure similarities with β-pore-forming 
toxins whose role is to perforate cell membranes by forming 
transmembrane pores and a small domain potentially involved in 
pathogens’ carbohydrate motifs recognition (39). Biomphalysin 
is a dual protein: it has recently been shown to directly bind to  
S. mansoni sporocysts and to have a lytic activity enhanced by 
snail plasmatic factors (39). Herein, we demonstrate for the irst 
time that this anti-schistosome toxin is also able to interact with 
other pathogens and suggest a role in bacterial clearance. One  
(E. coli) and three (M. luteus, S. cerevisiae, E. caproni, and S. mansoni)  
spots were identiied as biomphalysins in 2D gels (Figure 2; Table 
S1 in Supplementary Material). Even if they were all of the same 
size (65–70 kDa), the expected size of biomphalysin (39), they 
exhibited a large range of isoelectric points, from slightly acid/
neutral for E. caproni and S. mansoni to basic for E. coli and S. cer-
evisiae (Figure 2). Altogether, this suggests that diferent protein 
isoforms of biomphalysins must be involved in the recognition/
clearance of the same pathogen but also of diferent pathogens. 
Interestingly, diferent biomphalysin genes were predicted 
in the recently sequenced genome of B. glabrata (BioProject: 
PRJNA290623 on NCBI database) (40), which suggests that they 
might be diferent genes rather than diferent isoforms (39). his 



FIGURE 5 | Western blot with anti-actin antibodies of the cell-free 

hemolymphs prepared by slow centrifugation (“control”), vortexing and 

centrifugation (“vortexed”) or sonication and centrifugation (“sonicated”). The 

band corresponding to the size of actin from Biomphalaria glabrata (~41 kDa; 

BgActin) is indicated by an arrow.
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biomphalysin family could be a major player of the speciicity of 
the Biomphalaria innate immune response together with lectins.

Biomphalysins were the only proteins that interacted with all 
pathogens. here is a growing number of evidence that aerolysin-
like proteins have been horizontally transferred within many dif-
ferent invertebrate phyla acquiring in the same time potentially 
new and varied functions but details of their involvement in the 
invertebrate immunity remain largely unknown (41). he inter-
actome approach developed herein suggests that biomphalysins 
might be a key component of the pathogen sensing system, and 
potentially of its speciicity. Indeed, heterogeneous assembly 
from these diferent monomeric isoforms to the heptameric 
biomphalysin pore complex may generate a high degree of 
pathogen-binding speciicity. In Anopheles gambiae, two C-type 
lectins, CTL4 and CTLMA2, form a disulide-linked heterodimer 
to speciically kill E. coli (42). he ability to form heterodimers 
could greatly expand the repertoire of recognition molecules 
(43, 44). Further experiments are now required to understand 
how biomphalysin gene expression is regulated in response to 
exposure with diferent pathogens and how the diferent proteins 
are recruited to respond to a speciic pathogen encounter.

Pathogen Sensing by Major Extracellular 

Matrix Components (NCIP)
he category of NCIP includes proteins whose primary function is 
not immunity, such as cell-matrix junction proteins (dermatopon-
tin, collagen) and cytoskeleton extracellular matrix proteins (actin, 
tubulin). Concerning the dermapontin, its gene expression can 
be increased ater immune challenge with E. caproni (21, 45) and  
S. mansoni (45) but not with E. coli, B. cereus, and S. cerevisiae (46). 
While its role was unknown at this time, our results suggest that it 
might be involved in a hemolymph coagulation-like system to pre-
vent parasite establishment through the tissue of the host (Figure 3).

he same type of molecular process is expected for other 
extracellular proteins such as actin. Western blot analyses of 
cell-free hemolymph using anti-actin antibodies revealed its 
presence in the extracellular compartment of the hemolymph 
(Figure  5). Considering that the procedure of hemolymph 
collection and preparation did not damage the cells (Figure 4), 
this actin must be considered as a real extracellular actin (ECA) 
present in snail hemolymph. Interestingly, the amount of ECA 
present in hemolymph was similar between the three conditions 
tested in western blot, which suggests that ECA is an important 
component of hemolymph released by a process still unknown in 
mollusk. In insects, some isoforms are secreted from cells through 
an exosome-independent pathway (47) while monocyte cells can 
release some extracellular vesicles (ectosome) containing b-actin 
and actinin in vertebrates (48). Observation of yeasts by confo-
cal microscopy shows that in CBSS bufer, some actin is located 
inside the yeast, revealed as small precisely localized green dots 
(Figure 6). In the presence of cell-free hemolymph, these intra-
yeast dots of actin are still visible but there is a large amount of 
ECA surrounding the yeast cells, which appears as early as 20 min 
and seems even more intense ater 3 h of incubation (Figure 6). 
Considering that yeasts were still intact ater 20 min of contact 
with cell-free hemolymph, this actin surrounding the yeasts is 
likely the ECA from snail that is able to bind and participate 

to yeast clotting prior to its elimination. he triggering of the 
destruction of yeast cells by these immune complexes is indicated 
by their nuclear destructuration visible at 3 h (Figure 6). his 
inding is consistent with recent studies that demonstrated an 
active role of actin in extracellular trap for pathogens clotting, 
facilitating their elimination by phagocytosis in the mosquito 
A. gambiae for example (47). Until now, these soluble molecules 
were considered as damage-associated molecular patterns 
(DAMPs) potentially involved in the “danger theory” where self-
constituents could trigger an immune response (49). Based on 
our results and particularly on the short time of our interaction 
that prevents the pathogen from circumventing host immune 
factors, these molecules must be considered as soluble immune 
sensing factors rather than just DAMPs.

he case of hemoglobin is particularly interesting. Two difer-
ent classes of hemoglobin were identiied against E. coli (hemo-
globin-1 and -2) while only hemoglobin-2 was interacting with  
E. caproni and S. mansoni (Figure 2). Many diferent isoforms were 
identiied (same size, diferent isoeletric points) but they were at a 
much lower size (55–60 and 100–120 kDa for hemoglobin-1 and 
-2, respectively) than the predicted full-size hemoglobin protein 
predicted from B. glabrata genome (514 and 582 kDa, respec-
tively) (Figure 2). Such peptides with enhanced or alternative 



FIGURE 6 | Yeast and cell-free hemolymph were used for an in vitro interactome. Actin was monitored by phalloidin labeling (in green) while nuclear compartment 

was revealed by acid nucleic labeling with DAPI (in blue). Photomultiplier tube (PMT) allowed visualizing cell membrane delimitation using white-light phase-contrast 

analysis. White bar scale = 10 µm.
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ADAMTS, GAPDH, and CECR1 in invertebrate immunity are 
scarce. However, GAPDH has been demonstrated to modulate 
immune responses against bacteria in plants (54) and metal-
loproteases have been characterized as key actors of many 
diverse immune and inlammatory processes in vertebrates (55). 
Results obtained in this study demonstrate that their binding to 
the pathogen surface can no longer be considered as artifactual. 
Further experiments are now required to understand if EIPs can 
bind directly to surface pathogens’ factors or if their involvement 
is related to their enzyme activities to mediate the maturation 
of immune complexes ater association with other IRFs and/or 
NCIPs.

Experimental Support to Theoretical 

Concepts Opens New Perspectives  

for Studying Pathogen Sensing 

by Invertebrates
Although extensively investigated and well documented in verte-
brates, the factors involved in invertebrate immune recognition 
rather constitute a black-box in which many diferent proteins 
with a wide range of functions, oten referred to as PRRs, can be 
found (56, 57). Some responses have arisen from model species 
essentially from insects such as Drosophila for which the Gram-
negative bacteria-speciic Imd pathway and the fungi and Gram-
positive bacteria-speciic Toll pathway have been irst identiied 
(8). However, data remain scarce in non-model species mostly 
due to the absence of reliable knock-out technology, which may 
fail in demonstrating the full richness and the role of invertebrate 
pathogen recognition molecules (7, 58).

In this study, we developed a simple interactome approach 
to identify soluble plasmatic molecules that bind directly or 

functionality that can be liberated from larger proteins are named 
cryptides. hose derived from hemoglobin have already been 
associated with immune modulation, hematopoiesis, signal trans-
duction, and microbicidal activities in metazoans (50). Although 
identiied as diferentially expressed upon S. mansoni exposure 
in B. glabrata (45), these highly abundant proteins were excluded 
from previous interactome approaches by ultracen trifugation of 
plasma as they were thought to interfere with pathogen recogni-
tion and not be directly implicated in it (27). Also, the role of 
this major protein in hemolymph has been largely neglected as 
its function was expected to be mostly pleiotropic. Hemoglobin 
and/or hemoglobin cryptides could directly interfere with the 
pathogen and limit its growth, as it has been shown for the 
“classical swine fever virus” (51), and/or they could reinforce  
the interaction between pathogen and extracellular matrix 
proteins, as it has been shown between human ibronectin and 
the pathogenic yeast Candida albicans (52). he binding of 
hemoglobin to the major virulence factor of Salmonella typhi has 
also been shown to promote the production of proinlammatory 
cytokines from monocytes (53).

Host Plasmatic Enzymes Involved  

in Pathogen Surface Binding (EIP)
Many diferent EIPs were identiied in this interactome approach 
(Figure  3). α-amylases have already been identiied ater co-
immunoprecipitation of B. glabrata plasmatic proteins with  
S. mansoni protein extracts but they were considered as mucus 
contamination at this time (27). Present data challenge this 
contamination hypothesis since α-amylase was only detected 
ater interaction of hemolymph with M. luteus. α-amylases 
would, thus, be critical for the host’s speciic response to certain 
pathogens. For the other EIPs, reports on the involvement of 
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indirectly to pathogen surfaces and to gain access rapidly to the 
biological functions of the candidate proteins. Here, we focused 
on the sentinel role of molecules that interacted with pathogens 
since they were constitutively present in hemolymph of unin-
fected (naïve) snails. Indeed, most of the studies are based on 
the diferential analysis (i.e., uninfected vs infected, or infected 
by diferent pathogens) of the host immune response (eicient 
or not) leading to a list of genes whose immunological function 
is rarely demonstrated. Moreover, if functional invalidation 
(gene knock-out, siRNA-mediated gene silencing, and mutants) 
already demonstrated the requirement of such molecules during 
the immune response, the irst step of pathogens binding is still 
rarely studied (11, 12, 33).

Each pathogen was recognized by a speciic, although partially 
overlapping set of interacting proteins from the mollusk (Figure 3; 
Table S1 in Supplementary Material). Most of pathogens’ percep-
tion involved at least three diferent families of proteins from 
two of the three protein categories described (Figure 3). Such 
contrasting sets of binding proteins, in terms of diversity and 
quantity, suggest that speciicity of immune detection quickly 
occurs at a ine scale. he recognition of the same pathogen by 
several diferent sensors with a high degree of speciicity suggests 
that these molecules are part of diferent host defense pathways 
that can interact with each other (1). Such interactions can 
take three diferent forms: by cooperation, leading to the more 
eicient engagement of the same efector mechanism, by comple-
mentation, allowing to trigger diferent complementing efector 
mechanisms or by compensation, where one pathway compen-
sates the deiciency of another one (59). he real involvement of 
these proteins in pathogen recognition, as expected in parasite 
antigen/host receptor interaction, is still not demonstrated and 
will require speciic investigation of downstream process for each 
candidate identiied. hus, these pathways might contribute to 
assess the danger for which they have been exposed and lead-
ing in ine to discriminate symbiotic organisms from pathogens 
(60). Simultaneous activation of distinct recognition pathways 
would enable a concerted and appropriate response to tolerate or 
eliminate such or such intruder. Another aspect of the molecular 
interaction not yet described and evaluated in invertebrates is the 
temporal dynamic of pathogen perception by soluble immune 
factors. Can this recognition be immediate and frozen once and 
for all, or require gradual biochemical and structural maturation 
to recruit other more specialized immune factors? he dynamic 
of structuration of soluble immune complexes by analyzing 
interactome at diferent times must be explored to answer this 
question. In this study, we show that diferent biochemical 
interactions between the external surface of pathogens and host 
molecules occur within just 20 min of interaction. his supports 
the idea of a irst wave of pathogen detection that we called 
“sensing,” a prerequisite for the subsequent activation of immune 
system. his sensing step appears additive but also epistasic by 
the number of various biological functions involved and suggests 
a cooperative crosstalk for a speciic immune response (1). he 
relative function of the IRF, NCIP, and EIP, whether they are 
implicated in pathogen recognition, immune complex matura-
tion, and/or triggering of immune response, will require further 
investigation. he method developed herein allowed reaching the 
early step of pathogen sensing, validating the binding ability of 

several IRF, and opening opportunity in model systems to deeper 
study their activity in the immune response pathways.

In summary, the present data constituted an important step 
toward a better understanding of the pathogen sensing and 
immune speciicity in invertebrates. It clearly demonstrates that 
innate immune response in invertebrate is not supported by a 
unique class of immune factors but rather by a panel of molecules 
involved in diverse biological functions and able to bind specii-
cally to a range of distinct pathogens. Notably, it involves some 
dual immune proteins able to play a role in both pathogen binding 
and clearance. his work does not intend to provide an extensive 
description of all sensing molecules but it deinitely opens the way 
to a better integrative biological overview of molecules necessary 
to initiate an orchestrated immune response against pathogens in 
both model and non-model organisms.
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FIGURE S1 | 2D-PAGE gels of “pathogens + hemolymph” and “pathogens only” 

for each of the five pathogens used. Arrows are indicating spots exclusively 

present in the “pathogens + hemolymph” profiles but not in the proteomic 

profiles of “pathogens only,” which represents proteins from Biomphalaria 

glabrata hemolymph that participated in the recognition of pathogen’s proteins.

TABLE S1 | Protein identification of the 109 spots revealed only in 

“pathogens + hemolymph” gels as compared to “pathogens only” gels. For each 

spot, the −10logP values of proteins and peptides are indicated, together with 

the top BLAST hit in NCBI nr database, the conserved domains of the sequence 

retrieved (performed with NCBI CD-search available at https://www.ncbi.nlm.nih.

gov/Structure/cdd/wrpsb.cgi) and the pI and molecular mass (calculated with the 

ExPASy “Compute pI/Mw tool” available at http://web.expasy.org/compute_pi).
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Abstract

Discoveries made over the past ten years have provided evidence that invertebrate anti-

parasitic responses may be primed in a sustainable manner, leading to the failure of a sec-

ondary encounter with the same pathogen. This phenomenon called “immune priming” or

"innate immune memory" was mainly phenomenological. The demonstration of this process

remains to be obtained and the underlying mechanisms remain to be discovered and

exhaustively tested with rigorous functional and molecular methods, to eliminate all alterna-

tive explanations. In order to achieve this ambitious aim, the present study focuses on the

Lophotrochozoan snail, Biomphalaria glabrata, in which innate immune memory was

recently reported. We provide herein the first evidence that a shift from a cellular immune

response (encapsulation) to a humoral immune response (biomphalysin) occurs during the

development of innate memory. The molecular characterisation of this process in Biompha-

laria/Schistosoma system was undertaken to reconcile mechanisms with phenomena,

opening the way to a better comprehension of innate immune memory in invertebrates. This

prompted us to revisit the artificial dichotomy between innate and memory immunity in inver-

tebrate systems.

Author Summary

Schistosomiasis is the second most widespread tropical parasitic disease after malaria. It is

caused by flatworms of the genus Schistosoma. Its life cycle is complex and requires certain

freshwater snail species as the intermediate host. Given the limited options for treating S.

mansoni infections, much research has focused on a better understanding of the immuno-

biological interactions between the invertebrate host Biomphalaria glabrata and its para-

site S.mansoni. Recently, we demonstrated the existence of a time-dependent and
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genotype-dependent acquired innate immune memory in B. glabrata snails. A primo-

infection of the Lophotrochozoan vector snail, Biomphalaria glabrata, with Schistosoma

mansoni totally protected the snail against a secondary challenge. Learning more about the

immunobiological interactions between B. glabrata and S.mansoni could have important

socioeconomic and public health impacts by changing the way we attempt to eradicate

parasitic diseases and prevent or control Schistosomiasis in the field.

Introduction

The environment of an invertebrate is filled with complex and changing populations of micro-

organisms, including potential pathogens. This engenders selective pressures comparable to

those experienced by Gnathostomes [1], and means that invertebrates should possess sophisti-

cated immune systems capable of dealing with such pathogens. Indeed, recent studies have

shown that the immune defenses of invertebrates are more complex and specific than previ-

ously thought, and the existence of innate immune memory or priming has been suggested

[2–6].

To date, the observations of invertebrate innate immune memory have been mainly

phenomenological and based on ecological or phenotypic studies, and little work has addressed

the potential molecular and cellular mechanisms underlying these processes. The innate

immune system of invertebrates includes the barrier functions of the epithelium, the cellular

immune response and the humoral defense response [7,8]: the former refers to mucosal immu-

nity and hemocyte responses (phagocytosis, encapsulation, melanization), while the latter

includes pathogen recognition receptors (PRRs), antimicrobial peptides, coagulation, and the

production of cytolytic molecules or reactive intermediates of oxygen and nitrogen [7,8]. Dur-

ing the primary infection of an invertebrate, the pathogen is recognized at the first encounter

and the cellular and humoral defense responses are coordinated to neutralize the intruder. To

the best of our knowledge, the existing studies investigating the molecular mechanisms of

innate immune memory in invertebrates have all suggested that the cellular immune response

and/or hemocyte phagocytosis is/are improved upon a subsequent encounter with the same

pathogen [9–11]. For example, in Porcellio scaber, enhanced phagocytosis was demonstrated

after a first encounter with different bacteria species (Bacillus thuringiensis/Escherichia coli)

[12]. For Anopheles gambiae, hemocytic differentiation evidenced by increased mRNA levels of

hemocyte-specific genes, such as thioester-containing protein 1 (TEP1) and leucine rich repeat

immune protein 1 (LRIM1) was reported following initial exposures to Plasmodium and bacte-

ria [5]. In shrimp, bacterial challenge was followed by an enhanced cellular immunity charac-

terized by a significant increase in the percentage of phagocytic cells [13]. The innate immune

memory response in invertebrates has been previously described as being involved in two

mechanisms, namely:

i. a process of acquired resistance or sustained response that consists of a long-lasting protec-

tion against a later challenge that persists even if the pathogen is neutralized; or

ii. a recalled response that consists of the ability to store information of previously met patho-

gens and recall it later to generate a faster and more powerful response against a subsequent

exposure to the same pathogen.

However, the international community working on invertebrate innate immunity believes

that the existing innate immune memory observations cannot be used in isolation. Instead,

they should be used to construct hypotheses that need now to be exhaustively tested with
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rigorous functional, cellular, biochemical and molecular methods, until all alternative explana-

tions are eliminated [10,14]. To fully understand the capabilities of invertebrate immune sys-

tems, we must use global molecular approaches at the whole-organism level to investigate the

mechanisms that form the basis for innate immune memory, while being guided by the existing

observations and phenotypic descriptions. Without this demonstration, the existence of

immune memory process in invertebrates will remain controversial and doubted by many

immunologists [for the polemic, see [14,15]].

Recently, we demonstrated that a primo-infection of the Lophotrochozoan vector snail,

Biomphalaria glabrata, with Schistosoma mansoni protected completely the snail against a

homologous secondary challenge [4]. Total protection was reached 10 days after primo-infec-

tion, and was maintained for the rest of the snail’s lifespan. Our findings provided evidence for

the existence of a time-dependent acquired innate immune memory in B. glabrata snails

[4,16]. Moreover, we used homologous and heterologous challenges to demonstrate that this

innate immune memory was genotype-dependent, in that the protection decreased with

increasing neutral genetic distance between the parasites used for the primo-infection and the

secondary challenge [4].

Here, we sought to investigate the molecular mechanisms of innate immune memory in B.

glabrata in response to S.mansoni infections. We precisely describe the snail’s immune

response phenotypes, then characterize the molecular determinants involved in B. glabrata

innate immune memory via a global transcriptomic approach and a targeted proteomic analy-

sis of plasmatic factors performed in combination with RNA interference. This work provides

the first global investigation of the molecular processes supporting innate immune memory in

an invertebrate model. Moreover, Biomphalaria snails have an important role in the transmis-

sion of Schistosomiasis the second most widespread human parasitic disease after malaria

causing 200,000 deaths annually. More emphasis on snail-related research, on the role of snails

and parasite intramolluscan larval stages in transmission is essential for changing the way we

attempt to eradicate parasitic diseases [17,18]. Learning more about the immunobiological

interactions between B. glabrata and S.mansoni could have important socioeconomic and pub-

lic health impacts by contributing to the discovery of new ways to prevent and/or control Schis-

tosomiasis diseases by limiting the parasite in the field.

Materials and Methods

Further details are provided in S1 Appendix and Fig 1.

Snail and parasite strains

The present work utilized a strain of Biomphalaria glabrata originating from Brazil (BgBRE),

along with its 100% compatible sympatric strain of Schistosoma mansoni (SmBRE). Both were

as previously described [19].

Innate immune memory protocol

One hundred and forty BgBRE snails were primo-infected with 10 miracidia of SmBRE each;

60 were secondarily challenged 25 days later with 10 miracidia of SmBRE each. For the RNA-

seq approach, pools of 20 BgBRE snails were recovered at 1, 4, 15, and 25 days post primo

infection (DPPI); these were designated 1DPPI, 4DPPI, 15DPPI and 25DPPI, respectively.

Twenty more snails were recovered at each of 1, 4 and 15 days after the secondary challenge;

equimolar amounts of each of these experimental groups were joined together into a single

sample designated as days post-secondary challenge (DPC) sample. Two pools of 20 uninfected

snails (designated naive1 and naive2) were sampled and used as control replicates. For the
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proteomic approach, 200 BgBRE snails were primo-infected and secondarily challenged with

10 miracidia (per round) of SmBRE. Plasma sampling was performed on the same schedule

described for the RNAseq experiments. Five biological replicates (5 independent pooled plas-

mas from 10 snails) were recovered from naïve snails (controls), and 15DPPI, 25DPPI and

15DPC snails.

Fig 1. Overview of experimental procedures. Innate immune memory experiments were carry out. For primo-infection, Brazilian Biomphalaria glabrata

(BgBRE) snails were individually exposed to 10 miracidia of their sympatric Brazilian Schistosomamansoni trematode parasite (SmBRE). Following infection
depending on the compatibility status of the snail/parasite couples, some of the miracidia were encapsulated by the hemocytes (snail immune cells) or
developed into primary sporocysts (intra-molluscan stage of the parasite). Intramolluscan parasite stages include two generations of sporocysts (primary
sporocyst (SPI) and secondary sporocyst (SPII)) and the production of cercariae. SPII developed inside SPI and migrated to reach the snail hepato-pancrea.
Cercariae developed inside SPI and migrated back into the snail to reach the aquatic environment. Twenty-five days after primo-infection, the snails were
challenged for a second time with again 10 SmBREmiracidia. In this case all miracidia degenerated in snail tissues, demonstrating the activation of a
humoral immune response. Immune phenotypes observed during innate immune memory process were analyzed using a histological approach (see Fig 2A,
2B & 2C). In order to explore the molecular mechanisms of innate immune memory several experimental procedures were designed. A RNAseq experiment
was realized with samples recovered from uninfected snails (Naive 1, Naive 2), samples recovered at 1, 4, 15 and 25 days post primo-infection (DPPI) and at
1, 4 and 15 days post-secondary challenge (DPC) (see Fig 3). Based on RNaseq results, functional validation of the FREP immune recognition receptor was
undergone. First, individual quantification were made for all FREPs annotated on transcriptomic analysis (see Fig 4A). FREP knockdown was then carried
out by siRNA injection, normalized by siGFP and monitored by Q-RT-PCR (see Fig 4B & 4C). Finally, to confirm the involvement of plasmatic factors in innate
immune memory, snail hemolymph was recovered (Naive, 15, 25 DPPI and 15 DPC) and plasmatic fraction was characterized by 2D-gel electrophoresis
(see Fig 5A & 5B). Plasma samples were also injected to naïve snails to demonstrate that immune protection could be acquired following primed snail plasma
transfer (see Fig 5C).

doi:10.1371/journal.ppat.1005361.g001
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Histological procedures

Forty-eight hours after primo-infection or secondary challenge with 10 miracidia of SmBRE,

snails were fixed in Halmi’s fixative (mercuric chloride 4.5%, sodium chloride 0.5%, trichloroace-

tic acid 2%, formol 20%, acetic acid 4% and 10% of picric acid-saturated aqueous solution). Fixed

mollusks were dehydrated and embedded in paraffin as previously described [20,21]. Transverse

histological sections (10-μm thick) were cut and stained using azocarmine G and Heidenhain’s

azan. The following serial steps were used: (i) re-hydration (toluene, 95, 70, 30% ethanol and dis-

tilled water); (ii) coloration (azocarmine G, 70% ethanol / 1% aniline, 1% acetic alcohol, distilled

water, 5% phosphotungstic acid, distilled water, Heidenhain’s azan) and (iii) dehydration (95%

ethanol, absolute ethanol, toluene). The preparations were then mounted with Entellan (Sigma

Life Science, St. Louis Missouri, USA) and subjected to microscopic examination.

Whole-body RNA sequencing

Total RNA was extracted from naive1, naive2, 1DPPI, 4DPPI, 15DPPI, 25DPPI and DPC sam-

ples using nitrogen and the TRIzol reagent (Sigma Life Science, St. Louis Missouri, USA).

mRNAs were sequenced in paired-end, 72-bp read length, with three samples multiplexed per

lane, using an Illumina Genome Analyzer 2 (Montpellier Genomix (MGX), Montpellier, France).

Transcriptome assembly

De novo transcriptomes were assembled using high-quality reads (phred> 29) from all seven

sequenced samples and an in-house pipeline created using the Velvet (v1.2.01), Oases (v0.2.04)

and CDhit EST (v4.5.4) programs [22]. A consensus reference transcriptome was optimized

using various parameters, including k-mer length, insert length and expected coverage, as pre-

viously described [22]. To suppress non-molluscan transcripts, a BLAST-based transcriptome

subtraction strategy was used. Transcripts were compared against the B. glabrata draft genome,

and transcripts with identities and coverages of less than 80% were deleted. This led to a final

subtraction of 45.1% of the transcripts, most of which corresponded to S.mansoni. The final

size of the transcriptome was 159,711 transcripts.

Differential expression analysis of transcripts

Quality reads (Phred score>29) were aligned to the assembled transcriptome using the C++ script,

Bowtie2 (v2.0.2) (mapping quality score 255), which was run locally using the Galaxy Project server

[23]. The DESeq2 software [24] (v2.12; http://www.bioconductor.org/packages/release/bioc/html/

DESeq2.html) was run under the default settings to compare duplicate samples from uninfected

snails (naive1 and naive2) versus infected samples to quantify differential gene expression (P value<

0.1). A heatmap was constructed to analyze transcript expression patterns (log2 fold change) using

Hierarchical Ascending Clustering (HAC) with Pearson correlation, as applied by the Cluster

3.0 [25] and JavaTreeView software packages. We used quantitative real time PCR (Q-RT-PCR)

to ascertain RNAseq results. For that purpose the correlation between the rpkm (reads per kilobase

per million mapped reads) of RNAseq and the ct (cycle threshold) of Q-RT-PCR was tested and

confirmed (see S1 Fig). Primer sequences used in Q-RT-PCR were available in S3 Table.

FREP RNA interference

Small interfering RNAs (siRNAs) were used to knock down FREP2 (GenBank accession num-

ber gi|16303186), FREP3 (gi|18389116) and FREP4 (gi|16303188). Three siRNA duplexes

(Eurogentec) were used in conjunction with Invivofectamine transfecting agent (Invitrogen,

CA). Two hundred ng of pooled FREP duplex siRNA or GFP siRNA (used as control) were
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injected into the cardiac sinus of B. glabrata snails as previously described [26]. One, Two and

four days following siRNA injection, the knock-down efficiency was confirmed by Q-RT-PCR

analysis of FREP2, -3 and -4 mRNA expression. For phenotypic analysis, 90 BgBRE snails were

infected with 10 miracidia of SmBRE. Twenty-one days after primo-infection, these snails were

individually injected with or without siFREPs or siGFP. Four days later, each snail was sub-

jected to a secondary challenge with 10 miracidia of SmBRE. Fifteen days post-challenge, snails

were fixed and the parasite prevalence was determined by identifying schistosome primary spo-

rocysts (SpI), in snails tissue as previously described [27,28].

Proteomic screening of primed snail plasma

Hemolymph was collected from the head-foot region of 50 BgBRE snails (5 pools of 10 snails, 5

biological replicates) at each time point of the infection process (Naïve, 15DPPI, 25DPPI, and

15DPC). Hemocytes were pelleted by centrifugation at 2500 rpm for 15 min at 4°C, and dis-

carded. Hemoglobin was separated from the plasma by ultracentrifugation at 55,000 rpm for

2.5 h at 4°C and the supernatant plasma samples were recovered. Protein concentration of the

samples were estimated using a 2D Quant kit (GE Healthcare life sciences). The plasma (5 bio-

logical replicates for each of the 4 time points) was subjected to 2D gel electrophoresis on 12%

SDS-PAGE gels using 100 μg of plasma, denaturing buffer, and 17 cm IPG Strips, pH 3–10

non-linear gradient (BioRad). Gels were stained with mass spectrometry (MS)-compatible sil-

ver staining, and comparative analysis of digitized proteome maps was performed using the

PDQuest 7.4.0 image analysis software (Bio-Rad). Spots showing obvious qualitative and quan-

titative (at least 2-fold) differences were excised from the gel and characterized by nanoscale

capillary liquid chromatography on an Ultimate 3000 coupled to a LTQ-Orbitrap tandem

mass spectrometer (nanoLC–MS/MS) mapped to Swiss prot-trembl and the Biomphalaria

glabrata Brazil transcriptome (http://ihpe.univ-perp.fr/enseignement/). A protein was consid-

ered to be correctly identified if at least two peptides were confidently matched to database

sequences with an overall Mascot score greater than 50 [29].

Plasma transfer

Plasma samples were recovered from 15DPPI or naïve snails as described above. PBS-snail solu-

tion (8.41 mNNa2HPO4, 1.65 mN NaH2PO4, 45.34 mMNaCl) was used as the control injection.

Twenty μl of each sample (naïve plasma, 15DPPI plasma, or TBS Tween solution) were injected

into 25 BgBRE snails per group. One group of 48 BgBRE snails was left untreated and used as a

control for infection. Fifteen days after injections, the snails in the four experimental groups were

infected with 10 miracidia/snail of SmBRE. This period of 15 days was used to ensure that an

observed phenotype was not a direct effect of the injected molecules, but rather reflected their

ability to activate the snail’s immune response pathways. Fifteen days after infections, snails were

dissected and the parasite prevalence was quantified as described above.

Statistical analysis

To test for significant differences in prevalence, Fisher’s exact test was used, with P! 0.05. For

the proteomic approach, statistically significant quantitative differences between spots were

tested using a Mann-Whitney U test, as applied with the PDQuest 7.4.0 software (BioRad).

Ethical statement

The laboratory and experimenters possessed an official certificate of the French Ministry of

National Education, Research, and Technology, CNRS and DRAAF Languedoc Roussillon for
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experiments on animals, animal housing, and animal breeding (# A66040; decree # 87–848,

October 19, 1987; and authorization # 007083).

Results

Histological inspection of B. glabrata immune response phenotypes

Three types of immuno-biological interactions were observed following infection of B. glabrata

by S.mansoni. After primo-infection, a compatible interaction was characterized by the ability

of miracidia to penetrate, transform into sporocysts and develop normally in snail tissues (30

to 40% of the entering miracidia produce SPI) (Fig 2A). In an incompatible interaction, mira-

cidia were immediately recognized, encapsulated and killed by hemocytes; in this case, a multi-

cellular capsule could be observed surrounding the parasite (60 to 70% of the entering

miracidia were killed) (Fig 2B). Finally, in primed snails subjected to a secondary challenge, the

sporocysts degenerated in the snail tissues. Encapsulation was never observed nor was the

accumulation of hemocytes observed near the parasite (100% of the entering miracidia were

killed by humoral factors) (Fig 2C). These findings indicate that a cellular immune response

was the main outcome following a primo-infection, whereas an exclusively humoral immune

response was found in primed snails subjected to a secondary challenge (Fig 2).

A whole-snail transcriptomic approach for investigating the molecular
basis of innate immune memory

The RNAseq values were validated by a correlation analysis performed with our quantitative

Q-RT-PCR data (S1 Fig, S3 Table). We obtained a good correlation (R2 = 0.768), indicating

that the representations of transcripts in our RNAseq results appeared to be proportional to

those obtained through Q-RT-PCR amplifications.

This RNAseq experiment allowed us to identify 1887 differentially expressed transcripts,

most of which were found in the 1DPPI, 25DPPI and DPC samples (Fig 3, S1 Table). At

1DPPI, most of the differentially expressed transcripts were under-represented (Fig 3). This

Fig 2. The immune response of B. glabrata to S.mansoni infection. The Brazilian strain of albino B. glabrata (BgBRE) is 100% susceptible (for 10
miracidia and upwards) to its corresponding strain of S.mansoni (SmBRE). When a snail is infected with 10 miracidia of S.mansoni within the same
individual compatible and incompatible interactions occur, 3 to 4 miracidia develop normally in the snail’s tissues while the others are recognized and
encapsulated by the snail’s cellular immune response. A. Six-day-old sporocyst in a compatible interaction. B. Encapsulated sporocyst 48 h after primary
infection in an incompatible interaction. C. Six-day-old sporocyst in a primed snail. Primed BgBRE are 100% protected against a secondary challenge with
SmBRE. Sporocysts from secondary challenge were neutralized by immune humoral factors.

doi:10.1371/journal.ppat.1005361.g002
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could reflect the immuno-suppression/modulation induced by S.mansoni parasites within the

first hours of an infection, when the parasites develop their molecular mimicry strategy

[30,31]. At 25DPPI and DPC, the proportions of over- and under-represented transcripts were

more comparable (Fig 3). Hierarchical clustering was used to sort the differentially represented

transcripts into six clusters, three each corresponding to over-represented transcripts (clusters

1–3) and under-represented transcripts (clusters 4–6) (Fig 3, S1 Table). Cluster 2 included

transcripts that were specific to the primo-infection and not activated following the secondary

challenge. Clusters 1 and 3 appeared to be the most promising possible sources of innate

Fig 3. RNAseq analysis of the innate immunememory response ofB. glabrata to S.mansoni. Heatmap showing differentially represented transcripts
compared to naïve snails, as identified by DESeq2 analysis (p < 0.1). Color scale indicates the Log2FC ratio from under-represented (blue) to over-
represented (red) transcripts. Transcripts were grouped into six clusters based on their expression patterns during the process of innate immune memory.
Samples were recovered at 1DPPI, 4DPPI, 15DPPI and 25DPPI following primo-infection. Following secondary challenge samples were recovered at 1 day,
4 days and 15 days and pooled into DPC sample. Six clusters are identified: Cluster 1: transcripts over represented more than once all along infection and
challenge. Cluster 2: transcripts exclusively over represented in single one condition. Cluster 3: transcripts exclusively over represented after immune
challenge (DPC). Cluster 4: transcripts exclusively under represented after immune challenge (DPC). Cluster 5: transcripts exclusively under-represented in
single one condition. Cluster 6: transcripts under represented more than once all along infection and challenge. FREP: Fibrinogen-related protein, HSP:
Heat-shock protein, PGRP 1-like: Pathogenesis-related protein 1-like, LBP/BPI: lipopolysaccharide-binding protein/bactericidal/permeability-increasing
protein, BgLBP/BPI: Biomphalaria glabrata LBP/BPI, TEP: thioester-containing protein.

doi:10.1371/journal.ppat.1005361.g003
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immune memory candidates. Cluster 1 comprised transcripts that were over-represented fol-

lowing primo-infection and remained highly expressed throughout infection (sustained

response); it included immune molecules known to be involved in the cellular immune

response (macrophage mannose receptors, thrombospondin), as well as certain pathogen rec-

ognition receptors (PRRs) (selectins and C-type lectins). In contrast, cluster 3 comprised tran-

scripts that were over-represented exclusively following the secondary challenge (Fig 3),

including certain PRRs (FREPs, C-type lectins) and circulating immune effectors (anti-micro-

bial peptides such as mytimacin and LBP/BPI, and biomphalysin). Interestingly, clusters 4, 5,

and 6, which contained the under-represented transcripts, included immune molecules belong-

ing to the same immune functional groups represented in clusters 1 to 3 (Fig 3). This may indi-

cate that there is a trade-off among the immune variants involved in the specific response to S.

mansoni parasites, with some members of the same family (i.e., variants or isoforms) being

down-regulated to permit the over-expression of other variants. In cluster 4, notably, most of

the under-represented transcripts were involved in the cellular and epithelial immune response

(e.g., macrophage mannose receptors, extracellular matrix compounds, mucins). This indicates

a down regulation of epithelial (mucosal immunity) and cellular immunity two major compo-

nents of innate immune response following secondary challenge. The complete list of differen-

tially represented transcripts is presented in S1 Table.

Loss-of-function, FREP-mediated RNA interference

To estimate total FREP expression (Fig 4A) over the entire innate immune memory process

based on our RNAseq data, we summed the fold changes for all the differentially represented

FREP transcripts (identified in Fig 3). A huge induction (5.096-fold) of FREPs was observed

following the secondary challenge (DPC, Fig 4A). SiRNA-mediated knockdown of FREPs were

used in combination to ascertain the role played by these FREP candidates in innate immune

memory. Knockdown of FREPs was confirmed by Q-RT-PCR; the results were normalized

with respect to the mRNA expression levels in naïve snails, and compared to the corresponding

levels in siGFP-control-injected snails (Fig 4B). The best knockdown level was reached at 96 h

post-siRNA injection, when we observed a decrease of 7.98-, 1.56- and 3.60-fold change for

FREP 2, 3 and 4, respectively (Fig 4B). The effect of FREP knockdown on the innate immune

memory phenotype was assessed in a typical homologous innate immune memory assay. In

untreated snails, the parasite prevalence after secondary challenge was 0% (Fig 4C), indicating

that innate immune memory had effectively protected them against a subsequent exposure to

S.mansoni. Injection of siGFP did not significantly change the parasite prevalence after sec-

ondary challenge (4%; Fig 4C). Following injection of the FREP siRNA, however, 15% of the

snails became infected with S.mansoni following secondary challenge (Fisher’s exact test

P< 0.05) (Fig 4C). Thus, FREP knockdown partially altered the innate immune memory phe-

notype, rendering primed snails more susceptible to S.mansoni infection.

Global proteomic comparison of primed snail plasma

To validate our RNAseq results, we focused our attention on the plasmatic compartment of B.

glabrata, which should contain the actors of the humoral innate immune memory response.

We performed global comparative 2D gel electrophoresis on plasma samples obtained from

naive, 15DPPI, 25DPPI, and 15DPC snails. Our quantitative and qualitative bioinformatic

analyses identified 29 differentially expressed spots corresponding to 62 different proteins (Fig

5A, S2 Table).

A hit map of the quantitated expression ratios was generated for the entire infection process

(Fig 5B, S2 Table). Four clusters were identified (Fig 5B): the proteins in cluster 1 were up-
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regulated following the secondary challenge; those in cluster 2 were up-regulated after the

primo-infection and remained highly expressed throughout infection (sustained response);

those in cluster 3 were up-regulated after the primo-infection and down-regulated following

secondary challenge those of cluster 4 were down-regulated. The differentially expressed pro-

teins were also subjected to functional classification based on their putative functions and/or

structural features. Five functional groups were identified: innate immune response proteins

(receptors, effectors, and regulators), scavengers of reactive oxygen species, cell signaling pro-

teins, gametogenesis-related proteins, and glycolysis-related proteins. Thirty seven percent of

the identified molecules belonged to the innate immune response group (23 of 62 proteins)

(Fig 5B). Consistent with our RNAseq results, we observed an important enrichment of poten-

tial humoral immune candidates in the plasma of primed snails. The molecules involved in

immune recognition and opsonization included numerous isoforms belonging to different

families of circulating immune receptors that were also identified in our transcriptomic analy-

sis (e.g., C-type lectins, β-1,3-glucan binding protein, and hemagglutinin/amebocyte

Fig 4. FREPs knock-downmediated by RNA interference. A. Cumulative expression [Log2FC (fold change) from the DESeq2 analysis] of FREP
transcripts showed that FREPs were over-represented after the secondary challenge (DPC; 5.096 log2 fold change enrichment of FREPs transcripts). Green
points corresponded to the differentially represented FREPs transcripts in each samples. Purple bars represent the cumulated Log2FC of FREP transcripts.
At 4DPPI no FREP transcripts were differentially expressed, thus no value appeared in the graph. B. siRNA injection against FREP2, FREP3 & FREP4 was
carried out and mRNA abundance was monitored during 4 days by Q-RT-PCR. Snails were injected with siRNAs against FREP 2, 3, and 4 or GFP (control),
the relevant mRNA levels were assessed following normalization with respect to the S19 gene in siGFP injected snails versus siFREPs injected snails.
Knock-down of the three FREPs tested was confirmed at 96h. C. Naïve B. glabrata and siFREP-injected snails were subjected to a typical priming
experiment: Snails were infected with 10 miracidia of S.mansoni as a primo-infection, 21 days later they were injected with siGFP, or SiFREP or not treated
and 4 days later they were infected with another 10 miracidia as a secondary challenge. FREP siRNA-injected snails show a significant proportion of non-
primed snails (15%; *, binomial test, P < 0.05).

doi:10.1371/journal.ppat.1005361.g004
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aggregation factors). Most of these isoforms were found in clusters 1 and 2, suggesting that

they may actively contribute to the innate immune memory response (Fig 5B). Among the

immune effector molecules, chitinase (spot 3002, Fig 5B), fatty acid binding protein (spots

4004 and 1001, Fig 5B), and biomphalysin (spot 7315, Fig 5B) were found in clusters 1, 2 and 4,

respectively. Biomphalysin was over-represented following primo-infection and secondary

challenge in the transcriptomic data, but down regulated at 15DPPI and 15DPC in our proteo-

mic data (cluster 4, spot 7315; Fig 5B). Thus, it seems that biomphalysin is highly transcribed

during the innate immune memory response against S.mansoni parasites, but is thereafter con-

sumed at the protein level. Some known regulators of the immune response (e.g., thymosin,

spot 3002; serpin, spot 1314; and β chain acetylcholine binding protein, spots 2206 and 3008)

were associated with protein clusters 2 and 4 (Fig 5B). In addition, other proteins known to be

Fig 5. Role ofB. glabrata plasmatic factors in innate immunememory response. A. 2D gel electrophoresis of plasma proteins. One gel of each plasma
sample analysed was shown. Spot numbers of qualitative and quantitative differences were indicated. Four plasma samples were analysed from naïve
(uninfected snails), 15DPPI and 25DPPI (recovered at 15 and 25 days after primo-infection) and 15DPC (recovered at 15 days after secondary challenge). B.
Heat-Map of the qualitative and quantitative ratio versus naïve sample. Ratios were calculated using PDQuest software between all differentially regulated
spots. Blue to red scale indicate ratio values from lower to higher represented spots. Four clusters are identified: Cluster 1: higher-represented proteins
exclusively following secondary challenge (15 DPC). Cluster 2: sustained response: higher-represented proteins after the primo-infection and secondary
infection. Cluster 3: higher-represented proteins at 15DPPI and thereafter down regulated at 25DPPI and 15DPC. Cluster 4: lower-represented proteins. C.
Plasma transfer and effect on prevalence of S.mansoni infection. Four conditions were tested: untreated snails (Control group, n = 48); saline injected snails
(control of injection, n = 25); naïve-plasma injected snails (n = 22); and primed-plasma injected snails (n = 25). For all the experimental groups, 15 days
following injection, snails were infected with 10 miracidia of SmBRE. * indicated significant differences (P< 0.05).

doi:10.1371/journal.ppat.1005361.g005
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involved in host/parasite interactions were identified as being differentially expressed, includ-

ing some anti-oxidant molecules, which were identified in protein clusters 1 and 2 (e.g., gluta-

thione peroxidase 3 precursor, spot 1803; glutathione-S-transferase mu 3-like, spots 7009 and

8006; and thioredoxin peroxidase, spot 4004; Fig 5B).

Proteins involved in gametogenesis were also identified by our global proteomic analysis.

They included schistosomin (spot 1004), which is involved in the regulation of gametogenesis

[32]; pathogen-related protein (spots 2002 and 1009), which is a seminal fluid protein [33,34];

and ovipostatin (spot 1106), which is involved in oviposition and hatching [35]. These proteins

were found in clusters 3 and 4, and were thus down-regulated following primo-infection and/

or secondary challenge (Fig 5B) (see S2 Appendix for details).

Plasma transfer

A plasma experiment was carried out to confirm the role played by humoral factors in innate

immune memory. Plasmas were recovered from naïve or 15DPPI snails and injected into naïve

snails. The snails were subjected to infection 15 days post-plasma-injection, and analyzed for

phenotypes at 15 days post-infection (Fig 5C). Injection of saline solution has no significant

effect on the prevalence of parasitic infection compared to the untreated control (88% and

90%, respectively) (Fig 5C). Transfer of naive snail plasma also failed to have any significant

effect (prevalence of 77%) (Fig 5C). However, a statistically significant decrease in the preva-

lence of infection was observed for snails injected with primed snail plasma (from 90% to 68%;

P = 0.04). This protection remained efficient at 15 days post-transfer, confirming that plas-

matic humoral factors function to activate the immune system and prepare the snail to answer

a subsequent encounter with the parasite.

Discussion

Innate immune memory, which is a process through which an organism acquires a (more or

less) specific and long-lasting protection against later challenges that persists even after the

pathogen is neutralized, has been described in diverse invertebrate phyla [2,3,5,6,14,36–39].

This suggests that innate immune memory exists in a broad range of invertebrates.

A form of innate immune memory was previously demonstrated in B. glabrata in response

to S.mansoni infection, and shown to be dependent on the genotype of the pathogen [4]. Here,

we provide evidence that innate immune memory in B. glabrata is not associated with an

enhancement of the cellular immune response, as has been suggested in other invertebrate spe-

cies [5,12,13]. Instead, our histological analysis (Fig 2) revealed that in primed snails, the para-

sites of a secondary challenge fail to develop into sporocysts and are killed by the host, without

any observable cellular immune response/hemocytic reaction. Together, these findings show

that, after a primo-infection, each successive encounter with a similar parasite initiates an

exclusive humoral immune defense response in B. glabrata.

Accordingly, we set out to identify the humoral factors through which primed snails are

able to neutralize the sporocysts of a secondary challenge. A whole-snail RNA sequencing

approach was conducted to identify molecular candidates that might be involved in the innate

immune memory response. For RNAseq approach the cluster 1 (sustained-response tran-

scripts) and cluster 3 (secondary challenge-specific transcripts) contained the most promising

candidates (Fig 3). Numerous circulating or cell-surface PRRs were found. These immune

receptors, which recognize terminal sugar residues on the glycans that are attached to the sur-

face proteins of some microorganisms, act in the pathogen recognition and clearance processes

of innate immunity. The identified PRRs belong to various families, including the macrophage

mannose receptors, selectins, C-type lectins and fibrinogen-related proteins (FREPs).
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Cytotoxic and cytolytic molecules were also identified, as were anti-oxidant molecules. The lat-

ter finding suggests that the reactive oxygen species pathway may be activated as part of the

humoral innate immune memory response of B. glabrata. Moreover, RNAseq cluster 4 (mole-

cules down-regulated upon secondary challenge) included transcripts whose products are

involved in the epithelial and cellular immune response, such as macrophage mannose recep-

tors, extracellular matrix compounds and mucins. This strengthens our contention that there

is a shift from cellular or mucosal immunity to humoral immune response during the innate

immune memory response in B. glabrata snails.

An unexpected result of this study was the identification of RNAseq cluster 3 and proteomic

cluster 1. Until now, innate immune memory was believed to be the result of two potential reg-

ulatory processes: (i) a sustained immune response consisting of the long-lasting up-regulation

of immune molecules after a primo-infection (as observed in RNAseq cluster 1 and proteomic

cluster 2); or (ii) a recalled response that consists of the ability to store information and recall it

later for a faster and more powerful response against subsequent pathogenic exposure (never

been observed in any of the RNAseq or proteomic clusters) [36,39]. Here, we provide the first

report of a novel unexpected regulatory process for invertebrate innate immune memory, in

which transcripts are specifically up regulated following the secondary challenge (RNAseq clus-

ter 3, proteomic cluster 1) without having been previously activated by the primo-infection.

This new observation warrants further study, such as through the identification of its potential

molecular hallmarks, including the genetic (activation of transcription factors) and/or epige-

netic (DNA methylation, chromatin markers, lncRNA, miRNA, etc.) factors that form the

basis for this exclusive secondary challenge innate immune memory response.

To validate the potential roles played by the identified molecular candidates in the observed

innate immune memory phenotype, we performed three sets of experiments: we used RNAi to

knockdown certain FREPs and examined the priming response; we characterized the snail

plasma proteome; and we examined the effect of injecting naïve snails with plasma from

primed snails.

As FREP lectins showed extensive differential representation following the secondary chal-

lenge (see Fig 4A), and they are known to play key roles in the immunobiological interactions

between B. glabrata and S.mansoni, they were chosen as candidates for RNAi invalidation.

The FREPs comprise one or two amino-terminal immunoglobulin domains (IgSF) and a car-

boxyl-terminal fibrinogen domain (FBG). They belong to a multigene family of at least 14

members, and undergo somatic rearrangements leading to remarkable diversification [40,41].

FREPs can precipitate soluble antigens derived from trematodes. Their expression levels

increase in response to infection with S.mansoni [42,43], and they form immune complexes

with similarly highly polymorphic and individually variable mucins (the SmPoMucs) that act

as antigens of S.mansoni [44]. The high level of diversification within FREP family members

results in a huge proportion of partial FREP transcript sequences generated by the RNAseq de

novo assembly [22]. We were unable to precisely identify the FREP variants/isoforms present

in the various RNAseq clusters. Thus, to confirm the role of FREPs in innate immune memory,

we invalidated FREP 2, 3, and 4, as they had previously been demonstrated to be involved in

the response of B. glabrata to trematodes. More specifically, FREP 2 is involved in immune

complexes [44]; FREP 3 knock-down reverts the snail resistance status to trematodes [45]; and

microarray analysis showed that FREP 4 is over-expressed following infection by S.mansoni

[43]. SiRNA-mediated knock-down of FREP 2, 3 and 4 (Fig 4B) was found to reduce the innate

immune memory phenotype by 15% (Fig 4C). These results indicate that these FREPs are

involved in B. glabrata innate immune memory, but demonstrate also that additional molecu-

lar partners (and/or other FREP variants) also play roles in the pathogen recognition and

innate immune memory of this snail.
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Our characterization of the plasmatic proteome confirmed that most of the molecules iden-

tified in the RNAseq data were present and differentially expressed at the protein level. The

presence of these molecules in snail plasma also confirms that they act as circulating humoral

factors. The most promising candidates for participation in innate immune memory were

found in protein cluster 1 (secondary challenge-specific proteins) and protein cluster 2 (sus-

tained-response proteins) (Fig 5). Numerous PRRs were identified (e.g., macrophage mannose

receptors, C-type lectin, hemagglutinin, and β -1, 3-glucan binding proteins). Interestingly, we

did not recover any FREP in this proteomic analysis of primed snail plasma. We speculate that

the FREPs were lost from our analysis due to their precipitation with parasitic antigens [44].

Alternatively, and as suggested previously for other families of highly variable molecules [46],

the different variants may be expressed at such low levels that they are not visible on 2D gel

electrophoresis. Indeed, we recently demonstrated that FREPs are expressed at a low level com-

pared to other PRRs in naive B. glabrata snails [22]. Plasmatic proteome was also composed of

cytotoxic and cytolytic molecules, including antimicrobial peptides [AMPs; e.g., hydramicin,

mytimacin and lipopolysaccharide binding protein/bactericidal permeability-increasing pro-

tein (LBP/BPI)], and the biomphalysin. We recently reported the molecular cloning and func-

tional characterization of the B. glabrata biomphalysin and its involvement in the killing of S.

mansoni [47]. Biomphalysin, which shares a common architecture with proteins belonging to

the aerolysin superfamily, is strictly expressed in immune-competent cells. Recombinant biom-

phalysin was shown to bind to parasitic membranes and exhibit cytotoxic activity toward S.

mansoni sporocysts. Our RNAseq and proteomic analyses primarily recovered immune recog-

nition factors, many of which had multiple isoforms. This suggests the involvement of both

translational and post-translational regulation. Additional work is now needed to clarify the

functions of these molecules in the humoral innate immune memory response of B. glabrata.

For example, C-type lectins are known to be involved in the innate immune memory responses

of mollusks; their expression levels increased in the scallop, Chlamys farreri, following vaccina-

tion with heat-killed Vibrio anguillarum, and successive challenges with V. anguillarum or

Micrococcus luteus enhanced this protection [11]. In addition to their roles in pathogen recog-

nition and opsonization, lectins also possess direct cytotoxic activities. Examples of cytotoxic

lectins include plant-derived ricin from Ricinus communis beans [48], the fungus-derived N-

acetyl-D-galactosamine-specific lectin from Schizophyllum commune [49], and the inverte-

brate-derived hemolytic lectin, CELIII, from Cucumaria echinata [50]. Thus, it seems reason-

able to hypothesize that some of the lectins identified in the present study may participate in

the humoral innate immune memory response both as recognition receptors and as cytotoxic/

cytolytic molecules involved in killing the S.mansoni SpIs of the secondary challenge.

Lastly, we explored whether the transfer of plasma from primo-infected snails could provide

recipient naïve snails with enhanced immunity. In a previous study, plasma transfer from S.

mansoni-resistant Biomphalaria tenagophila to susceptible snails was associated with a transfer

of resistance [51]. Here, we found that transfer of primed snail plasma to naive snails signifi-

cantly reduced the prevalence of S.mansoni infection by more than 20% compared to controls

(Fig 5). A comparable experiment was previously performed using the mosquito, Anopheles

gambiae, and its bacterial pathogens [5]. The transfer of cell-free hemolymph from infected

mosquitoes into healthy mosquitoes triggered increases in the hemocyte populations of trans-

ferred mosquitoes, indicating that humoral factors could promote a cellular immune response

that protected mosquitoes against subsequent bacterial challenges [5]. In Biomphalaria, plasma

transfer experiments demonstrated that soluble humoral factors are released into the hemo-

lymph of primed snails, and that the transfer of such factors activates/regulates the humoral

immune response in recipients and confers enhanced antischistosomal immunity against sub-

sequent encounters with the pathogen.

Molecular Basis of Innate ImmuneMemory

PLOS Pathogens | DOI:10.1371/journal.ppat.1005361 January 6, 2016 14 / 18



To conclude, we evidence for the first time the molecular basis of innate immune memory

in an invertebrate model, and we demonstrate the role of humoral factors in such phenome-

non. The previous studies addressing the molecular mechanisms of innate immune memory in

invertebrates have mainly suggested the involvement of elevated hemocyte phagocytosis [9,10].

In B. glabrata, innate immune memory seems to be supported by humoral factors that trigger

the degeneration/death of the parasite. Moreover the innate immune memory protection was

previously shown to decrease with increasing neutral genetic distance between the parasite

used for the primo-infection and the one used for the secondary challenge [4]. We hypothe-

sized that better protection against a homologous (vs. heterologous) secondary infection

involves the mobilization of specific repertoires of B. glabrata immune receptors to target cer-

tain subsets of S.mansoni genotypes. Our present findings prompt us to speculate that the

genotype-dependent innate immune memory of B. glabratamay be supported by a diverse rep-

ertoire of FREPs and other PRRs (Figs 4 and 5). As previously suggested [22], PRRs might

serve as collaborative recognition factors that can be processed as homologous or heterologous

multimers, which then act as immune recognition complexes to increase the host’s PRR reper-

toire and mediating anti-pathogen responses. Once recognized, the pathogen is neutralized by

the release of cytotoxic/cytolytic circulating factors. Here, we demonstrate that biomphalysin is

highly transcribed following secondary challenge and consumed at the protein level during

innate immune memory response, suggesting that biomphalysin may play a major role in neu-

tralizing the pathogen following immune recognition. Clearly, future studies are needed to

fully understand how these molecules mediate and regulate the specificity of the innate

immune memory defense seen in B. glabrata.

To reconcile mechanisms with phenomena a molecular characterisation of innate immune

memory in Biomphalaria/Schistosomamodel was undertook. Transcriptomic, proteomic, and

functional validation lead us to a new molecular comprehension of innate immune memory

processes and prompted us to revisit the artificial dichotomy between innate and memory

immunity in invertebrate systems.

Supporting Information

S1 Fig. Correlation between RNAseq and Q-RT-PCR. The correlations between the RNAseq

reads per kilobase per million (log2 RPKM) values and the corresponding Q-RT-PCR cycle

threshold (Ct) values were calculated and shown for 36 randomly selected transcripts. RPKM

values were calculated using a local alignment with Bowtie2 on de novo assembled B. glabrata

transcriptome. Cts were calculated by Q-RT-PCR using the Naive1/Naive2 biological samples

previously used for RNAseq. Log2 RPKM values were an average of two biological replicates of

two independent snail pools and represented in log2 scale. Horizontal lines indicate the stan-

dard error between these two points. Non-normalized Ct values were an average of three tech-

nical replicates of Q-RT-PCR. The vertical lines indicate the standard error between these

three points. A dependency between variables, increasing of RPKM and decreasing of Ct is

shown by least-square regression analysis and its correlation coefficient R² = 0,76804.

(TIF)

S1 Table. List of differentially represented transcripts in RNAseq clusters. Quality reads

(Phred score>29) were aligned on the transcriptome assembly using the C++ script Bowtie2

(v2.0.2) (255 score) running thanks local engine using Galaxy Project server (Giardine, Riemer

et al. 2005). The DESeq2 software (Love, Huber et al. 2014) (v2.12;http://www.bioconductor.

org/packages/release/bioc/html/DESeq2.html) (defaults settings) allows for quantifying the dif-

ferential gene expression with comparing two biological duplicates from uninfected snails sam-

ple (Bre1 and Bre2) against infected samples (Pvalue<0.1). For each cluster transcript ID,
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Blast2GO annotation and Log2FC results were indicated.

(XLSX)

S2 Table. All cluster identified in Fig 5. Ratio of expression and mapping annotation were

indicated for all the sequences identified as differentially regulated in the plasma comparative

proteomic approach.

(XLSX)

S3 Table. Primers used for Q-RT-PCR. Identification numbers (iD), Blast2GO annotation

and sequences of forward and reverse primers were indicated for 36 randomly selected tran-

scripts of Naive1/Naive2 RNAseq biological samples. These sequences were used to analyse the

correlation between the RNAseq reads per kilobase per million (log2 RPKM) values and the

corresponding Q-RT-PCR cycle threshold (Ct) see S1 Fig.

(XLSX)

S1 Appendix. Expanded Materials and Methods section.

(DOCX)

S2 Appendix. Trade-off between reproduction and immunity.

(DOCX)
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Abstract (<250) 
 
Invertebrate immune response may be primed in a sustainable manner, leading to 

the failure of a secondary encounter with the same pathogen. This phenomenon 

called innate immune memory was described in numerous clade of invertebrates. 

Underlying molecular support was often lacking and delayed its 

comprehension. Present study focuses on the Schistosomiasis vector 

snail Biomphalaria glabrata, in which first molecular support of priming was described 

as depending on a shift from a cellular immune response to a humoral immune 

response. Biomphalaria was described to exhibit a genotype dependant immune 

memory where increasing genetic distance between parasites used for primary and 

secondary infection decreased the associated resistance. This work proposes an in-

depth study of molecular support of specificity in the innate immune memory 

response. As proposed in vertebrates, Biomphalaria regulate different sets of innate 

immune receptor repertoire to face up different strains of parasite during immune 

memory. Combined with previously published works, these results attempt to suggest 

combinatory use of PRRs in invertebrates to distinguish different strains of parasite 

during acquisition of innate immune memory. Immunization experiment bring results 

that snail can become resistant after exposition to parasite extract. Hemolymph 

transfer bring clue that specificity in this vector snail is so far higher than expected 

and this circulating hemolymphatic compartment display a strain-specific toxicity. 



This work brings first evidence of the molecular support of the innate immune 

memory specificity in invertebrates. 

 
 
 
Introduction 
 
Immune memory is no longer a vertebrate feature but a shared way, for living 

organisms, to limit physiological cost caused by pathogens frequently met during 

their whole life. Storing information of pathogen represent a way to answer to a 

secondary occurring infections at lowest cost (Contreras-Garduno, 2016 and Kurtz & 

Armitage, 2006).  

Living organisms have evolved complex immune system to confront pathogens 

biological-traits and diversity, from prokaryote ((Marraffini and Sontheimer 2008)) to 

eukaryote including plants ((Dangl, Horvath et al. 2013, Calil and Fontes 2016)) or 

animals, and within animals from invertebrates ((Moret and Schmid-Hempel 2000, 

Moret and Schmid-Hempel 2001, Haine, Moret et al. 2008, Cirimotich, Dong et al. 

2011, Portela, Duval et al. 2013)) to vertebrates ((Du Pasquier 2004, Eason, Cannon 

et al. 2004, Cooper and Alder 2006)). These new capabilities for the innate immune 

system to store pathogens information through resistance acquisition were referred 

as “trained immunity” for vertebrates (Netea, Quintin et al. 2011) or “immune priming” 

or “innate immune memory” for invertebrates (Milutinovic and Kurtz 2016). All this 

acquired resistances have been shown to be immuno-globulin (Ig) independent 

without any homologous molecules in invertebrates. Also, question of: do immuno-

globulin (Ig) independent immune memory represent a way of remembering about 

pathogen resistance across living kingdom, remains debated (Netea and van der 

Meer 2017) 



Specificity of this innate immune memory can be assessed by tested different type of 

pathogens through a homologous (same pathogens from primary and secondary 

immune challenge) or heterologous (different pathogens between both infections) set 

of infection and reinfection. A high specificity is observed when a homologous re-

exposure to a pathogen lead to a higher protection than a heterologous one (Jorge 

Contreras-Garduno, Humberto Lanz-Mendoza et al. 2016, Milutinovic and Kurtz 

2016). For example, Drosophila display high specificity against bacterial infection. 

When infected with Streptococcus pneumoniae or Beauveria bassiana, flies were 

found protected against reinfection with the same microorganisms, but not against 

other pathogens (Pham, Dionne et al. 2007). Same thing in the copepod with a 

tapeworm parasite, authors reported a significant reduction of reinfection rate with 

homologous reinfection (Kurtz and Franz 2003). Also, shrimp display better 

protection against a viral strain previously used as oral vaccination (Witteveldt, 

Cifuentes et al. 2004).  

If the existing observations of specific immune priming in invertebrates are mainly 

phenomenological, the potential underlying molecular and/or cellular mechanisms of 

such immune specificity remained poorly widen.  

In the present paper, we propose to investigate this question in a suitable model 

involving the Lophotrochozoan snail, Biomphalaria glabrata, and its metazoan 

parasite, the trematode Schistosoma mansoni. Biomphalaria snails are pinpointed 

invertebrates as vector of Schistosomiasis, which is the second most widespread 

human parasitic disease after malaria, causing a substantial public-health burden 

with about 200 million humans infected in 74 countries and more than 200,000 

deaths annually (King, Dickman et al. 2005). 



Recently, a high degree of immune specificity has been shown in Biomphalaria snail 

through homologous and heterologous challenges (Portela, Duval et al. 2013). While 

homologous experiments show protection of 100%, heterologous experiments 

display a protection that decreased with increasing genetic distance between the 

parasites used for primo-infections and challenges (Portela, Duval et al. 2013). The 

first molecular bases of immune priming have been also described for one Brazilian 

Biomphalaria/Schistosoma sympatric interaction. A Transcriptomic effort, combined 

with a comparative proteomic approach brought first evidences of a shift in the 

immune response during the acquisition of resistance (Pinaud, Portela et al. 2016). 

This immune shift occurred at two different scales. First, it could be observed at the 

phenotypic scale, a shift from a cellular immune response (hemocyte encapsulation), 

following primo infection, to a humoral immune response (without encapsulation and 

production of plasmatic factors) following secondary immune challenge (Pinaud, 

Portela et al. 2016). Second at the molecular scale, we identified a shift in transcript 

expression where a transcriptomic reprogramming was associated to acquisition of 

resistance to reinfection in Biomphalaria glabrata (Pinaud, Portela et al. 2016). 

Herein, we bring along first exploration of the molecular support of genotype-

dependant innate immune memory specificity by comparing homologous versus 

heterologous multi-scale host-parasite interactions among high compatible 

host/parasite couples (Figure 1). Hemocyte flow cytometry associated with 

vaccination and in-vitro toxicity assays of the cell-free plasmatic compartment bring 

new clues for a high immune specificity potential in Biomphalaria snails.  

Innate immune response may induce very highly-specific and long-lasting resistance 

in both vertebrate and invertebrate as already proposed in the combinatory of 

pathogens sensors theory (Hargreaves and Medzhitov 2005, Nish and Medzhitov 



2011). Our results represented one of the first description of the activation of a 

diversified repertoire of putative innate immune receptor following acquisition of 

innate immune memory in a non-model invertebrate species. Altogether these results 

also suggest that the complex combinations or multimerizations of diversified innate 

immune receptors and effectors may support the genotype-dependant immune 

memory specificity observed in Biomphalaria snails. 

 

Material & Methods 

Ethical statement.  

The laboratory and experimenters possessed an official certificate of the French 

Ministry of National Education, Research, and Technology, CNRS and DRAAF 

Languedoc Roussillon for experiments on animals, animal housing, and animal 

breeding (# A66040; decree # 87–848, October 19, 1987; and authorization # 

007083). 

 

Biomphalaria snail and Schistosoma parasites 

One strain of snail has been used for all experiments and belongs to Biomphalaria 

glabrata originating from Brazil (BgBRE). Its sympatric strain of parasite Schistosoma 

mansoni from Brazil (SmBRE) has been used for homologous interaction while 

heterologous interactions were conducted with a strain of the same specie: 

Schistosoma mansoni from Venezuela (SmVEN); or with another specie: 

Schistosoma Rodhaini from Burundi (SROD). Infectivity phenotypes for all 

interactions were previously described as highly compatible with prevalence values 

from 80% to 100% ((Theron, Pages et al. 1997, Portela, Duval et al. 2013)). 

 



Innate immune memory experimental protocols 

Duration of the immune memory was tested by primo-infecting BgBRE snails (n=100) 

with 10 SmBRE miracidia. Then at 15, 25, 56, 72 140, 162 days after primo-infection, 

snails were challenged with 10 SmBRE miracidia. For RNAseq, BgBRE snails were 

primary individually exposed (immune priming) to 10 SmBRE miracidia then 

secondarily individually exposed (immune challenge) to 10 miracidia of each strain 

(SmBRE, SmVEN, SROD) 25 days later. For proteomic and in-vitro toxicity assays, 

priming was realised on BgBRE snails at 15 days after primo-infection with 10 

SmBRE miracidia. 

 

High through put approach protocols 

For the RNAseq approach, pools of 20 BgBRE snails were recovered as previously 

described ((Pinaud, Portela et al. 2016)) at 1, 4 and 15 days after the immune 

challenges then equimolar amounts of each of these time points were grouped 

together into 3 separate strain samples named BRE, VEN and ROD. Two pools of 20 

uninfected snails (naive1 and naive2) were sampled and used as controls. Statistical 

analyses were performed as already described ((Pinaud, Portela et al. 2016)) 

following the pipeline on our Galaxy Project server. Briefly, best quality reads are 

filtered (phred >29) then reads were aligned with Bowtie (v2.0.2, quality mapping 

255) and PCR duplicates were removed thanks to SAM tools. DESeq2 software was 

used to compare duplicates samples of uninfected snails (naive1 and naive2) with 

our three immune challenge condition (BRE, VEN and ROD) and all statistically 

different transcripts are recovered (P value <0.05) and annotated firstly manually 

(Blast X and Interproscan against nr database) then using Bast2GoPro for all the 

other available databases. A heatmap was constructed from log2 fold change of each 



transcripts using Hierarchical Ascending Clustering (HAC) with Pearson correlation, 

as applied by the Cluster 3.0 (Eisen, Spellman et al. 1998) and JavaTreeView 

software packages.  

 

Vaccination 

All developmental stages of Schistosoma parasites were recovered. Miracidia and 

cercaria (swimming free-living stages) were recovered in water and directly pellet by 

centrifugation. Primary sporocysts (Sp1) were recovered by in-vitro transformation 

from miracidia as previously described ((Roger, Mitta et al. 2008)). Secondary 

sporocysts (Sp2) were recovered in the digestive gland of 30 days infected snails 

(Sp2 representing 70% of the digestive gland at this point) and healthy glands from 

naïve snails were used as control (Sp2 Control). All the samples are natively 

extracted in 150 µL TBS-Tween 0.05% buffer. Three cycles of frozen-melting (-80°c 

to 4°C) were followed by four pulses of sonication (Vibra-cell 75185) at 20% max 

amplitude for 20 seconds at 4°C; then proteins were dosed (2D Quant kit, GE 

Healthcare life sciences) and stored at -80°C. A pool combining equimolar amount of 

all 4 parasite stages protein extracts (named pool) was constituted and used for 

vaccination experiments to test for parasite antigen synergistic effects.  

For homologous vaccination, 500 BgBRE naïve snails are individually anaesthetised 

(2h in 0.05% Pentobarbital sodium 200mg/ml (Vetoquinol Dolethal) in 26°C drilling 

water) and injected in the head-foot region with 1µg in 10µL TBS-Tween 0.05% 

buffer of each parasite protein extract (Miracidia, Sp1, Sp2, Sp2Control, Cercaria and 

Pool) then snails were individually exposed to 10 SmBRE miracidia 15 days after 

vaccination. A TBS-Tween buffer injection was used alone to test for needle injection 

effect (Control). For heterologous vaccination, 200 BgBRE naïve snails are 



individually injected in the same conditions as previously described with Miracidia 

and Sp1 extracts from SmVEN and SROD, then individually exposed to 10 SmBRE 

miracidia 15 days after vaccination. Fifteen days after infection, snails are fixed in 

Raillet-Henry solution to quantify parasite prevalence as previously described 

(Portela, Duval et al. 2013). 

 

Cell-free hemolymph transfer and resistant phenotype 

Naïve BgBRE snails were individually primary-exposed to 10 miracidia (SmBRE) and 

hemolymph was recovered from 30 primed snails 15 days after infection (sample was 

named 15DP for 15 days primed hemolymph). Then snails were individually 

secondary exposed again to 10 miracidia (SmBRE), and hemolymph from pool of 30 

individuals, were sampled at 1, 4 and 15 days after the immune challenge (sample 

were named 1DC, 4DC and 15DC). Finally, hemolymphe from 30 naïve snails were 

sampled as control (named naïve). All hemolymph samples were centrifuged (2,500 

rpm for 15 min at 4°C) to pellet hemocyte cells and supernatant referred as cell-free 

hemolymph was kept at -80°C until used. 

Three hundred naïve snails were individually injected with 10 µL of each cell-free 

hemolymph samples (Naïve, 15DP, 1DC, 4DC and 15DC) and saline solution 

(Chernin’s balanced salt solution, CBSS) was used in control injection. Fifteen days 

after injection, all snails were individually exposed to 10 miracidia (SmBRE), and 15 

days after infection, snails were fixed in Raillet-Henry solution to estimate parasite 

prevalences (number of infected snails in the exposed population). 

 

In vitro cell-free hemolymph toxicity assay: a validation of immune specificity 



Naïve BgBRE snails were individually primary exposed either to 10 miracidia SmBRE 

or SmVEN, then secondary exposed to homologous 10 miracidia SmBRE or SmVEN 

infection. Cell-free hemolymph was recovered 1 day after immune challenged as 

described above and kept at -80°C. In vitro primary sporocysts (Sp1) were produced 

as previously described ((Roger, Mitta et al. 2008)) for all the three strains (SmBRE, 

SmVEN and SROD). In vitro toxicity assay were done by putting Sp1 in contact, at 

26°C, with 500µL of cell-free hemolymph from naïve snails or from 1 day post- 

challenged snails, or with CBSS culture medium. Mortality was assessed after 4 

hours of contact under a light microscope, with the Sp1 considered “dead” when we 

failed to observe motility and/or beating of the flame-cell flagella. 

 

Hemocytes flow cytometry analysis 

Naïve BgBRE snails were individually primo-infected with 10 miracidia 

(SmBRE). Hemolymphs from 6 individual snails (biological replicates) were sampled 

from the head-foot region at 1 day, 4 days and 15 days (1DP, 4DP and 15 DP) after 

primo-infection. Then SmBRE primed snails were individually exposed to a 

secondary infection (immune challenge) with 10 miracidia either SmBRE or SmVEN. 

Then hemolymphs from 6 individuals (biological replicates) were sampled at 1 day  

(1DC). All samples were directly treated after recovery. Forty microliters of 

hemolymph per snails are mixed with 360µL of 2% filtred formol-CBSS solution 

containing 4x concentration of SYBR green I. After short and gentle vortexing, 

samples were incubated in the dark at 26°C then flash-frozen in liquid nitrogen before 

being stored at -80°C. Estimation of debris/cells was performed using Propidium Iode 

staining at 0.05µg final and analyzed in 617nm wave length reading. All readings 



were carried out in FacsCanto (MRI platform, Montpellier), then data were analysed 

on FlowJo v10 software on Mac v10.12. All tracks are merged by samples / hours. 

 

Immune-relevant gene expression following vaccination 

BgBRE snails were injected with parasite protein extracts as described above in the 

vaccination section, then 4 pools are constituted with hemocyte samples recovered 

from 3 individual snails. mRNAs were extracted using TRIZOL® (Sigma Life Science, 

USA) according to the manufacturer’s instructions and subsequently reverse 

transcribed to first strand cDNA as described by manufacturer and treated with 

dsDNase (Maxima First Strad cDNA Synthesis Kit with dsDNase, Thermo Scientific, 

USA). Real-time RT-PCR analysed was performed in the LightCycler 480 System 

(Roche) with a volume of 10 µL comprised 20ng cDNA diluted with MilliQ-H2O in 2 

µL, 5 µL of No Rox SYBR Master Mix blue dTTP (Takyon) and 1.5 µL of each 2X 

primers (see supplementary Table X for details on primers and genes tested). The 

cycling program was as followed: 95°C for 4 minutes, followed by 45 cycles of 95°C 

for 10 sec, 60°C for 20 sec and 72°C for 20 sec. Expression levels of targeted genes 

were normalised relative to S19 gene. 

 
Results 

Innate immune memory pattern in Biomphalaria glabrata 

We test the acquired immune memory after 15 days following primary infection 

with10 SmBRE miracidia. Among primed snails (N=74, 100% primo-infected), 0% of 

tested snails have been re-infected following immune challenge with again 10 

SmBRE miracidia at 15 days after primary infection. The duration of the innate 

immune memory was also tested by re-exposing primed snails to 10 SmBRE 

miracidia, at 15, 25, 56, 72, 140, 162 days after primo-infection. Primed snails were 



all died at 162 days after primo-infection thus it was impossible to re-infect snails for 

this time-point. For all the others time-points tested, challenge snails were always 

resistant to 10 SmBRE re-exposure. Results were as follow: at 15days post-priming 

100% were resistant (15/15 snails), at 25d 100% (15/15 snails), at 56d 100% (15/15 

snails), at 72d 94% (14/15 snails), and at 140d 100% (15/15 snails). These results 

demonstrated that innate immune memory was acquired early following infection 

(from 15 days after infection) and thereafter was maintained all the snail life span.  

 

Transcriptomic support of innate immune memory specificity  

A RNAseq approach was used to identified differentially represented transcripts 

following challenges with homologous or heterologous parasite infections, 

respectively SmBRE, SmVEN or SROD. Venn Diagram (FIG 2.A) showed that 

among 4202 differentially represented transcripts, 22% (representing 924 different 

transcripts) appeared as common whichever was the strain used for immune 

challenges. Strain-specific transcripts were massively identified for homologous 

SmBRE challenge (45.8% representing 2013 transcripts) then more lightly for 

heterologous immune challenge with SmVEN (9.6% and 405 transcripts) or SROD 

(5% and 210 transcripts). The heatmap of these differentially represented transcripts 

brings more precise information by highlighting 14 different transcript clusters (FIG 

2.B). Clusters 1 to 7 corresponded to over-represented transcripts and clusters 8 to 

14 to down represented one’s. Both clusters 1 and 14 corresponded to differentially 

represented transcript shared between all the strains used for immune challenge. 

Cluters 7 and 8 corresponded to the two most represented clusters with respectively 

1215 and 1124 transcripts for the SmBRE immune challenge. Concerning this innate 

immune memory response more globally, with 3339 transcripts differentially 



regulated, the homologous re-infection with SmBRE induces the largest response 

while SmVEN strain induce regulation of 1838 immune related-transcript and SROD 

only 1525 transcripts. Interestingly, lot of immune related-transcripts can be identified 

in these several clusters. Mainly three families of immune-related transcripts can be 

defined, (i) the immune receptors that potentially bind pathogens factors, (ii) immune 

effectors, able to directly have deleterious effect on the pathogens or activation effect 

on host immune response and (iii) other immune related-transcripts triggering 

maturation activation of immune complex. In this way, the putative immune receptors 

are widely distributed across clusters but with differential distribution between the 

several parasite strains. Immune effectors, are weakly distribute on the heat-map. 

Biomphalysin, a beta-Pore Forming Toxin secreted in snail plasma, able to directly 

kill the parasite is present in cluster 1. Cluster 1 is shared by all conditions of 

infection, and thus Biomphalysin could explain part of the humoral phenotype 

observed in innate immune memory process. Biomphalysin can be observed 

specifically upregulated following S. Rodhaini infection and downregulated following 

S. mansoni Venezuela one's. Alignment of Biomphalysin transcripts suggests that 

more than one variant of Biomphalysin family members were involved in this memory 

response (data not shown). Aquaporin have been previously described as key actor 

of immunoregulation during schistosomes infections (Zhang, Zhu et al. 2015) or 

macrophage deficiency (Zhu, Feng et al. 2011). Two variants up-regulated in the 

cluster 1 and one in the 7 (common and Bre specific) and can be related with activity 

of hemocytes. Anti-microbial peptides (AMPs) and their related members of 

antimicrobial protein are also included in the effector superfamily. The B. glabrata 

lbp/bpi (lipopolysaccharide binding protein/bactericidal permeability increasing 

protein) are mainly observed (22 variants) down-regulated in response of the three 



parasite strains (clusters 14). Two members can be observed specifically up-

regulated in response of the SmBRE strain (cluster 1) while one is up-regulated in 

response shared by SmBRE and SROD strains (cluster 4). The mytimacin, a macin 

AMP, previously described in the mussel Mythilus, is up-regulated for one variant in 

the SmBRE specific response (cluster 7) while one variant is up-regulated in the 

shared response between SmBRE and SROD (Cluster 4). Concerning the third 

group of immune related-transcript, several immune regulator and non-canonical 

immune-related protein are recovered. The glutamate-synthase is up-regulated 

whatever the strain used for challenged and can support the energetic effort for 

resistance as previously described in the metabolic switch supporting innate immune 

memory in vertebrate (Netea). Collagen, Hemagglutinin, Haemoglobin or SCO-

spondin as extra-cellular matrix (ECM) component present mosaic regulation 

depending of the parasite strain used for challenge with at the same time common 

regulation of collagen or hemagglutinin variants for the shared clusters 1 and 14 or a 

specific down-regulation of 11 variants of haemoglobin for SmBRE challenge. These 

results support the hypothesis of a complex restructuration of ECM occuring during 

the immune shift from cellular to humoral immune response in innate immune 

memory. The serpin family, a serine-protease inhibitor family implicated mainly in 

inflammatory processes, have heterogeneous regulation across conditions, 26 

variants are downregulated for all parasite challenges (cluster 14). Notwithstanding, 4 

isoforms of serpin b6-b are up-regulated exclusively following the homologous 

challenge (cluster 7). Cadherin and protocadherin belonging to a superfamily of 

transmembrane proteins implicated in cell-to-cell binding or adhesion were also 

identified. Following SmBRE immune challenge, 40 different transcripts of this family 

are down-regulated including protocadherin fat 1, 3, 4, 20. Same patterns of 



regulation are also observed for 14 transcripts of hemocytin, a highly-glycosylated 

adhesive protein related to hemostasis or encapsulation of foreign substances for-

self-defence.  

To go further in the understanding of innate immune memory specificity, we put a 

special focus on putative immune receptors to decipher a specific repertoire 

activation following parasite immune challenges (Figure 2). Homologous SmBRE 

immune challenge leads to modulation of 82 putative immune-receptor transcripts. 

Cumulative fold-change regulation varies between +70.59 and -70.70 log2 fold-

changes (Figure 2A-B). The heterologous SmVEN and SROD challenges lead to 

modulation of 62 and 48 transcripts, respectively (Figure 3A-B). Expression 

modulation varies toward +35.52 and -41.37 cumulative log2 fold-change for SmVEN 

and +22.77 and -80.05 log2 fold change for SROD (Figure 2A-B). These results 

suggest a complexe reprogramming of putative immune receptors comparing 

homologous and heterologous immune challenges. Expression patterns of these 

transcripts were strongly different between strains (Figure 2B). Solely one fourth of 

transcripts have similar modulation whatever was the parasite strain used for 

challenge (N=29, 24.4%). SmBRE-challenged snails expressed the most specific 

differentially represented transcripts (N=42, 35.3%) followed by SmVEN (N=19, 

16.0%) and SROD (N=14, 11.8%) (Figure 2B). Annotations of such recognition 

immune-related transcripts bring interesting information on receptor families selected 

by the host to face up the diversity of pathogens used for immune challenges. In 

cluster 1 (shared up regulated transcripts) we identified: selectin, c-type lectin, FREP 

3.3, tenascin, CD205 protein, lymphocyte antigen 75-like and macrophage mannose 

receptor 1-like. In cluster 14 (shared down regulated transcripts), we identified: 3 

variants of Pathogenesis Recognition Proteins (PGRP), 2 variants of C1q-like 4 (C1q 



complement-like), 3 variants of c-type lectin (calcium-dependant lectin), 1 variant of 

collectin-10, 2 variants of c-type mannose receptor-2, one CD209, a dermatopontin-3 

and one transcript of Thioester-containing protein (TEP). For the strain specific 

response, SmBRE homologous immune challenge lead to up-regulation (cluster 6) of 

transcripts including macrophage mannose receptor 1-like, 3 variants of selectin, 5 of 

PGRP, 8 of Fibrinogen receptors (FREPs), one of galectin, 4 variants of c-type lectin, 

2 of alpha-2-macroglobulin and 2 dermatopontin. For downregulation (cluster 7), one 

variant of macrophage mannose receptor-1 like, BgFREP1, a Toll-like receptor, a 

mucin-5AC, a Galectin-3 and one TEP variant were identified. For SmVEN 

heterologous response most of the transcripts were downregulated (cluster 5-8) 

including 3 variants of C1q-like, 4 variants of c-type lectin, and 5 variants of 

macrophage-mannose receptor. Concerning SROD heterologous challenge, 2 

variants of FREPs are downregulated with a Toll-like receptor and one C-type lectin 

(cluster 9) while 2 variants of macrophage mannose receptor 1-like are upregulated 

with 8 variants of peptidoglycan binding domain-containing protein (cluster 4). 

This complex regulation and or selection of different kinds of putative immune 

receptors would potentially support the high genotype-dependant innate immune 

memory specificity observed in Biomphalaria glabrata snails. 

 

Vaccination 

For homologous vaccination, 500 BgBRE naïve snails were individually injected in 

the head-foot region with 1µg in 10µL TBS-Tween 0.05% buffer of each parasite 

protein extract (i.e., Miracidia, Sp1, Sp2, Sp2Control, Cercaria and Pool) then 15 

days after vaccination, snails were individually exposed to 10 SmBRE miracidia. After 

fifteen days, snails were fixed in Raillet-Henry solution to calculate the parasite 



prevalence. Miracidia (prevalence 82.6% (N=86)), Sp2 (66% (N=50)), Sp2 control 

(81.9% (N=83)), Cercaria (81.4% (N=43)) and Pool extracts (72.4% (N=98)) cannot 

induced a significant vaccination (Fisher exact test, p>0.01) compared to TBS-Tween 

injections (80.3% (N=61)). However, Sp1 extract induce a significant protection 

(Fisher exact test, p=0.000145) with a prevalence of 47.9% (N=73 individuals). 

As solely Sp1 vaccination partially significantly protects snails from being re-infected, 

we analyzed immune specificity using vaccination with Sp1 parasite extracts. 

Vaccinations with Sp1 protein extract from SmBRE, SmVEN or SROD were 

compared to TBS-Tween injection. Fifteen days after vaccination snails were 

individually exposed to 10 SmBRE miracidia and 15 days after infection parasite 

prevalence were recorded. Exclusively homologous vaccination significantly protects 

from parasite infection (prevalence 47.9% (N=73), (Fisher exact test, p=0.000145)). 

Heterologous vaccinations did not differ from TBS-Tween control injection with 

respectively, a prevalence of 84.8% (N=33) for SmVEN, and 83.8% (N=37) for 

SROD. These results confirmed the high level of specificity of Biomphalaria glabrata 

innate immune memory. Snails were protected by Sp1 extracts, other parasite stages 

were not sufficient to activate a significant protection. Snails were also protected 

when vaccinated with the same parasite extract than the one used for the infection 

but were not protected when vaccinated with heterologous parasite extracts. 

 

Cell-free hemolymph transfer and resistant immune phenotype 

RNAseq approach demonstrates that most of the molecules identified as differentially 

represented between homologous and heterologous infections corresponded to 

circulating immune recognition molecules or receptors. Thus, we investigate how 

transfer of cell-free hemolymph from primed or challenge snails to naïve snails could 



transfer protection against pathogens. Three hundred naïve snails were individually 

injected with 10 µL of cell-free hemolymph samples recovered from naïve, primed 

(15DP) or challenged (1DC, 4DC and 15DC) snails. Saline solution (Chernin’s 

balanced salt solution, CBSS) was used as control. Naïve, 15DP, 4DC and 15DC 

hemolymph did not significantly transfer resistance to naïve snails, compared to 

saline solution injection (Figure 5). Parasite prevalence results were as follow: XX % 

(N=XX) for CBSS injection, 76.5% (N=34) for naïve, 64.4% (N=59) for 15DP, 59.4% 

(N=35) for 4DC and 81.8% (N=33) for 15DC. However, transfer of cell-free 

hemolymph recovered one-day after the challenge (1DC) leaded to the acquisition of 

a significant protection against SmBRE infection (Fisher exact test, p=0.000145), 

prevalence of 42.9% (N=35). 

These results demonstrated that, as early as 1 day after the challenge relevant 

recognition receptors or cytotoxic/cytolytic effectors were released into the snail 

hemolymph and were able to participate or activate an efficient and specific immune 

response event 15 days after their injection into naïve snails. 

 

In vitro cell-free hemolymph toxicity assay: a validation of immune specificity 

Using the RNAseq approach we demonstrated that challenge snails specifically 

produced a different set of recognition receptors and effector molecules depending 

on their interaction with homologous or heterologous parasites. Moreover, those 

molecules seemed, for their most part, to be released into snail hemolymph. Thus to 

confirm that cell-free hemolymph could be in some way the support of innate immune 

memory specificity, the toxicity of cell-free hemolymph towards Sp1 of SmBRE, 

SmVEN or SROD was investigated in-vitro. 



Cell-free hemolymphs from homologous or heterologous 1-day post-challenged 

snails were recovered and added with 100 Sp1 in CBSS culture medium. Mortality of 

parasites were estimated after 4 hours of contact by microscopic inspection of flame 

cells beating. Those results were compared to mortality recorded for parasites in 

contact with cell-free hemolymph from naïve snails. Two homologous assays were 

tested, rather Brazilian snails (BgBRE) are primed and challenged by Brazilian 

parasite (SmBRE) or Brazilian snails are primed and challenged by Venezuelan 

parasite (SmVEN). Results of triplicates (Figure 6) show that significant difference 

exist in homologous assays when we compare hemolymph from naïve and 

challenged snail (Fisher exact test p=0.0262 in SmBRE/SmBRE and p=3.449E-28 in 

SmVEN/SmVEN). Heterologous assays don’t reveal any significant protection in 

SmBRE primed snails against SmVEN (P.value=0.06147) or SROD (p.value=0.5596) 

while significant protection is observed in SmVEN primed snails against SROD 

(P.value=1.8718E-09) but not against SmBRE (p.value=0.0844). Toxicity of 

challenged plasma is normalised by toxicity of naïve plasma then compared between 

homologous and heterologous assays. SmBRE homologous challenged plasma have 

significantly different effect on SmBRE parasites than SmVEN one (Z test, Z= 

2.9605, p.value=0.003) or SROD (Z=5.9755, P.value=0). Same thing in the SmVEN 

homologous challenged plasma that target better SmVEN than SROD despite 

significant different protection compared to naïve (Z=3.9726, p.value 8E-05) and 

SmBRE (Z=-11.3573, p.value=0). 

 

Hemocyte flow cytometry analysis 

In order to describe if hemocyte population differentiations were observed 

during the acquisition of innate immune memory, a flow cytometry approach was 



performed following primary infection and homologous or heterologous challenges. 

First results referred to size / granularity representation (SSC-A/FSC-A) showed a 

very complex profile for naïve snails with a continuous gradient of size and 

granularity that permit with difficulty to distinguish different hemocyte sub-populations 

(Supplementary 2.A1). However following primary infection, a hemocyte 

subpopulation seems to split to high size cells as early as 1DP and heighten at 4DP 

(Supplementary 2.A2 and A3). At 15DP, while snails become totally resistant to 

another infection, size/granularity scatter return to basal values similar to naïve snail 

hemocyte population profiles. Challenged snail hemocyte profiles were also almost 

similar from naïve, or primo-infected snail profiles (Supplementary 2. B and C). The 

use of fluorescent labelling (FITC-A/SSC-A) settings was useful to distinguish 

different hemocyte sub-populations for naïve, primed or challenged snails. As SYBR-

green I is known to label DNA as well as RNA, it would be possible to separate 

hemocyte populations based on their DNA contain but also based on cell 

transcriptional activity. Naïve snails seem to possess 4 different hemocyte sub-

populations that displayed different level of fluorescent intensity with a similar 

gradient of granularity. Those populations were named P1, P2, P3 and P4 (Figure 

2.A1). One day after primary infection (1DP), the number of P1 cells with the lowest 

fluorescent labelling seems to reduce while other sub-populations (P2, P3, P4) at 

higher level of fluorescence did not seem to be particularly enriched (Supplementary 

2. A2). At 4DP, hemocyte populations return to a basal profile. Indeed, cell 

populations were very similar to naïve snail hemocyte populations (Supplementary 2. 

A3). At 15DP, snails became totally resistant to a secondary infection, but hemocyte 

population profiles remained close to naïve populations with apparently an 

enrichment of the P2 population of medium fluorescence labelling and medium 



granularity (Supplementary 2. A4). One day after challenge, snail hemocyte 

population profiles were almost similar from 15DP profile particularly for the 

heterologous challenge. P1, P2, P3 and P4 populations could always be separated 

and distinguished (Supplementary 2.B1 and C1). Concerning homologous challenge, 

a complex hemocyte profile distribution is observed, with a more or less continuous 

gradient of fluorescence, rendering difficult or quite impossible to separate the 4 

hemocyte populations (Supplementary 2.B1 and C1).  

In summary, fluorescence/granularity scale was helpful to demonstrate few 

modifications of hemocyte populations following primary infection and homologous 

challenge. However, these results suggest that there are no strong modifications of 

the hemocyte populations associated with the acquisition of innate immune memory 

in B. glabrata. No cell differentiation or modifications of cell morphological features 

were observed. It seems that the acquisition of the innate immune memory does not 

pass through the acquisition of new hemocyte subtypes but rather by a 

transcriptional reprogramming of the yet existing hemocyte populations. 

 

Immune relevant gene-expression following vaccination 

To demonstrate that vaccination mimic natural infection and results in the activation 

of snail immune response, QRT-PCR were realised on hemocytes following 

vaccination or natural infections. Six candidate genes were selected for their putative 

role in the specificity of innate immune memory response in Biomphalaria glabrata 

based on whole body RNAseq experiment. All these candidates were selected 

because they are differentially regulated following challenge and present in shared 

clusters 1 and 14 (same pattern of expression whatever were the parasite strains 

used). As a result, vaccination induced the same pattern of response for these 



immune recognition receptors. The variants of FREPs, C-type lectin and Selectin are 

shown to be down-regulated following primo-infection in a similar manner between 

the RNAseq experiment, natural infection and vaccination. Glutamate synthase have 

the similar pattern of response shared by natural infection and vaccination by being 

both up-regulated. However, expressions were not perfectly similar as TEP and 

Biomphalysin displayed opposite expressions comparing vaccination and natural 

infection. Altogether, these results suggest that vaccination mainly mimic the natural 

primary infection by stimulating immune system and inducing similar pattern of 

immune-related gene expression. 

 
DISCUSSION 
 
Lot of invertebrate phyla have been described to show some immune protection 

acquired after a first primary immune stimulation. Within invertebrates, arthropods 

appeared as the more investigated group (Kurtz and Franz 2003, Roth and Kurtz 

2009, Rodrigues, Brayner et al. 2010, Brown and Rodriguez-Lanetty 2015) but 

Cephalochordata, Echinodermata, Nematoda, Cnidaria, Ctenophora and Mollusca 

have also been investigated (Milutinovic and Kurtz 2016). Some of these studies 

brought relevant results concerning high innate immune specificity processes. In 

invertebrates, the specificity of the innate immune response is based, most of the 

time, on the capacity to recognize and respond to phylogenetically distant pathogens. 

Virus/yeast/bacteria expressed specific antigens or specific pathogen associated 

molecular patterns (PAMPs) like peptidoglycans, beta-glucans or Lipo-poly-

saccharides (LPS), which could be easily recognized by host immune system (Jorge 

Contreras-Garduno, Humberto Lanz-Mendoza et al. 2016).  

However, in the Biomphalaria glabrata/Schistosoma mansoni model both partners 

are Lophotrochozoan species. This phylogenetic proximity is particularly interesting 



when studying the mechanisms involved in the specificity of innate immune memory. 

Indeed both partners would be expected to share antigenic determinants or exposed 

surface molecules displaying similar features (Yoshino, Wu et al. 2012). Thus, fine 

scale recognition processes would be expected from the host to recognize 

specifically the pathogen determinants and avoid auto-immunity. Recently, a 

genotype-dependant immune memory has been shown in this model suggesting that 

snail immune response can differentiate different parasite species or strains (Portela, 

Duval et al. 2013). Herein we go further in the understanding of the molecular basis 

of such specific innate immune memory process.  

 

Strain-specific antigen recognition? 

A lot of immune-related transcript are differentially regulated during a secondary 

infection, whether it be homologous or heterologous. After functional annotation, we 

found numerous differentially expressed (DE) molecules still no annotated 

(1625/4202) or uncharacterised / unannotated features (150/4202). For the remaining 

transcripts (2427/4202, 57.7%), differences between families, genes, transcripts or 

variants were difficult to access. Indeed, from the transcriptome assembly, some 

transcripts could be the result of a unique gene in a single position in the genome, or 

one of the numerous products of large gene family with lot of variants. Some DE 

transcripts must also be discussed as a functional group representing a family with 

shared features while other are described as single gene. 

Priming response against Schistosoma sp. 

The basal immune memory response observed for all the three strains of 

parasite (58% of protection) was associated with transcripts grouped in cluster 1 

(over-represented) and cluster 14 (under-represented). Within these clusters of 



shared response whichever was the strain used for the challenge, numerous DE 

transcripts have already been shown as implicated in immune response pathways. 

Within immune receptors, the lectins family is composed by all the molecules 

containing a lectin domain, already described as a carbohydrate-binding protein, they 

remain the presumed support of recognition in Biomphalaria. Presence in this cluster 

of macrophage mannose receptor family, FREP3.3, C-type lectin and selectin 

indicate the importance of pathogen sensing in the secondary challenge. Especially, 

lectin families have been shown to be highly diversified and polymorphic to cover an 

important range of pathogen diversity (Dheilly, Duval et al. 2015). That may 

presuppose that transcript and protein diversity (after putative post-transcriptionnal 

maturation) is sufficient to face up the several parasite strains/species antigenic 

diversity. Numerous immune response associated-genes are frequently find in deep-

sequencing analysis but poorly discuss because the lack of clear identified pathway 

for such molecules. Mucins and collagens are in this way discussed as component of 

extra-cellular matrix and must be implicated in the cell motility modification. Over-

expression of a variant of these families may induce several pathways, from 

recruitment of competent cell to block incompetent cells as previously described for 

Streptococcus infection of macrophages (Dhar, Ng et al. 2017). Glutamate-synthase 

over representation is also consistent with metabolic reprograming described in 

innate immune memory cells (Arts, Joosten et al. 2016). Biomphalysin is a beta-pore 

forming toxin (Galinier, Portela et al. 2013). That remains the sole candidate able to 

kill directly Schistosome pathogen the association with a still unknown plasmatic 

factor (Galinier, Portela et al. 2013). These highly toxic molecules have been already 

described in the acquisition of immune memory in Biomphalaria (Galinier, Portela et 

al. 2013). Once again, its expression against all tested strain show the high 



importance of this toxin in the acquired resistance and the associated cellular to 

humoral immune shift in Biomphalaria. New results enhance the importance of such 

Biomphalysin molecules, originally acquired from bacteria by gene horizontal 

transfert (Galinier et al). Two lobes composed Biomphalysin; one of them could 

support the specific binding properties of Biomphalysins (unpublished data, personal 

communication). 

Complete protection in homologous response 

In the homologous response, we observed a protection of 100% following a new 

encounter with the same pathogen. In this efficient host immune response, immune 

receptors were also particularly represented with a great quantity and diversity of 

lectins (Fibrinogen-related proteins (FREPs), c-type lectin, galectin-4). The FREPs 

were particularly interesting. Indeed, these molecules were demonstrated to be 

involved in pathogen recognition (ref trapping, Moné et al 2010 PlosNTD), pathogen 

resistance (PNAS) and immune memory (Pinaud et al.) in Biomphalaria snails. 

Galectins, for their part, have been shown to be able to process multimerisation with 

activation of bactericidal activity (Galectin-1 dimers Blazevits et al 2016, Cytotoxycity 

anf glycan-binding profile, Kawsar et al, 2011) that indicate a putative dual role of this 

family of molecule and make more complex the process of immune response during 

homologous immune challenge with both receptors or effectors with dual-functions. 

Other immune effectors like lbp/bpi or mytimacin actually described against bacterial 

pathogen could be discussed as a control of opportunistic Arasu, Kumaresan et al. 

2017 or microbiota regulators s previously described in the plasmodium/mosquito 

interaction (Rodrigues, Brayner et al. 2010). 



Concerning the downregulation of immune-related transcripts for one given parasite 

(clusters 8-10), we can show a balance between variants or members of these 

families that were activated (see up regulated cluster) and others that were down 

regulated (clusters 8-10). We could hypothesize that this complex process of 

recognition in Biomphalaria snails required the activation of solely several members 

of a given family of receptors while others were repressed as a trade-off to permit the 

expression of the receptors that will be necessary for an efficient acquired protection 

following the challenge. This would be necessary for the activation of a specific 

immune pathway against a given pathogen. Down-regulation of thioester-containing 

protein in the homologous challenge, for which the cellular immune response shift to 

a humoral one’s, is very interesting. This vertebrate complement-like protein has 

been discussed to act as opsonin with implication from promoting phagocytosis, or 

lysis and even melanisation process in Invertebrates (Le Clec'h, Anderson et al. 

2016). This typical component of cellular immune response in arthropod (Blandin and 

Levashina 2004, Buresova, Hajdusek et al. 2011, Volohonsky, Hopp et al. 2017) may 

act during primary cellular immune response and encapsulation of parasite. 

However, following the challenge, a humoral/plasmatic clearance was exclusively 

demonstrated, the down-regulation of TEP proteins appeared relevant in this context. 

Vaccination as proof of immune memory? 

Vaccination means immunization. Immunization means that pathogen extracts, when 

injected, must bring protection following a secondary challenge with the competent 

pathogen. Our injections were realized using native extractions that conserved a 

complex molecular solution that can include proteins, salts, ions, hormones, nucleic 

acid, etc. Unfortunately, we cannot be sure with these kind of immunization, which 



components of this global parasite extract were the more relevant to explain the 

immunization and the acquisition of resistance. Injections of extraction buffer were 

used as control and permit to test at the same time the effect of needle injection 

(involving tissue wounding). No protection was observed following these control 

injections, and this despite that melanisation pathway was previsouly described as 

way of resistance in insect (Christensen, Li et al. 2005). All the machinery was 

moreover described in Biomphalaria (Le Clec'h, Anderson et al. 2016). Indeed, 

implication of this type of inflammatory pathway seems not to be sufficient to activate 

the acquisition of resistance. Extract of hepatopancreas from pool of naïve snails do 

not induce protection against Schistosoma, too. Non-self-recognition in Biomphalaria 

of a proteic extract from other individuals seems not to be sufficient to activate a non-

specific cross immune response against a Schistosoma infection. In the case of 

vaccination, an antigenicity is transferred toward immunisation as mimicry of “natural 

infection” and launch an efficient immune response with a putative interaction 

protein/protein as expected in parasite antigen/immune receptor or ligand/TLR 

response. Unfortunately, even sympatric Sp1 or all extracts pooled all together can’t 

transfer a total 100% protection as shown following homologous secondary infection 

(Figure 3). If vaccination experiments may be supported by a high specificity in 

recognition for the Biomphalaria immune system, they not succeeded to reach a 

perfect immune protection as expected following natural infection. Altogether, these 

results suggest rather that vaccination, as tested, not succeed to propose all the 

antigenicity needed in the snail to launch acquisition of immune memory, or rather 

that acquired resistance is depend of other factor that antigenicity recognition. 

Quantitative rt-PCR indicate that vaccination can mimic response of natural infection 

for some members while other one were regulated in an opposed manner comparing 



natural infection and vaccination (Supplementary 3). Native extract can be improved 

by using Bge-cell line co-cultured parasites with longer maturation and putative 

expression of new antigens potentially required for the acquisition of resistance 

(Vermeire, Boyle et al. 2004). 

Cell-free hemolymph transfer 

Plasmatic compartment transfers induced a high protection in naïve snail, only when 

this plasma is recovered 1 day after the immune challenge. This result suggests that 

secretion of immune factors into the plasma early after the challenge is determinant 

in the pathogen recognition and killing observed for the immune shift phenotype. 

Nonetheless, molecules that transfer these capabilities to generate immune response 

are so far not known. Moreover, while natural infection induce a 100% resistance to 

another infection, vaccination and cell-transfer only reach 51% of protection. That 

suggest other source of support is needed to reach a 100% resistance response. 

Parasite development may be one source of continual immune regulators liberation 

(salts, ions, hormones, nucleic acid, (Lodes and Yoshino 1990, Yoshino, Brown et al. 

2014, Nowacki, Swain et al. 2015)) to explain that acquired resistance is not 

supported only Sp1 antigenic recognition but complex parasitic factor detection.  

In addition, few toxic molecules have been described in the Biomphalaria plasma to 

explain a humoral phenotype of clearance but the biomphalysin (Galinier, Portela et 

al. 2013). This beta-pore forming toxin may be transfered during vaccination and may 

stay toxic 15 days after injection to protect half of the tested snails. More study have 

now to be done to assess the support of plasma toxicity in Biomphalaria : do the 

biomphalysin are the only members of humoral cytotoxic agent in the plasma of 

challenged snails? 



In-vitro toxicity and specificity of primed plasma  

Toxicity assay show for the first time the implication of humoral factors to explain 

specificity of innate immune memory in invertebrate. Homologous response, that 

means that the hemolymph was recovered from snail infected and challenged with 

the same strain of parasite, display always the higher in-vitro toxicity despite the 

origin of the strain used. That means that molecules are produced and secreted in 

the circulating plasmatic compartment to specifically bind and killed different set of 

pathogens. These results suggest that innate immune memory in Biomphalaria and 

its genotype-dependant immune memory is supported by complex repertoires of 

circulating sensors secreted during immune challenge humoral response to 

specifically recognised and killed yet encountered parasites. 

 

Transcriptomic programming? 

As a molecular support of immune acquired resistance, the transcriptionally part of 

genome have to be consider as the proof of which weapons are selected by snails to 

respond against Schistosoma re-infection. Previous RNAseq experiment (Pinaud, 

Portela et al. 2016) described a shift in transcript expression with challenge-specific 

clusters of differentially represented transcripts. Other invertebrate organism display 

the same pattern of innate immune memory response (Greenwood, Milutinovic et al. 

2017). All transcripts considered remain specific for the challenged conditions. The 

symmetry between the up and down regulation of transcripts (ie, in the number of up 

and down regulated transcripts) described in Figure 2b.  is pretty interesting because 

that show a complex programming of transcription to answer to the immune 

challenge. Everything let imagine a complex programming of genes to be transcribed 

or not, of mRNAs to be stable or not, to be translated or not. This programming 



should be supported by epigenetic remodelling (methylation pattern, histone marks, 

chromatin structure, miRNA, lncRNA).  

 

Trained cells as a moving support of memory? 

Cytometry results show no cell differentiation or modifications of cell 

morphological features. It seems that the acquisition of the innate immune memory 

was not associated with the acquisition of new hemocyte subpopulation but rather by 

a transcriptional reprogramming of the yet existing hemocyte populations. If an 

epigenetic support must exist (REF) it must be important to consider ability for 

hemocyte to be reprogrammed in snails following primary infection. This phenotype 

has to be supported by a cocktail of molecules like cytokines, hormones or enzymes 

that may circulate in snail plasmatic compartment and spread resistance information 

to other naive cells (REF). Cell phenotype will be change also from their role into 

immune encapsulation to a new role in humoral factor release in plasma. 

 

Combinatory repertoire for quite infinite immune sensing? 

Peptidoglycan recognition proteins family, FREPs, C-type lectins, macrophage 

mannose receptor, TLRs, selectin or galectin are all members of different potential 

immune receptor superfamilies. They disposed of domains able to directly bound 

pathogens, carbohydrate recognition domain (CRD) or immunoglubin (Ig) for the 

FREPs, leucine-rich repeat (LRR) for TLR or carbohydrate-binding protein domain for 

C-type lectin. Lot of these members have been already described in the interaction 

between Biomphalaria and Schistosoma in immune protean complexes. FREPs or c-

type lectin for example, have be characterised in proteomic interactome (Moné, 

Yoshino) as well as in transcriptomic response (Hannington, Pinaud). Here we reveal 



for the first time the complexity of putative immune receptors at the transcriptomic 

scale to insure immune specificity and so, their putative role at the proteomic scale 

could be proposed. These putative immune receptors have to be produced as 

extracellular or humoral receptors to be able to interact altogether. These results 

suggest the possibility that immune receptor in Biomphalaria may by associate each 

other to work in coherent concert of multimerisation to increase the snail recognition 

capabilities (Innate sensors, Medzhitov, A peptidoglycan recognition protein in 

innate immunity conserved from insects to humans, 10.1073/pnas.0404952102 

10.1074/jbc.M111.264374 10.1111/imm.12460 10.1073/pnas.0710092105). 

Regulation of the good set of receptors and effectors allow these different actors to 

interact each other to create a specific shape for the immune complex and so display 

in immune challenge, a potential combinatory-repertoire of immune receptors far 

highly diversify and competent than the one observed for primary homologous or 

secondary heterologous infection (Schulenburg, Boehnisch et al. 2007). This 

combinatory-dependant expression of specificity must explain the faster/better 

sensing of Schistosoma in the secondary challenge when exposed to homologous 

parasite and their following total clearance, compared to the partial response 

displayed in heterologous one. 

This is partly confirmed by the cytotoxic assays that show a better response against 

homologous parasites and suggest that this combination of receptors can circulate in 

the snail plasma and led to the observed phenotype of specific toxicity against a 

remembered target-pathogen. Altogether, these results suggest that putative immune 

receptor and effectors repertoires are required to acquire an efficient immune 

memory in the Biomphalaria snail. Question of how host select and remember the 



good set of immune receptors and effectors to express them later following a 

potential secondary challenge will deserve further investigation. 

 

Trained immunity in Biomphalaria instead of priming 

These observations delayed to propose hypothesis of radiation evolution for the 

immune system from the single humoral immune response (bacterian toxin) or 

cellular innate immune response (increase phagocytosis) to the adaptive vertebrate 

B-cells immune response (clonal selection and proliferation).  

Until recently, the effectiveness of the adaptive immune response in vertebrates may 

have masked the trained innate immune response observed for example in 

monocyte-to-macrophage response against Candida albicans (Netea, etc). 

Hypothesis of constant evolution selection with only a trained immune response in 

the r ecological strategy organisms to a trained and adaptive immune response in the 

K strategy organisms should be advanced. However, trained innate immune 

response implies an epigenetic support (chromatic structure, DNA methylation, 

histone marks or variants, etc) available in specialised cells to store and propagate 

specific information about pathogens.  

Biomphalaria possesses two clearly different phenotypes against Schistosoma 

infection, an immune cell encapsulation during the first encounter with a Schistosoma 

parasite and then a humoral immune response following a secondary encounter. We 

propose in this study to join both phenotypes to propose a unified Biomphalaria 

immune memory schema of response: (i) primary encounter with a parasite and the 

encapsulation by hemocytes conduct to spark acquisition of resistance in host, (ii) 

immune shift support a new type of immune response from cellular to humoral and 

may be supported by a molecular reprograming (epigenetic, transcriptomic and, 



metabolomic/proteomic) , (iii) diffusion of circulation activators like cytokine (MIF?, 

REF or IL), hormones, salt or nucleic acids (lncRNA, miRNA) should support cell to 

cell communications and the spreading of resistance phenotype in whole snail, (iv) 

during secondary challenge, a release of diversified set of immune receptors and 

effectors (Biomphalysin) allow to kill more efficiently homologous parasite rather than 

heterologous by a humoral immune response. Different sets of immune receptors 

and effectors leads to differentiate an homologous to an heterologous immune 

challenge and permit to explain the genotype-dependant immune memory phenotype 

yet described.  

Innate immune memory in Biomphalaria must be compared to trained immunity of 

innate cells in vertebrate for many point of view. Our results suggest once again that 

Biomphalaria acquired immune resistance must be supported by a trained immunity 

of the hémocytes to prepare the shift response. If confirming by further analyses, 

these results will suggest that Biomphalaria, as invertebrate can use this trained 

immunity shared from invertebrate to vertebrate and reveal a putative conservation of 

this mechanism across living for pathogen defence. 

This theory needs now proteome interactome analysis to study the dynamic of 

response that is required to finally activate the competent immune complex. The 

mechanisms underlying cell molecular reprogramming (epigenetic or not) of immune-

specialised cells during the immune shift needs more targeted studies to explore 

chromatin structure (MNase-seq, ATACseq, Histone marks), DNA methylation, small 

RNA and even metabolomics pathway to confirm or infirm this regulation processes 

similar to trained immunity. Experiments about specificity concerning invertebrate 

innate immune memory will contribute to improve knowledge of immune sensors in 



invertebrates and in-fine paved the way to a better understanding of the evolution of 

innate immunity processes in invertebrates and vertebrates. 
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Figure 1. Overview of different analyses 
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Figure 2 Transcriptomic analyses. A. Venn diagram of differentially represented transcripts 

depending of strain used for immune challenge. B.  
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Figure 3. Vaccination A. Developmental stage of parasite used for immunisation B. 
Dynamic of development of parasite into the snail 
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Figure 4 Heterologous vaccination with Sp1 extract 
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Figure 5. Hemolymph transfer 
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Figure 6. Specificity of in-vitro toxicity Red-left part present homologous SmBRE 

experiment while the green-right part the SmVEN homologous experiment. All tests were 
realised on BgBRE.  
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Supplementary 3. Q-rtPCR assay on priming candidate between natural infection and 
vaccination 
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an innovative family of immune weapons acquired by horizontal ��
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Abstract  ���

Background.  ���

Horizontal gene transfers (HGTs) are a major force of genome diversification and evolution. ���

While HGT events between prokaryotes or from prokaryotes to plants and animals are��

increasingly reported, evidences for their functionalization within the recipient species are ���

scarce. Here, we present the acquisition by HGT of bacterial aerolysin toxins, named ���

biomphalysins, maintained as an immunological weapon in the vector snail, Biomphalaria ���

glabrata. ���

Results.  ���

Snail genome exploration led to the identification of a total of 23 intron-less biomphalysin ���

genes. By phylogenetic-dependent and -independent methods, we identified at least two HGTs ���

from bacterial microbiota that were at the origin of this new family. Deduced amino acid ���

sequences revealed an important range of sequence identity between members while a high ���

degree of structural homology was predicted. Contrasting patterns of tissue-specific ���

expression and different recognition domains were evidenced in their sequence. This suggests ���

potential non-redundant functions, including the recognition of diverse pathogens, connected ���

to different regulatory networks such as microRNA pathway.  ���

Conclusion.  ���

After the transfer of aerolysin-like ancestor bacterial genes, multiplication and domestication ���

in the snail genome led to the acquisition of the biomphalysin genes family. A strong selective ���

pressure occurred at the structural level rather than at the sequence level with the conservation ���

of the big lobe to maintain the lytic activity. In contrast, the high variation in the small lobe ���

containing a potential pathogen-recognition domain supports the involvement of different ���

biomphalysins in the recognition of a different set of pathogens. Altogether, these results ���

support the central role of biomphalysins as key weapons in the snail immune system. ���

Keywords : Horizontal gene transfer (HGT); aerolysin-related protein; neofunctionalization; ���

invertebrate immunity; evolution; genomic; phylogenetic analyses; tridimensional structure; ���

pore forming toxin (PFT)  ���
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Background ���

 Horizontal (or lateral) gene transfer (HGT) refers to the transmission of DNA between ���

different individuals independent from vertical gene inheritance (from parents to offspring). The ���

high prevalence of HGT in prokaryotes highlights their major role in their adaptation strategy��

and genome evolution [1-4]. However, HGT is not restricted to prokaryotes. Inter-kingdom ���

gene transfers have been reported, from prokaryotes to plants and to animals, but also from ���

metazoans to prokaryotes and even between different metazoans [5, 6]. The development and ���

democratization of massive genome sequencing of non-model organisms has led to the ���

consistent rise in the number of studies reporting genes presumably laterally acquired [6, 7]. ���

Conservation of new genes acquired by HGT is expected to happen when these genes confer ���

a selective advantage for the recipient species in the adaptation to abiotic and/or biotic ���

environmental conditions [8-10]. Nevertheless, evidences are scarce for multiple recurrent ���

HGTs [11-14] and even scarcer when it comes to their functional diversification within the ���

receiver species [15, 16].  ���

In general, the HGT events are favored by an intimate relationship between the ���

recipient and donor organisms, such as the microbiota that represents a major source of gene ���

transfer to their host [17]. In the case of host-pathogen interactions, some acquisition of genes ���

from the host to the pathogens have been reported, which illustrates one pathogens’ evolution ���

strategy to circumvent and overcome host immunity [18, 19]. Notably, the acquired genes ���

coopted by viruses to facilitate pathogen evasion by the subversion of innate immune signaling ���

are the most characterized [20]. Transfer of genes also occurs from pathogens to the host. ���

Bacterial toxins that exhibit antibacterial activities are good candidates of such genes ���

potentially providing direct advantage in the recipient species by complementing their immune ���

system, even if no direct evidence are available to date [11, 21]. Several members of the ���

aerolysin family, which are â-pore-forming toxins (PFTs) named after the bacterium genus ���

Aeromonas, have been identified in many metazoan genomes [11]. In plants, production of ���

cytolytic enterolobin in seeds seems to protect it from herbivore grazing and/or insect attack ���
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[22]. In Cnidarians, hydralysin and nylysin-1b have been suspected to play a role in host ���

defense against predators and for killing preys [11, 23]. ���

Recently, another aerolysin-related protein, named biomphalysin, was described in the ���

Schistosomiasis vector snail Biomphalaria glabrata [24]. This toxin was able to bind to the ���

membranes of the metazoan parasite Schistosoma mansoni and to participate in its elimination ���

through its cytotoxic activity [24]. Moreover, a recent genome-wide study revealed that the ���

biomphalysin locus was strongly correlated with resistance to S. mansoni [25] and ���

transcriptomic experiments indicated that re-exposure to S. mansoni triggered an increased ���

representation of biomphalysin transcript in B. glabrata [26]. In this study, we report the ���

expansion of a large repertoire of immune molecules originally acquired by HGT belonging to ���

the aerolysin family. Interestingly, data from the newly released genome of B. glabrata provide ���

evidence for the presence of multiple loci coding for aerolysin analogues in this snail [26, 27]. ���

We have focused on the comprehensive characterization of the expansion of this β-PFT ���

biomphalysin family by combining genomic, transcriptomic, phylogenetic, structural and ���

functional analyses in B. glabrata. Altogether, our results provide evidence that these toxin��

genes acquired from bacteria were diversified and functionalized to become a major weapon ���

of the snail immune system. ���

 ���

Results ���

From one biomphalysin to a family of 23 genes ����

To identify all the genes encoding analogues of aerolysin toxins, we conducted an ����

exhaustive sequence search of the genome and transcriptomes of B. glabrata. Using the gene ����

sequence of the biomphalysin previously identified [24], only one partial sequence of 395 ����

bases (Locus_25218_Transcript_19/20) was identified from a local BLAST search of RNA-seq ����

data from uninfected snails [28]. However, a tBLASTn search using the same query and ����

database allowed finding 10 additional hits with potential homology to biomphalysin with an E-����

value score ranging from 1e-79 to 5e-38. As most of them harbored an aerolysin or epsilon ����

toxin signature in their sequence (IPR005830 and IPR004991, respectively), an InterProScan ����
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and sequence similarity searches were conducted to investigate the presence of additional ����

aerolysin-like genes in the genome of B. glabrata (preliminary assembly v4.3) [27] and the ����

RNA-seq data from S. mansoni infected snails [26]. A total of 23 unique loci were identified on ����

20 different genomic scaffolds (Additional file 1). This included the biomphalysin gene ����

previously identified, which was renamed biomphalysin 1 and the others were named from 2 ����

to 23. Interestingly, all the biomphalysin genes identified were devoid of intron, which ����

represents an evolutionary conserved characteristic of this family.  ����

Several biomphalysins were found in the same scaffold. Biomphalysins 1 & 2, 11 & 22 and 20 ����

& 21 were located in tandem in large scaffolds that are scaffold 10 (1 Mb), 2594 (72 kb) and ����

2201 (88 kb), respectively. This suggests that these gene pairs resulted from a duplication ����

event. Interestingly, although present on different scaffolds, biomphalysins 5 and 6 exhibited ����

a high sequence homology of the two gene parts located in the 5’ and 3’ regions of the genes, ����

as evidenced by comparative sequence dot blot analyses performed with Gepard (Additional ����

file 2, Figure S1). A similar observation was made for biomphalysins 11 and 22 in the 5’ part ����

of the sequence. No other highly conserved regions were detected by Gepard analysis���

(Additional file 2, Figure S1). This is supported by the absence of significant signatures of ����

transposable elements in the 20 Kb vicinity of biomphalysin genes by using RepeatMasker ����

software and by performing BLAST searches against the repeat database (Dfam and ����

Repbase). Repetitive elements such as transposable elements do not seem to have been ����

involved in gene duplication and expansion of this novel family. This further supports that ����

biomphalysin gene family expansion likely occurred through gene duplication. ����

 ����

Biomphalysins represent a highly diverse family in B. glabrata ����

To rule out eventual errors in genome sequencing and assembly, each biomphalysin ����

gene was amplified and sequenced by Sanger sequencing. PCRs were performed on snail ����

genomic DNA using specific primer pairs flanking the predicted coding DNA sequence of each ����

biomphalysin gene. The putative translated regions were 1725-bp long on average (1698 -����

1758 bp). The new biomphalysins identified exhibited a 43.2 to 94.7% and 33.1 to 95.1% ����
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identity as compared to biomphalysin 1 based on the nucleic and deduced amino acid ����

sequences, respectively (Additional file 3). Moreover, protein sequence similarity to aerolysin ����

toxin (Accession number: AAA21938) ranged from 23.6 to 30.2% (Additional file 4). The ����

lowest identity was found between biomphalysins 9 and 22 (29.2%), while the highest was���

observed for biomphalysins 1 and 2 (95.1%). Their level of pairwise identity was also very ����

dissimilar, ranging from 32.6% between biomphalysins 5 and 23 to 97.7% between ����

biomphalysins 1 and 2.  ����

The deduced amino-acid sequences of the 23 biomphalysins were compared by ����

performing a phylogenetic analysis (Figure 1). Analyses performed with gene and protein ����

sequences generated similar results. At least three clusters of biomphalysins could be ����

observed and they were supported by high bootstrap values (Figure 1). The first cluster ����

included biomphalysins from 1 to 10 (except biomphalysin 9), the second one biomphalysins ����

from 11 to 18 and the last one biomphalysins from 19 to 23. Biomphalysin 9 was isolated from ����

the 22 other biomphalysins and it was the closest biomphalysin to the aerolysin sequence used ����

as an outgroup (Figure 1).  ����

 ����

Biomphalysins exhibit common domains and cluster-specific features ����

Biomphalysin proteins are composed of 575 residues on average (from 565 to 585 ����

amino acids). They all harbored a predicted N-terminal signal peptide for secretion composed ����

of 17-23 amino acids that adopt an alpha-helical conformation (Figure 2). A structural feature ����

common to all aerolysin-like toxins is the presence of many β-sheet elements that represent ����

approximately 40% of total sequence. Most of them are present in the common core, also ����

called aerolysin domain, consisting of five β-strands with an insertion loop corresponding to ����

the pore-forming transmembrane domain (TMD) (Figure 2). This TMD is found in all ����

biomphalysins and is shared by members of the β-PFTs as it plays a crucial role in the ����

formation of amphipathic barrels by oligomerization for membrane insertion [29, 30]. This ����

predicted membrane spanning domain flanked by two polar residue regions is found in all ����

biomphalysin sequences (Additional file 5, Figure S2-A). Moreover, an alternating pattern of ����
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hydrophobic and hydrophilic residues located in this beta-hairpin loop has been conserved in ����

all biomphalysins, highlighting their ability to perforate the lipid layer of target organisms ����

(Additional file 5, Figure S2-B, S2-C) [31]. Interestingly, the amino acids involved in ����

oligomerization and cytolytic activity were highly conserved in all biomphalysin genes. ����

Compared to biomphalysin 1, Asp235 and Cys255 mutations display a crucial role in the ����

oligomeric assembly into a ring like structure [32, 33]. Tryp466 and Tryp468 mutations modify in ����

the aerolysin toxin its ability to oligomerize [34] whereas Tryp420 and His428 could be involved ����

in binding to a membrane receptor [34, 35]. The C terminal part tends to be divergent and ����

could be associated to a differential lytic activation [36].  ����

 ����

Species-specific diversity of aerolysin-like proteins among invertebrates  ����

To determine whether such an expansion and/or diversification of the aerolysin-like ����

genes occurred in other invertebrates, we also searched in several Sequence Databases of ����

NCBI (Nucleotide, Protein, EST). Then, a phylogenetic analysis was performed using ����

sequences of the aerolysin domain of aerolysin-like proteins from 3 different bacteria genera���

(Aeromonas, Clostridium and Vibrio) and different invertebrates, including the Gastropoda B. ����

glabrata and Aplysia californica, the Hydrozoa Hydra vulgaris and H. viridissima, the Anthozoa ����

Nematostella vectensis and Exaiptasia pallida, and the Arachnida Ixodes scapularis (Figure ����

3). Bacterial toxins all clustered together, with three different sub-clusters corresponding to the ����

three bacterial genera used, and they were clearly separated from invertebrate aerolysin-like ����

sequences (Figure 3). Increasing the number of bacterial sequences used in the analysis did ����

not modify the clustering of bacteria in the tree (Additional file 6, Figure S3). ����

For all invertebrate species analyzed, with the exception of B. glabrata, all aerolysin-����

like proteins identified in the same species were clustered together, with relatively high ����

bootstrap support (ranging from 60 to 100%) (Figure 3). Interestingly, the phylogenetic ����

closeness of species did not induce a higher phylogenetic similarity in the sequences of ����

aerolysin-like proteins. Indeed, aerolysin-like proteins from the Gastropoda A. californica were ����

more similar to those from the Anthozoa E. pallida and N. vectensis than to most of the ����
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biomphalysins from the Gastropoda B. glabrata (Figure 3). Similarly, Anthozoa and Hydra, ����

which are two classes from the Cnidarian phylum, were found at the opposite of the tree ����

generated with sequences of aerolysin domains from aerolysin-like proteins. This suggests ����

that the multiple aerolysin-like proteins identified in these invertebrate species resulted from a ����

species-specific diversification.  ����

In B. glabrata, only the biomphalysin 9 was not clustered with the 22 other ����

biomphalysins and rather grouped with aerolysin-like proteins from Anthozoa (Figure 3), ����

supporting the hypothesis that biomphalysins originated from at least two distinct HGT events.  ����

 ����

Biomphalysins result from an old domestication of aerolysin-like genes  ����

Recent horizontal transfer events can generally be determined by a significant ����

difference in the GC content and in the codon usage between the sequence of the gene ����

supposedly acquired by HGT (here, biomphalysin) and gene sequences from the recipient ����

species (here, other genes from B. glabrata). The GC content (GC%) of biomphalysin ����

nucleotide sequences (N = 23) was calculated and compared to the one of B. glabrata���

transcripts sequences (N = 25) of similar size (±1700 pb) from RNA-seq data and of bacterial ����

toxin sequences (N = 13) retrieved from NCBI (Figure 4-A). B. glabrata transcripts exhibited a ����

GC% ranging from 21% to 56% with a peak of normal distribution at 39%. The GC content of ����

biomphalysin genes (41.0 %) was similar to B. glabrata transcripts but was significantly lower ����

than the GC% of bacterial toxin nucleic sequences (55.8 %, Fisher‘s exact test, p-value = ����

0.0232). Concerning the codon composition, a principal component analysis (PCA) was ����

performed with mean codon usage values for each triplet in B. glabrata transcripts, ����

biomphalysin gene sequences and toxin sequences from bacteria (Figure 4-B). Most of the ����

variance (78.1%) was explained by the first axis, which opposed bacterial sequences to snail ����

ones, while the second axis, explaining 21.9% of variance, separated the biomphalysins from ����

other genes from B. glabrata (Figure 4-B). GC% and codon usage of biomphalysin and ����

bacterial toxin genes have distinct signatures and their analysis indicates that biomphalysins ����
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are closer to endogenous Biomphalaria transcripts than bacterial toxin genes, which suggests ����

an old domestication of biomphalysin genes by the snail. ����

HGT is known to be enhanced by an immediate proximity between the potential donor ����

of gene and its recipient [3, 37]. To find the potential bacterial origin of the laterally-acquired ����

aerolysin-like coding gene, we explored the microbiota bacterial diversity by 16S rRNA-����

targeted Next-Gen sequencing. A total of 324 different families of OTUs (Operational ����

Taxonomic Units) were identified in naive snails (Additional file 7). Among them, several key ����

families of bacteria known to produce β-PFTs were identified, including Aeromonadaceae, ����

Clostridiaceae and Pseudomodaceae, which corresponds to 2.03% of total OTUs observed. ����

The presence of these taxa in the snail microbiota nowadays suggests that they might have ����

been associated with the Biomphalaria genus at the time it acquired biomphalysins and it could ����

support their origin by horizontal transfer from microbiota.  ����

 ����

Highly conserved three-dimensional structures despite a high variation in sequence ����

conservation���

Despite the apparent divergence and the low sequence homology between the 23 ����

biomphalysins, their structure conserves high levels of similarity. We previously reported that ����

the anti-parasitic biomphalysin 1 displayed the same structural features as the bacterial ����

aerolysin toxin [24]. A structural modeling for each biomphalysin protein was performed using ����

the best aligned template against the Protein Data Bank (PDB) database (http://rcsb.org/) by ����

using the I-Tasser server [38, 39]. Structural similarities are indicated by a TM score ranging ����

from 0 (totally dissimilar proteins) to 1 (exact same structure). All biomphalysins exhibited a ����

structure close to the aerolysin one with a TM score ranging from 0.66 to 0.91 (Additional file ����

4). The analysis allowed predicting two distinct lobes: a small lobe named Domain I and a large ����

lobe, also qualified as an aerolysin domain, constituted of three structural domains (Domain II, ����

III and IV). Despite differences in the primary structure, highly similar conformations were ����

observed between the different members, with an average pairwise TM score of 0.73. Analysis ����

of the conservation of residue positions among the biomphalysin family was performed with ����
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the Consurf software (Figure 5) [40]. Conservation scores mapped onto the 3D structure of ����

biomphalysin 1 revealed that most conserved residues are located in the Domain II, which is ����

involved in oligomerization [32] and receptor binding in aerolysin [41, 42], and in the Domain ����

III, which is necessary for the stabilization of the channel [43] and for toxin insertion into lipid ����

bilayers via the transmembrane α-hairpin loop (Figure 5) [29]. Conserved residues are ����

strategically located to maintain the highly organized typical topological arrangement of a β-����

PFT. Indeed, the most conserved residues shape the two α-helices and the different β-strands ����

from Domains II and III. The structure of this aerolysin domain appears to be under selection ����

despite a divergent sequence with an average TM score of 0.93 ± 0.02 (Additional file 8). ����

Surprisingly, many variable amino acids were found in loop regions and particularly in the loop ����

from TMD (Figure 5). Nevertheless, the stretches of alternating hydrophobic and hydrophilic ����

residues, which are key elements for the transmembrane feature, are conserved (Additional ����

file 5, Figure S2).  ����

Considering that structural information revealed the presence of variable loops mostly ����

located in the Domain II, which could contribute to the specificity of interaction with its target,���

protein-ligand binding sites were predicted based on biomphalysin three-dimensional ����

structures. A mannose-6-phosphate binding domain was identified in the Domain II of all ����

biomphalysins (Figure 6). This carbohydrate binding pocket is located in the vicinity of the two ����

α-helices, a well-characterized site in aerolysin toxin involved in the binding of the mannose ����

residue from glycosyl phosphatidylinositol (GPI)-anchored receptors [44]. It contains several ����

key residues for its binding activity, such as arginine, glycine and tryptophan (Figure 6) [30, ����

45, 46].  ����

 ����

Small lobe shares high structure similarity with recognition domains  ����

The small lobe (Domain I) of the aerolysin toxin presents a binding site similar to the ����

carbohydrate-binding domain of C-type lectins, also called Aerolysin Pertussis Toxin (APT) ����

domain (IPR005138) [47]. No lectin motif was found in the amino acids sequence from all the ����

biomphalysins. As most residues were variable in the small lobe of biomphalysin proteins, a ����
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similarity structural search was performed using the I-TASSER software against proteins ����

whose tridimensional structure has been resolved by crystallography [38]. TM scores ranged ����

from 0.45 to 0.83 and were therefore much lower than those of the aerolysin lobe (0.89 to 0.96) ����

(Additional file 8). No significant prediction was obtained for seven of them as their similarity ����

score was below the threshold of 0.5 (Additional file 8) [38]. The analysis of the small lobes of ����

the 15 other biomphalysins gave relevant structural alignments to 12 different crystallized ����

proteins or domain of crystallized proteins (Table 1). Despite an overall similar architecture, ����

the small lobe of the different biomphalysins were predicted to fold into different states (Figure ����

7). For example, the small lobes of the biomphalysin 8 and 23 were similar to the Domain II of ����

a mosquitocidal Cry toxin, a domain involved in receptor recognition and binding [48]. Eight of ����

them matched with a high TM score (higher than 0.6) to members of the complement system, ����

which is part of the innate immune system that enhance the immune response against ����

pathogens through their interacting features [49]. This indicates that the structural ����

diversification of the small lobe might have led to a functional diversification of biomphalysins. ����

Domain I presents the highest variability of folding units that are independent from the aerolysin���

lobe, leading to a potential broad spectrum of targeted organisms. This unit module could be ����

considered as a diversified receptor-binding domain associated with the aerolysin domain ����

responsible for lytic function.  ����

 ����

Each biomphalysin is expressed and exhibits a specific pattern of tissue-specific gene ����

expression ����

High quality reads from a previous RNA-seq experiment using two pools of 20 naïve ����

snails were used [26]. They were aligned with high-stringency to the 23 biomphalysin genes ����

using Bowtie2, counted and normalized by upper-quartile for each library. Every biomphalysin ����

was detected in whole naïve snails with different levels of expression (Figure 8-A). ����

Biomphalysins 1, 2, 4, 20 and 21 were the most represented whereas biomphalysins 5, 14 and ����

16 were the least abundant. Presence of all biomphalysin transcripts in snail highlights that all ����
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biomphalysins seem to be assimilated in the host genome and suggest that none of them are ����

pseudogenes.  ����

To further explore the patterns of expression of the biomphalysin genes, we analyzed ����

their transcript representation by RT-PCR in seven different tissues (stomach, albumen gland, ����

ovotestis, hepatopancreas, hemocytes, mantel, head-foot). This revealed a mosaic pattern of ����

expression of these genes in naïve snails (Figure 8-B). While some biomphalysins, such as ����

biomphalysins 2, 10, 14, 18 and 23, were ubiquitously expressed in all tested tissues, others ����

were specifically expressed in some tissues, such as biomphalysin 7 that was restricted to the ����

hepatopancreas and stomach or the biomphalysin 17 only located in the mantel and stomach ����

(Figure 8-B). Moreover, a high variation in the number of biomphalysins expressed could be ����

observed between the tissues (Figure 8-B). The highest number of biomphalysins expressed ����

was observed in the stomach, containing transcripts for 22 out of the 23 biomphalysins, while ����

albumen gland and hemocytes solely displayed 11 and 12 biomphalysins expressed, ����

respectively (Figure 8-B). Such high variability in tissue expression suggests that the different ����

biomphalysins might have different functions. Many transcriptional factors binding sites were���

identified in the promoter regions of the biomphalysins but none was found conserved for all ����

the 23 biomphalysins (Additional files 9 and 10). The diversity of the cis regulatory elements ����

found in the promoter regions suggest that each biomphalysin gene could be regulated ����

spatially and temporally by specific transcription factors, supporting the hypothesis of a ����

functional divergence in this family (Additional file 10). Among the most represented ����

transcription factors, Sox5 and AT-rich interactive domain-containing protein 3A (Arid3a) were ����

found. They are both involved in the activation of immune gene transcription [50-52] and in the ����

differentiation of lymphocytes B and T in vertebrates [53, 54].  Consequently, expansion of the ����

biomphalysin gene family could have been associated with a functional diversification and sub-����

functionalization of the snail innate immune system to mount an efficient response to different ����

pathogens.  ����

 ����

Different biomphalysins are involved in the recognition of a large diversity of pathogens ����
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 A recent interactome experiment was performed, which consisted in putting in contact ����

circulating proteins from the snail cell-free hemolymph with outer membrane proteins from ����

living pathogens [55]. This approach allowed the identification of biomphalysin as a potential ����

pathogen-interacting protein [55]. It was interacting in vivo with gram-negative (Escherichia ����

coli) and gram-positive bacteria (Micrococcus luteus), yeast (Saccharomyces cerevisiae) and ����

two metazoan parasites, Echinostoma caproni and S. mansoni) [55]. From the 2D gels ����

performed, we collected the peptide list obtained by the MS/MS analysis of the spots identified ����

as biomphalysin and we mapped them on the deduced amino acid sequence of the 23 ����

biomphalysins (Table 2). While some peptides were identified in 4 out of 5 interactions, some ����

were only present in 1 pathogen interaction. By comparing all the biomphalysin genes to which ����

each peptide could refer to, we managed to calculate the minimum number of biomphalysins ����

involved in the interaction with each pathogen. While E. coli and E. caproni were recognized ����

by at least one biomphalysin, a minimum of two biomphalysins were required to sense the ����

presence of M. luteus, S. cerevisiae and S. mansoni in the snail hemolymph (Table 2). This is ����

consistent with the fact that three different spots were identified in the gels for these three���

pathogens, which seem to be different biomphalysins and not different isoforms of the same ����

biomphalysin as previously thought [55].  ����

 ����

B. glabrata produces miRNA that target biomphalysin genes ����

To integrate an horizontally acquired gene into a larger genetic network, the recipient ����

organism must not only reformat the gene to use it in function of its own codon usage but also ����

set up a fine regulatory mechanism. As biomphalysins could display a key role in immunity as ����

a pathogen receptor but also as an effector, we investigated whether their transcripts could be ����

targeted by endogenous miRNAs, a key component of immune regulation [56]. Sequences of ����

5’-UTR, CDS and 3’-UTR of all biomphalysins were examined using miRanda software to ����

determine if the recently characterized snail miRNAs repertoire do possess high binding ����

enthalpy for the biomphalysins UTR or CDS regions [27]. All biomphalysin transcripts were ����

identified as potential targets by at least one small non-coding RNA molecule (Figure 9). One ����
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transcript could be affected by several miRNAs, such as the 3’UTR of biomphalysin 3 targeted ����

by the two miRNAs bgl-miR-1992-3p and bgl-miR-34-5p. The same miRNA could also interact ����

with different biomphalysin transcripts, such as bgl-miR-133-5p that can interact with 7 sites ����

located on transcripts from biomphalysins 1 to 7 (Additional file 11). This finding of potential ����

miRNA-mediated biomphalysin gene expression regulation underlies their genomic ����

assimilation but also their functional integration into well-established regulatory networks ����

including immune response. ����

 ����

Discussion ����

Horizontal gene transfers are considered as a major source of innovation for a recipient ����

genome if the acquired gene confers a gain of fitness and/or a better adaptation in a changing ����

environment. Genetic material exchange has been known for many years between prokaryotes ����

and allowed them acquiring new phenotypes. The gene transfer must not be considered as an ����

epiphenomenon since massive gene acquisition has been reported in numerous organisms. ����

For example, 18% of total genes in E. coli were acquired horizontally and the hyperthermophilic ����

bacteria Aquifex aleolicus would herit about 40% of genes from archaeal families making it a ����

true chimera. If the mechanisms of HGT between prokaryotes are well characterized, the ����

question of gene transfer between prokaryote and metazoan still requires further investigation. ����

Considered as exogenous DNA genomic contamination or important evolutionary force ����

involved in the acquisition of selective advantages by some pluricellular organisms, unknown ����

transfer mechanisms and no evidence for a functional bona fide gene makes it difficult to ����

validate most of them and to highlight the great importance of HGT in genome evolution.  ����

 In this work, we report the characterization of 23 aerolysin-like genes in the snail B. ����

glabrata. Diversification of this family to obtain the 23 biomphalysins likely occurred through ����

multiple gene duplications events, unrelated to transposable elements. Nevertheless, not all ����

biomphalysin genes were clustered together. Biomphalysin 9 displayed more similarity with ����

the sequences of aerolysin-related toxins from the cnidarians Axaiptasia pallida and ����

Nematostella vectensis than with the other biomphalysins, which supports at least two HGT ����
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events. Considering that all biomphalysin genes are intron-less, it was expected that ����

biomphalysins were acquired from bacteria. Although phylogeny failed at identifying the donor ����

bacterial species, the presence of several bacterial taxa known to produce aerolysin-like toxins ����

in the snail’s microbiota suggests that biomphalysin acquisition might have happened through ����

a microbiota-to-snail gene transfer.  Indeed, this ecological proximity could facilitate the trans-����

kingdom DNA transfer as it has been reported between Wolbachia and several invertebrate ����

[2]. The high similarity in GC content and codon usage between the biomphalysins and other ����

genes from B. glabrata further indicate an ancient transfer leading to genes domestication.  ����

 Diversification of aerolysin-like families by gene multiplication seems to be a shared ����

feature among all invertebrates containing such proteins, with the exception of the sea ����

anemone E. pallida for which genomic and transcriptomic resources are limited. This species-����

specific diversity of aerolysin-related toxins observed among different invertebrates strongly ����

highlights that these acquired genes must confer an adaptive advantage for each recipient ����

organism. In cnidarian, hydralysins are suspected to play a major role in protecting against ����

predators or killing prey [11, 23]. In Aplysia, the presence of toxin-related proteins could be���

used to escape predators as a defensive mechanism [57]. The success for aerolysin-related ����

gene retention by metazoan organisms could be linked to the absence of preexisting similar ����

metabolic network in the recipient organism [3, 8, 58]. Thus, the acquisition of new functions ����

can easily be integrated into the recipient's metabolome to provide an immediate benefit [21, ����

59]. These acquired protein-encoding genes can be described as self-contained units [11]. ����

Aerolysin-related proteins are composed of two structurally independent modules, one being ����

involved in substrate interaction and the other in lytic activity. As such, biomphalysin 1 has ����

been shown to directly interact with the surface of Schistosoma sporocysts as well as that its ����

lytic activity was promoted by additional plasmatic factors [24].  ����

These horizontally transferred genes are more likely to be transmitted vertically in the ����

case of a selective advantage for the recipient organism. They can be the starting genetic ����

support for domestication and diversification by providing a beneficial phenotype and/or novel ����

traits. In the snail, all biomphalysins were expressed and they all exhibited a tissue-specific ����
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pattern of expression. Some tissues such as the stomach expressed almost all biomphalysin ����

genes while some others like the albumen gland only expressed half of them. Moreover, ����

miRNA able to target each of the 23 biomphalysin transcripts produced by the snail were ����

identified. Altogether, this shows that biomphalysin transcription and/or translation are well ����

integrated and finely regulated in snail and that each biomphalysin might display a different ����

function in the snail.    ����

The structure of the big lobe is highly conserved in all biomphalysins, which supports ����

the conservation of their lytic activity. Conversely, structural predictions of the isolated small ����

lobes revealed a high divergence between biomphalysin’s and bacterial aerolysin’s one. While ����

the small domain of bacterial aerolysin is a carbohydrate-binding site (APT domain) [47], the ����

one of biomphalysins matched to various domains involved in receptor recognition. For ����

example, the small lobe of biomphalysin 8 is similar to the Domain II of Cry β-PFT, which is ����

critical for specific targeting of insect membrane receptors [60, 61] and its directed ����

mutagenesis can generate a shift in their recognition spectrum [62]. The small lobe of ����

biomphalysin 2 is structurally close to the complement factor H that has been involved in self���

surface recognition to control complement-mediated immunity by binding to the mycobacterial ����

surface in vertebrates [63]. The module similar to ApoH, present in biomphalysin 13, could ����

also be involved in pathogen binding [64]. The Decay-Accelerating Factor (DAF)-like motif ����

harbored by biomphalysin 1, 11 and 18 is known to interact with the bacterial protein Dr ����

fimbriae expressed by an uropathogenic E. coli [65] . All these evidences suggest that ligand-����

binding specificity of biomphalysins could be related to the structural nature of their small lobe. ����

Indeed, the interactome results show that the repertoire of biomphalysins required for ����

pathogen sensing depends on the nature of the pathogen encountered. Thus, it appears that ����

biomphalysin acquisition, expansion and domestication underline a neo- and sub-����

functionalization to provide obvious benefits to the snail immune system. A systematical ����

investigation on each biomphalysin should now be conducted to unravel their function in ����

response to exposure to different pathogens.  ����

 ����
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Conclusions ����

Evidences are scarce for multiple recurrent HGTs and data are often missing about ����

their potential functional diversification within the receiver species. Here, we provide evidence ����

that aerolysin-like proteins were acquired from multiple HGTs and that they diversified to form���

an entire family of 23 different members in the snail B. glabrata. All biomphalysin genes were ����

expressed and exhibited a tissue-specific expression pattern, indicating that they were all ����

potentially playing a role in the snail. The high structural conservation of their large lobes ����

indicates that the conservation of the lytic function of aerolysins constrained the evolution of ����

the biomphalysin family while the high variation in the small lobes, presumably involved in ����

pathogen recognition, rather suggests their potential to recognize a wide range of ����

antigens/pathogens. In line with this, different biomphalysins were involved in the recognition ����

of different pathogens from different kingdoms. Altogether, our results provide evidence that ����

toxin genes from bacteria were acquired, diversified and functionalized to become a major ����

weapons family in B. glabrata’s immune system.  ����

 ����

Methods ����

Phylogenetic analysis ����

Gene and protein sequences were retrieved from the genome of B. glabrata for each of the 23 ����

biomphalysins. To rule out eventual errors in genome assembly, PCRs were performed on ����

snail genomic DNA using specific primer pairs flanking the predicted coding DNA sequence of ����

each biomphalysin gene. The gene and protein sequences corresponding to the crystallized ����

aerolysin from Aeromonas hydrophila was used as an outgroup. Sequences were aligned ����

using ClustalW and then a phylogenetic tree was generated using the neighbor joining method ����

(Poisson substitution model; uniform substitution rate; gaps/missing data treatment: pairwise ����

deletion) with MEGA 6.06 software [66]. A bootstrap analysis of 2000 replications was carried ����

out to assess the robustness of the branches on the trees inferred from the neighbor joining ����

method. Bootstrap values are shown on each branch of the trees generated.  ����
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The aerolysin and MTX2 domain (IPR005830 and IPR004991) were identified in the protein ����

sequence of each biomphalysin by searching against the Conserved Domains Database ����

(http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) [67]. These sequences were used as a ����

query for a BLAST search against the NCBI database to identify similar sequences in other ����

species. A total of 87 sequences were used for the phylogenetic analysis performed as ����

described previously. They included 39 sequences from Gastropoda, 16 from Hydrozoa & ����

Anthozoa, 18 from Arachnida, and 14 from bacteria. The accession numbers and ����

corresponding names of each sequence used are indicated in Additional file 12 for all ����

phylogenetic trees performed. ����

 ����

Bioinformatic analysis,  ����

Whole genome and transcriptome screening by use of the Interproscan software were ����

performed with the Interproscan database to find IPR005830 and IPR004991 signature ����

characteristic to aerolysin and aerolysin-like toxins. The genome of B. glabrata (preliminary ����

assembly v4.3) and the RNA-seq data from naïve and infected snails were used as data���

sources [26, 28].  ����

The presence of a signal peptide was determined by a primary structure analysis ����

performed using SignalP 3.0. Protein domain searches were performed using SMART ����

(http://smart.embl-heidelberg.de/) and Motif Scan (http://hits.isb-sib.ch/cgi-bin/PFSCAN) ����

software. α-Helical and β-sheet regions were identified by secondary structure prediction using ����

Jpred3 and HHpred servers (http://toolkit.tuebingen.mpg.de/hhpred). Sequences were ����

searched for putative transmembrane domains (TMDs) using the PRED-TMBB server. ����

3D Prediction of biomphalysin and their isolated small lobe structures were performed ����

using the I-Tasser and TM align servers [38, 68]. The 3D structure was obtained by multiple ����

threading using the I-Tasser server (available online), which combines two protein structure ����

prediction methods: threading and ab initio prediction [69]. Structural similarities between ����

bacterial aerolysin and biomphalysin proteins were determined by calculating a TM-score. A ����
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TM-score greater than 0.5 reveals significant alignment, whereas a TM-score less than 0.17 ����

indicates a random similarity. ����

Multiple structural alignment were performed using the ConSurfWeb from the predicted ����

structure of different biomphalysins. The conservation scores are projected onto the protein ����

sequence of biomphalysin 1.  ����

 ����

Search for transposable elements (TE) ����

Up to a 20Kb region surrounding each biomphalysin (when size and position on the scaffold ����

allowed) was screened for the presence of TEs through a similarity search using BLAST with ����

the Biomphalaria specific database of repeat elements as well as using RepeatMasker. We ����

performed a visual inspection for conserved sequences in these 10Kb regions surrounding the ����

biomphalysin genes by producing a dotplot using gepard v. 1.4 [70].  ����

 ����

Transcription factor motif search ����

Transcription factor motifs were searched using the 2016 version of the JASPAR [71] database���

of transcription factors and the Motif Occurrence Detection Suite MOODS v. 1.9.2 [72] by using ����

the provided script (moods_dna.py) and the data was parsed, filtered and summarized by in ����

house developed scripts. The search for conserved domains was carried out by using MEME ����

[73] and searching for motifs between 12 and 50 bases long. Shorter motifs did not produce ����

significant results except for TATA boxes and a poly-C stretch. ����

 ����

Relative transcript abundance in whole snails using RNAseq experiment.  ����

High quality reads were recovered from previously published RNA-seq data [26] and they were ����

aligned on nucleic sequences of the 23 biomphalysins. Briefly, two pools of 20 uninfected ����

snails were sampled and RNA was extracted using Trizol® Reagent (Sigma Aldrich) prior to ����

Illumina sequencing. Best quality reads (Phred >29) from both libraries (Naive1 & Naive2) were ����

aligned as previously described [26] on each of the 23 biomphalysins using Bowtie2 (v2.2.4) ����

and samtools (v0.1.18), which were run on a local Galaxy Project server. Raw counts were ����
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normalized with upper-quartile division per libraries [74]. ����

 ����

Tissue representation of biomphalysin transcripts  ����

Seven organs (mantel, head-foot, hemocytes, albumen gland, stomach, hepatopancreas and ����

ovotestis) from 5 individual B. glabrata snails (±8mm) were dissected and immediately ����

transferred in liquid nitrogen for mRNA total extraction using Norgen Biotek (Ontario, Canada) ����

RNA extraction kit following manufacturer’s protocol. DNAse treatment (ThermoFischer, USA) ����

was carried on to eliminate potential traces of contaminant genomic DNA. Total RNA (500 ng) ����

was reverse transcribed (RT) using Maxima H Minus First Strand cDNA synthesis kit ����

(ThermoFischer, USA) following manufacturer’s protocol. Equimolar random hexamer primer ����

and oligo (dT)18 primer were used.  Absence of genomic DNA and quality of cDNA synthesis ����

was verified by using myoglobin primers (forward: 5’-GAT GTT CGC CAA TGT TCC C-3’ and ����

reverse: 5’-AGC GAT CAA GTT TCC CCA G-3’) targeting intron/exon junctions. All primer ����

couples targeting biomphalysin genes were designed with perlprimer software. Specificity of ����

amplification was validated sanger sequencing of amplicons (Additional file 13). For tissue-���

specific expression, PCR amplifications were performed on the 7 organs in biological ����

quintuplicate on cDNAs (diluted 5-fold with nuclease-free water). PCR reactions were ����

performed with GoTaq® G2 Hot Start Polymerase kit (Promega, Madison, USA) and ����

performed on a thermocycler (Eppendorf, Hamburg, Germany). PCR protocol was as follows: ����

4 min at 95°C for initial polymerase activation then 35 cycles constituted of 20s denaturation ����

at 95°C, 30s annealing at 48°C and 30s extension at 72°C with 5 min at 72°c of final extension. ����

PCR products were separated by electrophoresis on 1.5% agarose gels. ����

 ����

Codon Usage and GC content ����

Codon usage were compared between sequences from the 23 biomphalysins, 13 ����

aerolysins/Pertussis Toxin for bacteria and 25 randomly selected B. glabrata predicted ����

transcript (1600-1800 pb) (Additional file 14). The size of B. glabrata transcripts was chosen ����

to be in the range of biomphalysin genes (1600-1800 pb) to avoid biases due to differences in ����
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gene length. Nucleotide sequence were compared using codon usage tools of CAIcal server ����

(http://genomes.urv.es/CAIcal/) [75]. Mean codon usage was compared for each triplet ����

between biomphalysin transcripts, Biomphalaria transcripts and bacteria transcripts by PCA ����

(Principal Component Analysis) using ClustVis web tool (http://biit.cs.ut.ee/clustvis/) [76]. Local ����

transcriptome of B. glabrata [26], the 23 nucleic sequences of biomphalysins and 13 aerolysin-����

like sequences were used to calculate the GC content using geecee tools (v5.0.0) on local ����

Galaxy server.  ����

 ����

In-silico biomphalysin-targets of miRNA ����

All the miRNA described in the B. glabrata genome [27] were used to predict miRNA/mRNA ����

interactions and decipher putative miRNA targeting of biomphalysin transcripts. Genomic ����

portions surrounding biomphalysin positions up to 500 nucleotides were recovered as putative ����

5’ and 3’ UTRs. UTRs were cleaned by confronting the putative sequences to RNAseq reads ����

to delimit Transcription Starting Sites (TSS) and detect polyadenylation signals when available. ����

Sequences of 5’ UTR, CDS and 3’UTR are used to predict miRNAs targets using Miranda���

software [77, 78] with high strictness (-en -20 -sc 150). Details of prediction are included in ����

Additional file 11. ����

 ����

Microbiota diversity  ����

Twelve naive snails were recovered without shell and ground individually in liquid nitrogen. ����

Total DNA was extracted using the DNeasy Blood and Tissue Kit (Qiagen) following ����

manufacturer’s instructions. Pair-end sequencing with 250 bp read length was performed on ����

the Illumina MiSeq PE (Genome Québec, Montréal, Québec, Canada) using the v2 chemistry ����

according to the manufacturer’s protocol. The FROGS pipeline (Find Rapidly OTU with Galaxy ����

Solution) implemented on a galaxy instance was used for data processing (http://sigenae-����

workbench.toulouse.inra.fr/galaxy/). ����

 ����

List of abbreviations ����
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Arid3a, AT-rich interactive domain-containing protein 3A; β-PFT, Beta Pore Forming Toxin; ����

CDS, Coding DNA Sequence; GPI, Glycosyl Phosphatidyl-Inositol; HGT, Horizontal Gene ����

Transfer; M6P, Mannose-6-Phosphate; OTU, Operational Taxonomic Unit; PCA, Principal ����

Component Analysis; PDB, Protein Data Bank; TMD, Trans-Membrane Domain; TSS, ����

Transcription Starting Sites; UTR, Untranslated Transcribed Region. ����
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 ����
Figure legends. ����

 ����

Figure Abstract. Biomphalysin: an aerolysin-like protein from Aeromonas sp.  All typical ����

domain features from aerolysins can be identified in biomphalysin, which includes the aerolysin ����

domain (IPR005830) in one large lobe (green box), one small lobe (red box) and a signal ����

peptide (brown box). ����
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 ����

Figure 1. Phylogenetic analysis of the gene (left) and protein (right) sequences from the ����

23 biomphalysins from B. glabrata. ����

The three clusters identified in this analysis are highlighted in blue, red and green for the ����

clusters I, II and III that contain biomphalysins 1 to 10 (excluding 9), 11 to 18 and 19 to 23, ����

respectively. The aerolysin sequence from A. hydrophila was used as an outgroup. A bootstrap ����

analysis of 2000 replications was carried out on the trees inferred from the neighbor joining ����

method. Bootstrap values are shown at each branch of the trees. The accession number of ����

each gene and protein used is listed in Table S9. ����
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B1   ----MFLQIFVAVTLVQYVSS-QCTYSSWWYS---FDTPGQSKCNEINSYINALDRNDVN-WADDALSNLEGVQCCRPPAPWNNVEQQVVYEDWTATLD-SDYTWAFCRVGYFLQGLYRSDTGWPRFKGY  

B2   ----MLVQFLFAATLVQYVSS-QCTYSSWWYS---FDTPGQSKCNEINSYINALDRNDVN-WADDPLSNLEGVQCCQPPAPWNNVEQQVVYEDWTATLD-SDYTWAFCRVGYFLQGLYRSDTGWPRFKGY  

B3   ----MILHIFVAVSLMQYVRP-QCTYSNWGTS---FDKKGQSKCNEINAYINGLDRNVVSNWGDDPLTFLEGAVCCQPPSPSNNVEQQVVYDDWTPALD-KDYSWAFCRVGYFLQGLYRSDTGWPHFKGY  

B4   ----MLYQIVVVVSLMSYVRS-QCSYSDWSLS---FDKPGQSMCDQINSYINALDRNHVD-WDDDPISHLEGVQCCQPTSPWNNVEQQVVYEDWTTTLD-RDNEWAFCPVGYFLQGLYRSDTGWPRYKGY  

B5   ----MLLQIYGAVTLIHYVTS-QCAYTSWRYS---FDNPGQSKCNQINYYINALDRFDVD-WNDDTLANLDGVQCCLPPSPWNNVEQQVVYEDWTYYLD-NAFSWAFCPVGYFIQGLYRSRNGAPSYKGY  

B6   ----MLYQIFVVVSLMPYVRS-QCSYSNWLLS---FDKPGQSKCDQINYYINALFRDYVN-RNYDPISLLEGVQCCQPNSPWYSVEQQVVFEDWTTILD-RKNEWAFCRVGYFLQGLYISSS------GY  

B7   ----MLLQILVAVSVMHYVQS-QCSFTSWQYS---FNDPGQSKCNEINDYIHALYRHDKY-SDDDNLSLLDGAQCCQLGDPWRNVDQQVVYEDWTYNLD-YDNSWAFCHVGYFLQGLYRSRDIWSPYKGY  

B8   ---MVLVHAVVIVTVMSLAKSQICTNTSWAIS---FDHRGQSTCRELDKYINGFVRGHLR-GGDDPITNLEQVQCCSASQPWPKVERQVVYADWTYQLD-DNFRWAFCPVGYFLHGLYRSSASSP---GY  

B9   --MLKALLLALLMGLKSLGVNAACYREDWSDS---FEREGLSTC---QHYIRKFQVNGDV--ANGRLGLLEGAECCSAPPPWISSKLQTVHANWWDSFN-S-RGAVACPEGFFLRGLKRTGGSP----GY  

B10  --MVLQLIVFFVLVKTT---HTACTKSSWLTS---FDSAGQSMCDEVDYYIRGFERSSAN--GDHSLNRLEGVECCSAPTPWSDMELLVVYQDWTYDLD-TGNHWVFCPNGYFLQGLQRSQGR------N  

B11  ---MMFVKVWVAMTLLGVADA-VCTYTSWMLS---FDSPGQSKCNELNHYIYGLERSDVH--KDDQLFFLEGVQCCSAQPQWSNIEVQVVYADWTKTLD-RQNQWAHCPAGFFLQGLQRSKSGK--NKGY  
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B16  --MRLFLFFCVSVTLIKTANP-LCTNTSWWHS---FDSAGQSACKESKYYIHGFDRNTYM--DDDKLYLLEGVQCCSAPHQWSNSEIQVVYDDWTYKLD-RFDVWVNCPAGFFLHGLYRSLSIS---EGY  

B17  ---MHFLKACAIMTLIEITNA-YCTYESWGTS---FDSPGQSTCQEVNYYIQGLDRNDLK--IDDQINLLEGVKCCSAPSQWSNNEEQVVYADWTVTFD-HNDIWANCPEGFFLQGLQRSSTGSPNYAGY  
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B20  ---MLFSKLCVTVTLLGIVDA-LCTVSWWSQRTRTVNFNGLSSCNEYNYFMNGLHRDHLE--QNDGLHLIKGVVCCKATSRFSDSEVLAHHEDWSMIFQESFDIWAFCPDGYFLSGFSRYTDGDA--INY  

B21  --MMLFSKLCVTMILLGIVDG-ECVKTSWVQN---VNYEGQLKCKEYDFYINGLERNSTE--NFDGLHLLTGVHCCSPPLRYLDSDTIVIYENWGWKFEQ-NNRWAYCPQGFFLHGLQTTSSDSG--INF  

B22  ---MLFLKFCFIMTLLEIVDG-KCHNFPWSGNFKVAGQSICHRGSIGNSFIKGLIRNSLK-SKSEGLDVIAAVKCCTFDEEYLSGDVVVVYANWQKTFSK-DQSWSRCPSGYFLQGIYTTVNSDG--TTH  

B23  MTNMLLSKLRVFMTLLGVVNVNG-MTVPWSKSNRSDHQVLCKD---YDSYVVGFGLN-----HTDALTNLESAKCEKMQRGNSS-AIVVEYVDWNKKIDK-NQVWLHCPSGFFLQGMQIFLIKP----TR  

Cons    hhhhhhhhhhhh   h                           hhhhh  h            eeee   ee           eeeeee    ee     eeee   hhhhhhhh          ee 

 

             140       150       160       170       180       190       200       210       220       230       240       250       260 

     ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

B1   LFNLESARCTKPANHPLNYGTCQDIDVSSCMGRKGQCS-CPGGYFLTGLYRADGDDLYFLKKIRCCTPAAKPLEMDEKSKIQTRIMDTTLWNMATLAHYMGYGWCYGCHGLAVGEDFTRNGFTWAADTRT  

B2   LFNLESARCTKPANHPLNYGTCQDIDVSSCMGRKGQCS-CPGGYFLTGLYRADGDDLYFLKKIRCCTPAAKPLEMDEKSKIQTRIMDTTLWNMATLAHYMGYGWCYGCHGLAVGEDFTRNGFTWAADTRS  

B3   LFNLEHARCTKPANLPLNYGTCQDVDISSCMSRQGKCS-CPGGYFMTGLYRADGDDLYFLKKIRCCTLPAKELVMDEKSKIQTRIMDTTLWNMATLAHYLGYGWCYGCHGMAVGEDFNRNGDTWAADTRS  

B4   LFNLDSARCTKPANHPLNYGECSDIDITNCISEKGQCS-CPGGYFLTGLYRADGDDLYFLKKIRCCSPAAKPLEMDEKSKIETRIMDTTLWNMAYLAHYLGYGWCYGCRGVDVGEDFTRIGDSWEAAKTP  

B5   IYNIESARCTKPASHPLDYGNCKEIDTSICISRRGQCS-CPVGYFLTGIYEADRGDLYFLKKIKCCTPAAKPLEMDEKSKIQTRIMDITLWNMANLAHYLGYGWCLGCRGVDVGEDFIRNGNTWKAATTP  

B6   ISAIEGARCTKPANHPLNYGDCSDVDIANCMAQVGLCS-CPGGYFLTGLYQSDGYNLSYLKKIKCCTPADKPLDLDEKSKIQTHIMDSTLWNMANLAHYLGYSWCLGCRGVDVGEDFIRNGNTWKAATTP  

B7   LNHLEAARCTKPANHPLDYGSCMDVDTTACMSQKGFCY-CPDGHWLTGIYRADGDDLYFLKKIRCCTPAAKPLDLDEKSRIQTHIMDTTLWNMANLAHFLGYGWCYGCRGLAVGEDFIRNGNTWAAATTP  

B8   LNTIESARCAKPASHPITYGSCQNVDTSSCMSRQGTCS-CPRGFFVTGIYRADDDDLYNLKKMKCCEPVDKPDEINSLSKIQTRIMDTTLWNLANLAYYLGYEWSYGCRALNVGEDFYKDGFTWVAETKI  

B9   LYNLEEGRCTKPADHPRHYKSCYTEDISLCIRRNGLCG-CRESYFIVGLERDECQELQCIKKLKCCSMLDQIEPLTGLGKVKERIMDVTQSNMALLGHILGYGWAGGCREPYVGEGYNRVGDTWEAD---  

B10  LDNIEAARCTKPAIHPHRHSDCYDEDISSCFDGTGLCS-CRENYFVTGLYRSKCNSLQCLDKLECCKMADKLEELDGVSKVKTRIMDATLSNMANLAHLMGYGWCSGCMSNYVGEDFYRDGETWKAN---  

B11  VYNIENGRCAKPANHPFYYGDCYSHYID--FSRSGLYS-CNEGYYITGLYKADCDYLHCIDRLYCCKMADTPQVVDDPETLKTRIMDTTLWNLANLAAGLGYGWCSGTKGMNVGEDFYRSGDSWVADSRL  

B12  LYHIETARCTKPAEHPFYYGDCYSQDIN--FNENGLFS-CNEGYYVKGLYKGNCDYLHCIDKLYCCKMADKPEIIDDVDKLKTKIMDTTLTNLANLADKLGYGYCYGTKGVNVGEDFRREHDSWVANTEY  

B13  LQNIENGRCAKPANHPFYYGHCYVEIIE--FNSNGMFS-CQDDYYITGLYKSDCGYLHCIDKLYCCKMATGPEVIDNADKVKTKIMETTLFNLANLADKLGYGWCYGTKGVNVGEDFYRSGDSWIADRRL  

B14  LQNIENGRCAKPANHPFYYGHCYIKDID--FSSRGMFS-CPDDYYITGLYKGNCDKLHCIDKLYCCKMAAGPEVIDNADKVKTKIMETTLFNLANLAHKLGYGWCFGTKGVNIGDDFYRSGDSWIADRRL  

B15  LGQIEDARCAKPANHPFYYGDCYVYNIN--FIRKGLYS-CKAGYYITGLYKSNCNYLHCLDSLQCCKMADKPMVIDDIHKLKTNIMDTTLWNLANLAHLLGYGWCLGTKGINVGEDFYRSGDSWVADSRL  

B16  LEQIEYARCTKPANHPFYYGECYVQNIN--FITKGLYS-CNAGYYITGLYKGNCNNLHCLDSLQCCKMADKPMVIDDIHKLKTNIMDTTLWNLANLAHLLGYGWCLGTKGINVGEDFYRSGDSWVADSRL  

B17  LHNIEYARCTKPANHPFYYEKCYVKEIN--FNYKGIFS-CNEDYYVSGLHRGSCDNLYCVDRLQCCKMANVPEEIIDEHKLKTKIMDTTLSNLAYLAAVLGYGWCLGTKGIYVGEDFYRDGDSWVADSRL  

B18  LHHIDYGRCAKPSHHPFYHGDCYAKNID--FSYSGIFT-CNTDYFITGMYKGDCRYLYCIKALRCCKMSDTSEIIDDSETFKTKIMDTTLFNLANLADRLGYGWCGGEKGDDVGEDFYKDGDTWVADARP  

B19  LHNIEYARCVKPSNHPHYYGDCYAQNIT--FNKQGVFS-CKTNFFITGIHKVKGDYLHHIDKLYCCAMEEEPEIVYDVDTFKRVIMENTMNNLVRLAMALGYGHCAGNKAIYVGDDFYRDGDSWIADHRL  

B20  LHNIEYARCIKPSNHPDYHGKCYTQYIN--FNTQGVFS-CKENYFITGLHKVKGDYLHHIDKLKCCAMQDDPEFVFDVDTFKRIIMDNTLPRLTMLAYAMGYDHISGLKGWMLGDDYFRDGDSWVADTRL  

B21  LQNIKYARCIKPSNHPESYADCYFQNLN--FNKQGVFN-CRDDYYVTGLHKGNCDSLRCLDKLHCCKMEVEQRILDNVDKVKTKIMESTLPKLVRLAAALGYGHAAGNKGIYIGDDFKREGDSWVADSRL  

B22  LHNIEHGRCAKIGIYPPYYRDCYAEDVH--FNEAKLYECTKDGYFIAGLYRHKCNAPLCIGKFYCCHMEEE-LKIHSPEELKTKIMEKNLRKLANLATYMGYMNTFGYSGLFVGEDFYVGKDHTTAGRGF  

B23  MLN---GRCCKPAKHPFYYRDCNIVEVT--DHQFNFLLSCPPNRSVTALHKSRCGKSHCFDKIYCCQLKDE-EEDRSSEEIKQKIMENSLTNLATLANMLGYAYPLGARGINVGEDFHMEGNSWVANKQD  

Cons ee                  eeee           eee     eeeeeee            eee            hhhhhhhhhhhhhhhhhhhhhh   eee     ee   eeeeee 
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             270       280       290       300       310       320       330       340       350       360       370       380       390 

     ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

B1   FWG-KWCEGDKNGERLNLVFGDWGFAVKEIIYGKSVIEDLQAESVDSGVLYNRASSPVTESIERSKTIQETITHSTTSTFTNSHGLGVE------LEFEIA----SVKGKASYKTRFEYSTSTTNSKSIS  

B2   FWG-KWCEGDKNGERLNLVFGDWGFAVKEIIYGKSVIEDLQAESVDSGVLYNRASSPVTESIDRTKTIQETITHSTTSTFTNSHELGIE------LNFEIA----SVSGKASYTTKFEYSKATTNEKSIS  

B3   FWG-TSCDGDKSGERLNLVFGDWGFAVKEIIYGKSVIEDLQAESVDSGVVYNRASSPVTESIERTKTIQETITHSTTSTFTNSHELGIE------LNFEYA----SVSGKASYTTKFEYSTSSTNTKTLD  

B4   FKG-KSCEGDKSEERLNLVFGDWGFAVKKIIYGESVIEKLQPETIDSGELNNRASKPVTESISRSKTIVESITHTTTSSFTNNNDLGIS------LNFDVFG---IARSGLSYTFRYTSSTQTTNGKTFS  

B5   FWD-SRCDGDKNWERLNLVFDNWGFGVKEIVYGKTVIDNLQPETVDSGVIYNKASSPVTESIERSKTIQDTITHTTTSTFTNSHELGIS------LNFDIG----IVNGGTSYTFKYESSKTTTNEKSVS  

B6   FWD-SRCDGDKNWERLNLVFDNWGFGVKEIVYGKTVIENLQPETVDSGVIYNKASSPVTESIERSKTIQDTITHTTTSTFTNSHELGIS------LNFDIG----IVNGGTSYTFKYESSKTTTNEKSVS  

B7   FWD-SRCDGDKNGERLNLFFDNWGFGVKDIVYGQSVIEDLQPETVDSGVIYNKAASPVTESIERSKTIQDTITHTTTSTFTNSHELGIS------LNFDIG----IVSGGTSYTFKYESSTTTTNEQSIS  

B8   FHH-GSCDGYNRYNRLKLVFDHWGLSVKEIKYGPKVTESLQPESFDSGIIRNTASSSITESIERTRTVQDTITHIATTSFTTSQETSFQ------ISFNVNAVFGSASSSTTYTTKYENSFSTTNEKSIS  

B9   --ESSGCNGYMSDYRLNMVYGNWDFELVNMNKGIQVTTQLEPETIDSGTSINNDSTPLTVQLSKMFSITRQVTHTVTDTWEETHNFGVN------FKYAA----YGASAQLYYDFLYKTSKTTVTNNNIE  

B10  --QNGTCNGYKSDQRLSLVFSNWKFTIKNIKYGESVTDEIQPSTLDKGMTRNNDSETATDTYEISETIMETITHSSTSSWTNRIDLGLSVTVQIPLMFPQ----SSLSSTSTFTTSFEQSSSNTKDQSTA  

B11  FWPNKKCDGYKCKERLAIDYSGWTFVVKEIRYGESVIDELIPVSIDGGMRVNEGDSTVNATFERSQEVTETIVHSSTNSWKTSLELSFS------VEVG--LKHLA-KASRTLKIGFDYSKSKTETKSST  

B12  Y-----CKGDKCDKRLAIDYRNWNLAVKEIKYGQKVIDKLNTENIESGQKENHLNTSSTVAVERSYAVMDTIEHSMTSSWKTSLELSFS------LEFG--FKETG-KASSTFKVAFEYSQSTTKKNSQT  

B13  FWPNRWCDGYMCNERLAIDYTGWTLAVKEIIYGESVIDEY-------GVRYNHLIESSSATFEYSRDVTETVEHSTTSSWSISVGMSFS------LEFQ--INKLT-QASETFRTAFEYSRSSTNTNSRM  

B14  FLPNGWCDGYMCNERLAIDYTGWTLAVKEIIYGESVIDELQPEAVHTGVEYNHRNESSSKTFEYSRTVTETIEHSRTSSWSLSNEMSFS------LEFG--IKTLG-QASVTYRTAFDYSSSSTDSNSQM  

B15  FWPLIYCEGYKCYERLAIDYINWNLAVKEIKYGQSVVDELKPDTVHTGVEFNHLDESSSKLFEYSKTVTETIEHSTTSSWKNSHEVSVS------LNFD--LGDVL-KISLSYKTAFEYSRSTTNKNSQM  

B16  FWHLTKCEGDKCNERLAIDYIDWNLAVKETKYGQSVVDELKPDAVHTGVEFNHLNESSSKLFEYSKTVTETIEHSTTSSWKNSHEFSVS------LNFN--LFNIL-QTSLSYKTAFENSRSTTDTNSQM  

B17  FWPNTRCEGYKCNERLAIDYTGWTLAVKEIIYGEHVVDELKPETIDTGVEYNHLNTSSTKLLERSQTVTETIQHSTTSSWKNSLEYSVS------LNFD--LFDIL-KISATYKTTFEYTSSTTNENSQM  

B18  FKPNTQCEGFKCNERLKIDYLGWNLAVKNIVYGNSIIDSLQPEVVNTGKEFNYMDVSSTRSFEYSTTLTETIQHSTTSSWKTSLELSFS------LEASKIFKTVAGKASAAFKVSFDLSESDTDTSTEV  

B19  FWGDKKCNGEKCEERLKIDYLDWSFGKKDIIYGHSIIDELKPERVYEMGFQNNQNYNVTKTFEYKNTFSSSTTHSITHSWKNNVDYSVS------LEYD---TKFFGKITGSIKMAFEDSEIKTAEEGSK  

B20  YGWDKKCSGIKCEERFKIDYLDWSFHIKDIIYGDSVIDELKPEKVYEKLFPNLRNHTVPHITKLMHEFLPSLKHTITNHWEDNPEYISL------MEYD---PKYFGNIARSIKLAAEGSRSNTAGEGKK  

B21  FWGEEECTDLKCKEILAVEYLEWSLTVKEIKYGEKYIDYLEPEVVHSAVFHNENNTSSIKTFQYSNVVSETVTHSPTSRWRNNEKLSVS------LEFG---TNLFSKVQMPFKTGFQYSELIITGNNEA  

B22  LDK-RNCYDINCNFLFRILYGNWSLAVKDIIYGESIHDDLEAEEIHTGEEYNYLDTESTKDIEYSKTIQETITHTASSTWKNSAEMSLS------LDFG---IKSLGSVSMSFTFRVEYSSSTTNQKQHS  

B23  FNG-KECRIPGCNERLTIEYKNWSLAVKDIIYGDKVIDNLSPEAIHSGVEYNHMNTSSTKTFEFSKIISETIVHSITSSFTTSAEMSAS------LDFG---FKSFG-GSISLTLGIEHSTTSSSEDSNM  

Cons          ee   eeeeeeeeeeeee        eeeee  eeeeeeeeee        eeeeeeeeeeeeeeeeeeeeeeeeeeeee      eeee     eee eeeeeeeeeeeeeeeee     

  

 

        400       410       420       430       440       450       460       470       480       490       500       510       520 

....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

B1   ETQGFTKQSSITLGPMEGAKYEVIMSKSRTTVPYTAIITTKFSTEMKGFLRWEDGNG----NFHQDYRTNSGRP-TFNYRFGDSSVPFYKALKKQSDNNEGVWMWGMLFQKFPDARRVTNR--LTDETQY  

B2   QTAGFTKKSSITLGPMEGAKYEIIMSKSRTTVPYTAIITTKFSTEMKGFLRWEDGNG----NFHQDYRTNSGRP-TYNYRFGDSSVPFYKALKKQSDNNEGVWMWGMLFQKFPDARRVINR--LTDETQY  

B3   KTEGFTKQSSITLGPMEGAKYEVIMSKSRTTVPYTAIITTKFSTEMKGFLRWEDGNG----NFHQQHRTNSGRP-SYNYRFGNANNPFYKDLKKQSDNNEGVWMWGMLFQKFPDARRVINR--LTDETQY  

B4   QTDGFSKSSSITLGPMEGAKYKVILSKSRTTVPYTAIVTTKFSTVMNGFLRWEDGDG----NFHQIYRTSRDRP-TFSYRFGDASVPFYEALXKQSDNNEGPWMWGMLFQKFPHARHVINR--LTDESQY  

B5   QTAGFTKT----LGPGEAAKYKVILSKSRTTVPYTAIVMTKFSTEMKGFLRWEDGNG----NFHQMYRTNRDRP-TFNYRFGDASFSFYEALKKQSANREGPWMWGMLFQKFPNARHVIDR--LTDESQY  

B6   QTAGFTKTSSITLGPGEAAKYKVILSKSRTTVPYTAIVMTKFSTEMKGFLRWEDGNG----NFHQMYRTNRDRP-TFNYRFGDASFSFYEALKKQSANREGPWMWGMLFQKFPNARHVIDR--LTDESQY  

B7   QTEGFTKTSKIELGPMEGAKYRVILSKSRTTIPYTAVVTTKFSTEMNGFLRWEDGDG----NFHQIYRTSRDRP-TFNYRFGDTSVPFYEALKKQSDRNEGPWMWGMLFQKFPNARHVINR--LTDETQY  

B8   NTNSFSKQSSITLGPMQAAKYNVVLNKIRTTVPYTAVVITKFSTEFKGFLRWSDGDG----NFHSKFTYSHDRP-AFNYRFGTETTPFYSALKRQSDSRSEPWLWNLMLQKYPDARRIINR--LTDETQY  

B9   DVKTFTVNIEKTQEPHTVKKWKLMLSKSRTTLPYTATIRVKFSVDFQGFLRWGGGRNGQDTNYHHQYRGSEDRP-SFHYQFGDKSVPFYEALKEQSNKNSLPWEWFNIKSKYPVAQALIDD--LVNEKHY  

B10  NSKTFKKTIEKSIAPFSAAEYEVILHKTRTTVPYTATIIAKFSTEFRGFLRWDGGNDSPTSNYHYQFKGSEDRP-TFNYRFGDDSEAFYSALKKEIITRSKPWLWKDIITNYPDTQHLINR--LIDESQY  

B11  KTDVLKATTTISIPPRSAAKCTVIVSKARTTIPYTAVVIARFNVGFRGFLRWGQGYDSPSTNYHSQHKGSGARP-SVPYTFGDQSEAFYTALKRQSESQAWPWLWNEMLRNYPSVRHVINR--LTDESQY  

B12  TSHTLKTTSTQTIPPHSAAEYTIKMSKTRTTIPYTAVIIAKFSVGLRGFLRFGQGFSSPTTNYHFHHKGSDEEQ-SIPYTFGSQSEAFYTALKRESETQSKPWLWNDMFKNHPSVRHVINK--LTNESQY  

B13  RTDTLRTSSTQTIPPRSAARYSVMVGKTRTTIPYTAVIIAKFNVRFRGFLRWGGGFSGSMTNYHYQHKGSGDRP-SVPYTFGDQSQPFYTALKRESESQARPWLWNEMTNRYPSVRHEISR--LTDESQY  

B14  RSDTLRTSTTLTIPSRSAAKYTVMVGKTRTTIPYTAVIIAKFNVKLTGFLRWGGGFGGLSTNYHYQYRGSHDRP-SLPYTFGDQSEPFYTALKRESESQARHWLWNEMTNRYPSVRHEISR--LTDESQY  

B15  KSDTLKISTTQTIPPRSAAKYTVMVGKTRTTIPYTAVIIAKFNVKFRGFLRWGKGYGSPITNYHYKHKGSGDRP-TVPYTFGDQSEAFYTALKRESETQSMPWLWNEMIKNYPSARQLINR--LTNETQY  

B16  KSDTLKISTTQTIPPRSAAKFTVLVGKTRTTIPYTAVIIAKFNVKFRGFLRWGKGFGSPTTNYHHQHKGSGDRP-TVPYTFGDKSEAFYTALKRESETQSMPWLWNEMIKNYPSARQLINR--LTNETQY  

B17  KASTFKVSTTQTIPPRSAVKYTVVLGKTRTTVPYTAVIIAKFNVKFRGFLRWGGGSSSTTTNYHYLHKGSGDRP-SIPYTFGDQSEAFYAALKRQSEHQARPWLWNEMINNYPSARHLINR--LTDESQY  

B18  KTETTKITTTQTIPPHSAANYSVMVLKTRTTIPYTAVIIAKFNVRFRGFLRWGGGYGNPLTNYHYQYRGSGARP-SFPYTFGSQSRAFYKALKRQNITKSRPWMWNDMIKNYPSVLNVINR--LTNESQY  

B19  NADQLKKVISYSIPAQTFAKYKVFLSKIRTTTPYTAIFIAKFNVRFTGMLRYGGGYASKMTNFHYQYKGSTERP-SFTYTFGDDSDAFYTALKHQSRNRAMPWLWKDIFKNSDRIRDIINS--LTNETKY  

B20  ---VLNNGFMYSIPPRTLAKFKFFLNKVRTTTPYTANLVAKFNVRFTGILRP--------HNLHHQYRGSQERP-KIIHTFGDESETFYTDLRRQKRINASPWLWYDMH---DYYHSVVNDPYLANETNY  

B21  ERTTLHDTLEHNIPPNTSAQYKVLLKKIRTTIPYTAVIIANFSVRYRGFLGRGNGFDSEKTNFHINYRESTDRP-GVPYTFGSKSEAFYTALSRQIASKEEPWMWEEILRKDPSLGEHIKK--LTEENKY  

B22  NSINFRVATNKVIPPKSYAKYKIMVSKSRTTIPYTAIIVAKFSVAFDGYLSTDDENSNPNYNFHYKY-ETPKKFWRVSHAFGDHLEPFYEAIKRQYTSSAKPWLWMEMTKNNPPVTRIIDV--MSREEQY  

B23  KSVLYKASTTHTIPPQSAAKYSAVVSKVRTTIPYTAVIAARFSVRFTGYLRVREGLEHPNFNFHYRYSNILDKNKWIDFTFGDTSEPFHAALQRANQTKCLPWLWNEIKQNYNDSIPLINE--LADENQY  

Cons eeeeeeeeeeeee    eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee                        eeeee      hhhhh            hhhhhh     hhhhh       eee   

 

 

 

�����������������

�����������������

����

 

 

             530       540       550       560       570       580       590       600       610     

....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|.. 

B1   QFTLAGKLEKVEGTSVNVKWEKMKL-------NRRDVSGNDEPGSNITTYIAASGPADKPAV-------VEYPKVNLNNKEPFKPIEIPVTEVKV--  

B2   QFTLTGKLEKVEGTSVNVKWEKMKL-------NRRDVSGNDEPGRNITTYIAASGPADKPAV-------VEYPKVNLNNKEPFKPIEIPVTEVKV--  

B3   QFTLTGKLEKVEGTSINVKWQKVKL-------NRRDVSNDKVSARNITTYIAKSGPADKPAV-------VEYPKVNLNNQESFKPVQIPVTEVKVSR  

B4   QFTLTGKLEKVEGTHVDVXWEKIPL-------SRRDVSSDEVPASNITTYIATSGPADKPAS-------VEYPKVELKNKEPFEPIRIPVSNIKV--  

B5   QFTLTGKLEKVEGTHIYIKWEKMPQ-------GRRDVSRDEEPASNITTYIAAPGPADKPAS-------VEYPKVDLKNKVPFEPFQIPITSV----  

B6   QFSLTGKLEKVEGTHIYIEWEKISQ-------GRRDVSLDEAPASNITTYIAAPGPADKPAI-------VEYPKVELKNKEPFEPIQIPVSNIKV--  

B7   QFTLTGKLEKVEGTYINVEWEKIPL-------NRRNVNRDEAPASNITTYIATSGPADKPAS-------VEYPKVELKNNEPFEPIQIPVRNVKV--  

B8   EFALNGRLEFVEGTDASVVWEKVNI-------TKRDVLVNDDTTKSTHPYVAKSGPLDKPAE-------VQYPEVQISNKEPVVVSVIPVN------  

B9   QFTLNGEFEDIMGTSVDVVWGPVTK---RKRELSPLKFSN---PIFRENRIAELGPHDLPVH-------VDKPNIFLDTAKICEFDVPVNISYLV--  

B10  EFTLSGTFEHVAGKRIDVLWNKVSM---TKREAHFGSRSRRQCNIIKGTHYARPGPNDAPAI-------VKYPEVTLVNSEPYREGPHYVENKSA--  

B11  EITLNGKLEHVSGTKIDIKWETRELNKNFNRRSETDDSKANTPQLNNGTFFATVGPNDKPVD-------VKYPEVELVNAEPFELDILPANQESS--  

B12  EFTLNGKLEHVAGTKIDITWKKVEL-KDLNRRSVLDESKADTPGPNNITIFATVGPKDKPVD-------VEYPEVHLGNADQVKLETGPVNQNSS--  

B13  QFTLNGKLEHVAGTKIDVIWENARL----NRRSVPDESEPSTPYFDNSPFFAKVGPNDKPVD-------VKYPEVVLVNAEPFILETFPVKPESN--  

B14  QFTLNGKLEHVAGTKIDVIWENARL----NRRSVPDESDSSTPYFDNSTFFAKVGPNDKPVD-------VKYPEVVLVNAEPFILETFPVKPESN--  

B15  EFTLNGKLQHVAGTKIDVIWEKARL----NRRSIRDKIKSSTPQLDNSTFFATVGLNDKPVD-------VKYPEVVLVNSEPFQFESIPFDPDSN--  

B16  EFTLNGKLEHVAGTKIDVIWEKARL----NRRSIRDKIKSSTPQFDNSTFFARVGPKDKPVD-------VKYPEVVLVNSEPFQLESIPVDPNSI--  

B17  EFTLSGKLEHVAGTKIDVIWENARL----NRRSVPDKRKSNISHLAYSSFFATVGPKDKSVD-------VKYPKVELANAELFKQESILLNPNTT--  

B18  EFTLNGKLEHVAGRNVVVIWNKTRL----NRRSVVDTINSTTHHIGNITFIARVGPNDKPVD-------VKYPEVVLDNAEPFKLETIPLNPDFN--  

B19  QFILNGKFEQVYGKSVHSLVDLTKL----RSPSVRRKRQTETFYVND-TFIAKAGPDDKPVE-------VNYPEISLQEISPIELEPILNDPDSS--  

B20  QLKLRGKFEYVTGKSLHTLVEFKAA----ND---RRKRETETYYFNG-TFIAKAGPDDKPVE-------VNYPEISSKGKNRIQLEPIFNDPVSS--  

B21  KFTLNGKLEHVAGAKFDSMLTLMKL----NSFSGLEENQTETQYLND-ILIAKEGPKDKPVDRKIPEYVLKYPKVDLDDANPLKLEPILKDLDYSS-  

B22  TFTVSGKLERVWGSKIDVVWEKGRN----IR-SVPNEVKFENICPDR-VFIVDAGPMDTPSI-------VEYPKVNLTNEDWDEIEQIPITTDGT--  

B23  AFTLSGKLEHIAGSKIDVVWKEVRL----HRRSTYDELGAGNSCPNR-TYIAKTGPSDKPAK-------VNYPKINIPKAKPSEIK--PTLAD----  

Cons eeeeeeeeeee   eeeeeeee                     e    eeeee        e       e   eeee      eeee    
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Figure 2. Sequence alignment and predicted topology of biomphalysin proteins  ����

Multiple alignment of the biomphalysin proteins were aligned using CLUSTALO. Conserved ����

amino acid residues identified in 75% of all sequences are highlighted with a black box. Amino ����

acids containing similar chemical properties are shown in a gray box. Key amino acids whose ����

roles are described as important for oligomerization and lytic activity are indicated in white on ����

a red background. The positions of secondary structure elements were predicted using the ����

server PROMALS3D. α-helices and β-strands are indicated by “h” and “e”, respectively. The ����

putative peptide signal indicated in brown were predicted on SignalP 4.1 server [79]. The ����

Transmembrane Domain boxed with a blue dashed line was predicted using the PRED –TMBB ����

server. The structural domains are represented as black boxes. The signal peptide is in brown, ����

the small domain in red and the aerolysin domain containing the aerolysin motif (IPR005830) ����

in green. ����

 ����
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Figure 3. Phylogenetic analysis of the aerolysin domain from 19 different species.  ����

Arthopoda (Ixodes scapularis) is highlighted in purple, Gastropoda in red (Biomphalaria ����

glabrata) and yellow (Aplysia californica), Cnidaria in dark blue (Anthozoa – Exaiptasia pallida), ����

medium blue (Anthozoa – Nematostella vectensis) and in light blue (Hydrozoa – Hydra ����

virdissima and H. vulgaris) and bacteria in dark green (Vibrio sp.), medium green (Aeromonas ����

sp.) and light green (Clostridium sp.). A bootstrap analysis of 2000 replications was carried out ����

on the trees inferred from the neighbor joining method. Bootstrap values are shown at each ����

branch of the trees. The accession number of each gene and protein used is listed in Table ����

S9.  ����

 ����

Figure 4. Nucleotide support of domestication  ����

A. Box-plot representation of GC content and B) principal component analysis on codon usage ����

comparing nucleotide sequences of biomphalysins (N = 23) with other B. glabrata sequences ����

(±1700 bp; N = 25) and bacterial toxin sequences (N = 13). Distribution of GC% was indicated ����

for B. glabrata transcripts while only the mean and standard deviation were indicated for ����

biomphalysin and bacterial toxin sequences.  ����
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 ����

Figure 5. ConSurf sequence conservation score of biomphalysin proteins. ����

ConSurf image was generated using alignment of all 23 biomphalysin proteins and by plotting ����

alignment scores on the predicted structure of biomphalysin 1. Variable residues are shown in ����

cyan while the most conserved ones are in dark red. Images are rotated 90° around the y axis. ����

Variable       Average     Conserved 
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 ����

Figure 6. Carbohydrate binding site prediction on biomphalysin proteins.  ����

A. Surface representation of biomphalysin 16 protein interacting with alpha-D mannose-6-����

phosphate (PDB: M6P). M6P are shown as spherical structures with gray carbon, phosphate ����

and oxygen atoms. Ribbon representation of biomphalysin 16 was superimposed on a ����

transparent surface map. ����

B. Closeup of the binding site. Alpha-D mannose-6-phosphate bound to the predicted pocket ����

is located in the domain II of biomphalysin protein. The predicted residues involved in mannose ����

binding are shown. ����
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 ����

Figure 7. Structural prediction of the biomphalysin small lobes.  ����

Three-dimensional structure prediction of biomphalysins 8, 12 and 17 was performed using I-����

Tasser server with the structure of proaerolysin as pattern. A C-score was determined for each ����

prediction (see Table S5). Surface representation was realized with PyMol software. Small ����

lobe was shown in red, large lobe in green and TMD domain in blue. ����

The small lobe of biomphalysin proteins 8, 12 and 17 were investigated against RCSB Protein ����

Data Bank (PDB). A TM-score was calculated between the small lobes and the best hit found ����

by I-Tasser server. A score greater than 0.5 reveals significant alignment, whereas a TM-score ����

less than 0.17 indicates random similarity. 3D superposition of each small lobe of biomphalysin ����

8, 12 and 17 and the respective best hit were performed by TM align and visualized with PyMol. ����

The best structural alignment was reported between the predicted isolated structure of the ����

small lobe in red and the significant template hit identified in yellow. ����
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 ����

Figure 8. Expression analysis of the biomphalysin family.  ����

A. Constitutive expression of biomphalysins in whole snails.  ����

Transcripts abundance for all 23 biomphalysins retrieved from RNAseq experiment performed ����

on two pools of 20 naive snails (Naive1/Naive2). Libraries from Naive1 and Naive2 samples ����

are highlighted in orange and green, respectively. Counts were normalized by upper-quartile ����

(UQ) division for each library. ����

B. Patterns of expression of biomphalysins in different snail tissues. ����
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Each table represents the presence of the 23 biomphalysin transcripts in each tissue by RT-����

PCR, from biomphalysin 1 in the upper left case to biomphalysin 23 in the lower right case of ����

each table. A green–colored case corresponds to a biomphalysin expressed in the tissue in at ����

least one of the 5 snails tested while an uncolored case indicates that the biomphalysin was ����

not expressed in any biological replicate tested. ����

 ����

Figure 9. Biomphalysin transcripts targeted by several miRNAs. ����

Prediction of miRNA targets were performed using miRanda software from snail miRNAs ����

previously characterized. All the 23 members of biomphalysin can be potentially targeted by ����

Biomphalaria glabrata miRNAs. miRNA target sites are located within CDS and UTR regions.     ����

 ����

Table 1. Best hit predicted for a structural alignment with the small lobes of each ����

biomphalysin. Prediction structure was performed using the I-Tasser server and the structure ����

alignment was realized between the first I-Tasser prediction and the most similar structure ����

templates in PDB. ����
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Top hit of I-TASSER structure prediction  

generated from the small biomphalysin lobe 

Biomphalysin 1 Human decay-accelerating factor  

Biomphalysin 2 Human Complement Factor H  

Biomphalysin 3 TM-score < 0.5 

Biomphalysin 4 TM-score < 0.5 

Biomphalysin 5 TM-score < 0.5 

Biomphalysin 6 TM-score < 0.5 

Biomphalysin 7 TM-score < 0.5 

Biomphalysin 8 CRY4Aa toxin  

Biomphalysin 9 TM-score < 0.5 

Biomphalysin 10 Human Complement factor B 

Biomphalysin 11 Human decay-accelerating factor

Biomphalysin 12 Complement Component C2b 

Biomphalysin 13 Apolipoprotein H  

Biomphalysin 14 Prediction score < 0.5 

Biomphalysin 15 Human Complement factor B 

Biomphalysin 16 Human Complement factor B 

Biomphalysin 17 Human Complement factor B 

Biomphalysin 18 Human decay-accelerating factor  

Biomphalysin 19 Complement Component C2b 

Biomphalysin 20 Complement Component C2b 

Biomphalysin 21 Complement Component C2b 

Biomphalysin 22 TM-score < 0.5 

Biomphalysin 23 CRY4Aa toxin  

 ����

 ����

 ����

 ����

 ����

 ����

 ����

Table 2. Biomphalysin identification revealed by an interactome approach between ����

pathogens and cell-free hemolymph.���

Peptide List M. luteus E. coli S. cerevisiae S. mansoni E. caproni 

LTDETQYQFTLTGK B2, B3, B4, B5, B6, B7   B2, B3, B4, B5, B6, B7 B2, B3, B4, B5, B6, B7 B2, B3, B4, B5, B6, B7 

FGDSSVPFYK B1, B2   B1, B2 B1, B2 B1, B2 

ADGDDLYFLK B1, B2, B3, B4, B7   B1, B2, B3, B4, B7   B1, B2, B3, B4, B7 
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ADGDDLYFLKK B1, B2, B3, B4, B7   B1, B2, B3, B4, B7   B1, B2, B3, B4, B7 

QSSITLGPMEAAK B1, B3 B1,B3

ASSPVTESIER B1, B3, B5, B6     B1, B3, B5, B6   

LEKVEGTSVNVK B1, B2 B1, B2

TTVPYTAIITTK     B1, B2, B3   B1, B2, B3 

SVIEDLQAESVDSGVLYNR B1, B2 B1, B2

SVIEDLQAESVDSG     B1, B2, B3     

CCTPAAKPLEMDEK B1, B2, B5

SISETQGFTK     B1     

FEYSTSTTNSK B1

TRFEYSTSTTNSK     B1     

YQVIMSK B1, B3

SISQTTGFTK         B2, B7 

# spots identified as 
biomphalysin 

3 1 3 3 3 

Min. # of biomphalysins 
involved 

2 1 2 2 1 

 ����

Additional material ����

Additional file 1. Accession number and genomic localization of biomphalysin genes ����

family ����

Additional file 2, Figure S1. Dot plot of the different biomphalysins and their ����

surrounding genomic regions. The first row and column represent all the biomphalysins ����

ordered from 1 to 23, followed by the (up to 20 kbp) genomic regions surrounding and including ����

the biomphalysin. Blue circle, conserved structure between biomphalysins 5 and 6. Green ����

circle, similarity region near biomphalysins 11 and 22. ����

Additional file 3. Identity score of nucleic and proteic alignement between all ����

biomphalysin members  ����

Additional file 4. Structural and protein sequence similarity between all biomphalysin ����

members and aerolysin toxin.  ����

Additional file 5, Figure S2. TMD characterization in biomphalysin proteins  ����

A. Multiple alignment of the region surrounding the transmembrane domain of all Biomphalysin ����

proteins was performed using the HHpred server. The Transmembrane Domain boxed in blue ����

was predicted using the PRED –TMBB server and confronted to the TMD of aerolysin protein ����
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(AFP82959) from Aeromonas hydrophyla. Hydrophylics (Ser and Thr) and Hydrophobics (Val, ����

Ile, Leu and Ala) are shown in red and blue respectively.  ����

B. A hydropathy plot of the predicted TMD from all Biomphalysin proteins was done by the ����

method of Kyte and DooLittle (1982). An alternation of hydrophilic and hydrophobic residues ����

was observed for all predicted TMD. For exemple, TMD sequence of biomphalysin 2 is given ����

in this plot.  ����

C. Structure of the TMD of biomphalysin 2 was predicted by the I Tasser server from the ����

complete sequence of the protein. Close view on TMD was generated by PyMOLWin. Beta ����

sheets represented by arrows forms a beta hairpin similar to the loop region in domain III of ����

aerolysin toxin. All Biomphalysins contains a transmembrane beta hairpin required to drive ����

membrane insertion. ����

Additional file 6, Figure S3. Phylogenetic analysis of the aerolysin domain. Expansion of ����

the analysis performed in Figure 3 but containing 246 additional bacterial sequences.  ����

Additional file 7. Number of sequences in 324 OTU's families recovered in 16S ����

metabarcoding analysis of naive B. glabrata microbiota.���

Additional file 8. Scores of structural alignment and prediction of each domain ����

separately (small lobe, aerolysin domain and whole sequence) and full list of the domain ����

matched by the analysis with the small lobe as a query. ����

Additional file 9. Total number of transcription factor motifs found in the upstream ����

regions of biomphalysins. ����

Additional file 10. Number of each individual transcription factor motif found in the ����

upstream regions of biomphalysins. ����

Additional file 11. miRanda output detailing the miRNA, the targeted gene and the ����

associated scores. ����

Additional file 12. Accession numbers of the genes and proteins used for the ����

phylogenetic analysis shown in Figure 5 & Figure S3. ����

Additional file 13. Primers used to evaluate biomphalysin genes expression. ����

Additional file 14. Accession number of bacterial toxin used for GC% determination. ����
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Abstract:  37 

In the interaction between schistosomes and their vector snails, Biomphalaria sp., co-evolution is 38 

illustrated by a polymorphism of compatibility. Most of the time, infection phenotype varies from 39 

compatible in sympatry to incompatible in allopatry, as expected by the “host-parasite local adaptation 40 

hypothesis” that predicts sympatric interactions to perform better than allopatric ones. However, 41 

similar prevalence/intensity phenotypes could be observed between sympatric and allopatric 42 

combinations, in these cases would it be concluded to the absence of local adaptation?43 

To answer this intriguing question, we used an integrative approach from the molecular mechanisms 44 

to population phenotypes. Dual-comparative approaches were used to investigate the molecular 45 

mechanisms of sympatric and allopatric interactions, all displaying similar compatible phenotypes. 46 

Snail-RNAseq analyses revealed that infection triggered an immuno-suppression in sympatry, and the 47 

activation of immunity in allopatry. This difference in immune cellular response activation between 48 

sympatric and allopatric combinations was confirmed by hemocyte microscopy and flow cytometry. In 49 

addition, parasite-RNAseq analyses revealed that the sympatric parasite mounts an efficient infection 50 

program resulting in such host immuno-suppression. We demonstrate the ability for the sympatric 51 

parasite to hijack host immune response using miRNAs. Therefore, the effect of host immune 52 

response on parasites was thus reduced in sympatric interaction resulting in the early and efficient 53 

initiation of developmental program for sympatric parasites.  54 

Using sympatric and allopatric interactions, we were able to demonstrate that the “host-parasite local 55 

adaptation hypothesis”, which has often been questioned for prevalence or infectivity phenotypes, can 56 

hold true at the molecular level in snail/schistosome interactions. 57 

 58 

Key Words: local adaptation, host-parasite interaction, transcriptomic, immunity 59 

 60 

Introduction:  61 

High selective pressures occurred in host-parasite systems driving the evolution or adaptation of their 62 

life history traits (Minchella 1985; Howard 1991). Thus, host/parasite interactions represent good 63 

models for investigating evolutionary concepts or theories.  64 

Schistosomiasis is the second most widespread human parasitic disease after malaria and affects over 65 

200 million people worldwide (WHO 2010). Schistosoma mansoni (Platyhelminthes, Lophotrochozoa) 66 

causes intestinal schistosomiasis. As is true for all trematode species, a schistosome needs a mollusc to 67 

act as its first intermediate host, where it undergoes part of its life cycle before infecting humans. 68 

Patently infected snails support the continuous production of hundreds of generations of cercariae, the 69 

free-living human-infective stage of the parasite. Snail-parasite immunobiological interactions and the 70 

molecular mechanisms by which snails and schistosomes interact represent major driving forces of 71 

their reciprocal evolution. Biomphalaria / Schistosoma compatibility is based on a complex 72 

phenotype-to-phenotype or matching-phenotype model (Basch 1976; Theron, et al. 1997; Mitta, et al. 73 
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2012; Theron, et al. 2014). The success or failure of the infection of B. glabrata by S. mansoni reflects 74 

a complex interplay between the host’s defense mechanisms and the parasite’s infective strategies. In 75 

the past 15 years, the molecular basis of this compatibility polymorphism has been investigated at the 76 

genomic (Goodall, et al. 2006; Bonner, et al. 2012; Tennessen, et al. 2015), transcriptomic (Lockyer, 77 

et al. 2004; Lockyer, et al. 2007; Roger, Grunau, et al. 2008; Ittiprasert, et al. 2010; Lockyer, et al. 78 

2012; Galinier, et al. 2017), proteomic (Hahn, et al. 2001; Bender, et al. 2007; Myers, et al. 2008; 79 

Roger, Mitta, et al. 2008; Mone, et al. 2010; Galinier, et al. 2013; Larson, et al. 2014; Pila, et al. 2016)80 

and epigenomic levels (Ittiprasert, et al. 2009; Ittiprasert and Knight 2012; Perrin, et al. 2012; Bridger, 81 

et al. 2014; Knight, et al. 2015; Nelson, et al. 2016). These studies have revealed that various 82 

molecules and pathways involved in immune recognition (snail immune receptors versus parasite 83 

antigens), immune effector/anti-effector systems, and immune regulation/activation participate in a 84 

complex interplay that governs the (mis)match of host and parasite phenotypes (Portet, et al. 2017). 85 

This complex phenotype-by-phenotype interaction (compatibility polymorphism) varies between 86 

populations and individuals resulting in a "multi-parasite susceptibility" or "multi-host infectivity" 87 

phenotypes (Theron, et al. 2014) that reflect between-population variations in parasite 88 

infectivity/virulence and host defense/resistance (Tack, et al. 2012; Osnas, et al. 2015). This variation 89 

may be adaptive, suggesting that there may be local adaptation between host and parasite (Thrall, et al. 90 

2002; Laine 2005; Greischar and Koskella 2007; Koskella 2014; Penczykowski, et al. 2015). In B. 91 

glabrata/Schistosoma sp. models numerous sympatric and allopatric combinations have been tested; 92 

and the results have shown that: (i) different B. glabrata laboratory strains (or isolates) show various 93 

degrees of susceptibility to S. mansoni infection and (ii) different strains of S. mansoni display 94 

different levels of infectivity towards a particular strain of snail host (Richards 1975; Basch 1976; 95 

Theron, et al. 1997; Prugnolle, et al. 2006; Theron, et al. 2014). The general assumption is that the 96 

parasites, which have a shorter generation time, larger population sizes and higher reproductive 97 

outputs, are ahead in this co-evolutionary conflict and are therefore more likely to locally adapt to98 

their hosts (Frank 1996; Kawecki and Ebert 2004). This is exactly what is stated by the “host-parasite 99 

local adaptation hypothesis”, in which the sympatric parasite is supposed to perform better than the 100 

allopatric one (Lively 1989; Ebert 1994; Kawecki and Ebert 2004; Kalbe, et al. 2016). Local 101 

adaptation in B. glabrata/Schistosoma models has been investigated by comparing mostly two cases: 102 

the sympatric/compatible and the allopatric/incompatible host-parasite association. However sometime 103 

infectivity phenotypes were the same comparing sympatric and allopatric combinations, and thus they 104 

did not fulfill the "local versus foreign" criterion of the “host-parasite local adaptation hypothesis” 105 

(Morand, et al. 1996; Osnas and Lively 2004; Prugnolle, et al. 2006). Such discrepancy could be due 106 

to the scale of analyses and/or the proxies used to evaluate the compatibility phenotypes. Indeed, 107 

compatibility phenotypes have been investigated mostly in terms of parasite infectivity or 108 

pathogenicity toward snail hosts, but to our knowledge very few studies have investigated the 109 

molecular basis of local adaptation in host/parasite interactions (Mone, et al. 2010; Mone, et al. 2011; 110 
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Robertson, et al. 2017). Moreover, the outcome of a host-parasite encounter depends on the host and 111 

parasite's genotype/phenotype matching; such interactions have mainly been examined using 112 

theoretical models (Kamiya, et al. 2016; Nuismer and Dybdahl 2016), and few studies have tested 113 

both sides of the interaction at the molecular level (Mone, et al. 2011; Penczykowski, et al. 2015). 114 

Hence, in order to bridge these gaps, we herein conducted an integrative approach for studying 115 

sympatric/allopatric-local adaptation interactions using dual-comparative approaches at the molecular 116 

level on both host snails and parasite schistosomes. 117 

In the present study we set out to analyze the compatibility between South American snail strains 118 

originating from Recife Brazil or from Guacara Venezuela in combination with three different parasite 119 

isolates that displayed nearly the same infectivity status (almost same prevalence and intensity of 120 

infection): (i) S. mansoni Recife Brazil, (ii) S. mansoni Guacara Venezuela (both sympatric and 121 

allopatric, narrow geographic scale), and (iii) S. rodhaini from Burundi Africa (allopatric, large 122 

geographic and phylogenetic scales). Thus even if compatibility phenotypes (prevalence/intensity) are 123 

similar, the characterization of the underlying molecular mechanisms of local adaptation demonstrates 124 

a totally different immunobiological dialogue between B. glabrata vector snails and their sympatric or 125 

allopatric schistosome parasites at the cellular and molecular scales.  126 

 127 

Results 128 

A whole-snail transcriptomic approach for investigating the molecular basis of the innate 129 

immune response in the sympatric and allopatric contexts 130 

To the best of our knowledge very few studies have investigated the molecular basis of local 131 

adaptation in host/parasite interactions (Robertson, et al. 2017). Moreover, the previous studies were 132 

conducted on a limited set of candidate genes using targeted approaches (i.e. quantitative PCR). Here, 133 

we used a powerful global approach to identify the differentially regulated transcripts in snails of a 134 

single B. glabrata strain under infection by three sympatric or allopatric compatible strains or species135 

of the parasite, Schistosoma sp. The global transcript representation was analyzed using the previously 136 

described RNAseq pipeline developed in our laboratory (Dheilly, et al. 2015; Pinaud, et al. 2016; 137 

Galinier, et al. 2017). The BgBRE snail host had the same prevalence and intensity phenotypes when 138 

exposed to the SmBRE, SmVEN or Srod parasites (see Materials and Methods section). To compare 139 

the host responses during the sympatric or allopatric interactions, we used the DEseq2 software to 140 

analyse the response of duplicate BgBRE control strains (uninfected BgBRE1 and BgBRE2) to the 141 

sympatric and allopatric conditions. Of the 159,711 transcripts of the BgBRE transcriptome, 1,895 142 

(1.2%) were differentially represented in all sympatric and allopatric conditions compare to naive 143 

snails (table 1, supplementary fig. S1). We performed automatic Blast2GO annotation and discard the 144 

non-annotated transcripts, and retained 1,017 annotated transcripts (53.7% of the differentially 145 

represented transcripts). Finally, as we were interested in the innate immune response of the snail to 146 

the sympatric and allopatric parasites, we focused on transcripts known to have immune-related 147 
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functions. Of the annotated differentially expressed transcripts, 336 were identified as being immune-148 

related; this subset corresponded to 17.7% of all differentially represented transcripts. The Heatmap 149 

generated for all differentially represented transcripts was presented in supplementary fig. S1. 150 

 151 

 152 

Fig. 1: Dual-RNAseq of Biomphalaria immune-related transcripts153 

 154 

Venn diagrams were used to highlight the relationships of the transcripts that were differentially 155 

represented in the B. glabrata and Schistosoma sp. interactions. Overall, 189, 180, and 164 transcripts 156 

were differentially represented in the BB (BgBRE/SmBRE, sympatric), BV (BgBRE/SmVEN, 157 

allopatric), and BR (BgBRE/Srod, allopatric) interactions, respectively (fig. 1A). Of the selected 158 

transcripts, 40 were shared by the BB, BV and BR interactions (fig. 1A), and displayed globally the 159 

same differentially expressed pattern of expression (fig. 1B, cluster 1). These transcripts may 160 

correspond to the snail’s basal immune response against Schistosoma parasites. 161 

Of the 140 transcripts exclusive to the BB interaction, which represented 74.1% of the immune 162 

transcripts found to be differentially represented in this interaction (fig. 1A), 100% were under-163 

represented at 24 h post-infection, and 74.6% of these transcripts were observed exclusively at this 164 

time point (fig. 1B, cluster 5).165 
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Very similar transcript expression patterns were observed for the two allopatric interactions (BV and 166 

BR). Clusters 6 and 7, comprising only 28 and 11 transcripts, were exclusive to BV and BR, 167 

respectively. In BV interaction (fig. 1B, cluster 6), at 96 h after infection 96.5% of the transcripts were 168 

expressed: 22% over-represented. In BR interaction (fig. 1B, cluster 7), 100% of the transcripts were 169 

expressed at 96 h after infection: 82% over-represented. Of the 108 transcripts shared by BV and BR 170 

(cluster 3, representing 60% and 65.9 % of the transcripts, respectively) (fig. 1A; fig. 1B, cluster 3), 171 

98.1% were expressed at 96 h post-infection: 28.2% over-represented (fig. 1B, cluster 3).172 

Altogether, these results show that the host immune-related transcriptomic response differed widely 173 

between the sympatric and allopatric interactions. While most of the selected transcripts were 174 

differentially represented (all under-expressed) at 24 h after infection in sympatry, the majority of 175 

differentially represented transcripts (one third over-expressed) were seen at 96 h in allopatry. 176 

Moreover, the sympatric interaction was associated with a strong immunosuppression (fig. 1B, cluster 177 

5), whereas allopatry yielded an activation of the immune response (fig. 1B, cluster 3).  178 

We next questioned whether the transcripts that exhibited different regulation between the sympatric 179 

and allopatric interactions might represent different functional categories. To test this, we realized an 180 

automatic annotation with Blast2GO (supplementary table S2) and we distributed the relevant 181 

differentially expressed immune transcripts into the groups of immune recognition molecules, immune 182 

effectors, and immune signaling molecules (fig. 1C), and then subdivided these groups into functional 183 

categories (fig. 2). In the BB sympatric interaction, immune recognition molecules, immune effectors 184 

and immune signalling pathways correspond to 13.1%, 18.3% and 4.2% respectively (sums of all 185 

relevant transcripts at all infection time points). Among the transcripts distributed into these groups, 186 

89.0% were under-represented. In the BV allopatric interaction, the three groups corresponded 187 

respectively to 10.8%, 12.9% and 8.6% and among them 65.9% were under-represented. Finally, in 188 

the BR allopatric interaction, they correspond to 12%, 12.5% and 7.8% and 62.5% of them were 189 

under-represented. When we compared the percentage of each immunological group in the sympatric190 

and allopatric interactions, no specific subset was particularly repressed in the BB sympatric 191 

interaction (fig. 1C; fig. 2). In fact, different immune transcripts (grey and black diamond in fig. 2) 192 

belonging to the same immune functions showed similar differentially regulations following sympatric 193 

and allopatric infections (fig. 2). 194 

 195 

 196 
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 197 

Fig. 2: Differentially represented immune-related transcripts in sympatric and allopatric interactions.198 

 199 

The differentially regulated transcripts belonging to the three immunological groups (fig. 2) were 200 

largely involved in immune cellular responses, cell adhesion, extra cellular matrix component, cell 201 
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migration, cell differentiation and cell proliferation. All of these functions were under-represented in 202 

sympatric interaction (76%), whereas many were over-represented in allopatric ones (39%) (fig. 2). 203 

 204 

Immune cellular responses in the sympatric and allopatric contexts 205 

As the transcriptomic approach indicated that multiple immunobiological functions seems to be 206 

altered in the host response during the interaction with the parasites, we next investigated whether 207 

some differences in immune responses in sympatric versus allopatric infections could be seen at the208 

cellular level. Hemocytes are the snail immune cells that participated directly in the immune response 209 

against the parasites, and immune cells activation under an immunological challenge can translate into 210 

cell proliferation and/or cell morphology modifications. 211 

Thus to investigate such immune cell activation, cell proliferation was quantified using EdU nuclear 212 

labelling (fig. 3). The EdU is a nucleoside analogue of thymine incorporated into DNA during DNA 213 

synthesis. This incorporation reflects the mitotic activity of hemocytes. As the two tested allopatric 214 

interactions appeared extremely similar at the transcriptomic level, we compared only the BV 215 

(allopatric) interaction and BB (sympatric) interaction for further analyses. Circulating hemocytes 216 

recovered in snail hemolymph were EdU-labelled in-vitro to identify mitotic circulating hemocytes 217 

(fig. 3A). Edu-positive hemocytes were quantified using confoncal microscopy examination and 218 

showed that hemocyte proliferation was induced by 2 fold following Schistosoma infection in BV 219 

compared to BB (fig. 3B). Twenty-four hours after infection, proliferative circulating cells increase 220 

significantly in BV, with 5.2% of proliferative cells compared to BB with 2.6% (Fisher exact test two-221 

tailed p = 7.6 e10-6) (fig. 3B). Moreover, this result demonstrates for the first time that “circulating” 222 

hemocytes are able to proliferate following Schistosoma infections.  223 

 224 

  Fig. 3: Microscopic investigation of snail hemocyte proliferations 225 

Hemocyte proliferation was assessed using flow cytometry after in-vivo EdU-labelling (fig. 4A). At 226 

24h after infection, the rate of proliferating cells was increased significantly (Mann Whitney U test: 227 
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U=36; z = -2.8; p = 0.0022) by more than two fold between the allopatric and sympatric interactions, 228 

4.2% compared to 1.8% respectively. At 96 h after infection, there were fewer proliferating cells: the 229 

percentage of proliferating hemocytes was similar in sympatric BB interaction compared to the control 230 

(1%, Mann Whitney U test: U=17; z=-0.27; p = 0.3936), while remaining somewhat higher in 231 

allopatric BV interaction (2.3%, Mann Whitney U test: U=0; z=2.65; p = 0.009). 232 

To confirm that our observations were related to the type of interaction rather than to a strain effect, 233 

we performed the same experiments using BgVEN as the host (fig. 4B). The rate of proliferating234 

hemocytes increased significantly (Mann Whitney U test: U=36; z=-2.8; p = 0.0022) by more than 3 235 

fold between the allopatric (VB: BgVEN/SmBRE) and the sympatric (VV: BgVEN/SmVEN) 236 

interactions at 24 h after infection (6.8% compared to 2.0% respectively). At 96 h after infection, both 237 

rates were decreased, albeit more for VV (0.1%, Mann Whitney U test: U=2; z=2.48; p = 0.013) than 238 

for VB (2.7%, Mann Whitney U test: U=36; z=2.8; p = 0.0022). These results similar to the one 239 

observed for BgBRE interactions confirmed that the effects observed at the cellular level were related 240 

to the type of interactions (sympatric versus allopatric) but not to the host or parasite strains used. 241 

 242 

  Fig. 4: Flow cytometric investigation of the hemocyte response in sympatric and allopatric interactions 243 

244 

In addition to the mitotic activity, hemocyte morphology was estimated using flow cytometry by 245 

measuring their size and granularity. We analysed the circulating hemocyte populations in non-246 

infected versus infected snails in two B. glabrata snail strains (BgBRE and BgVEN) in sympatric and 247 

allopatric interactions with parasites (fig. 4C and 4D). Morphology and heterogeneity of circulating 248 

hemocytes varied in a similar manner between BgBRE and BgVEN snails subjected to infection (fig. 249 

4C and 4D) and we observed infection-related differences in cell morphology. In non-infected snails, 250 
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the content of circulating hemocytes was very heterogeneous, but appeared to represent a single 251 

population that exhibited the continuous gradient of size and granularity (fig. 4C and 4D), which is 252 

typical of B. glabrata hemocytes (Baeza Garcia, et al. 2010). However, hemocyte population's 253 

heterogeneity changed quickly after infection. In allopatric interactions, 24 h after infection (fig. 4C, 254 

BV24, and 4D, VB24) two populations could be distinguished: a population P1 (corresponding to that 255 

seen in non-infected snails) and a population P2 (a new population). P2 cells exhibited increased 256 

granularity, retained a high degree of size variability, and showed a mitotic activity, as indicated by 257 

EdU labeling (fig. 4C and 4D, red dots). This profile was transitory, with the P2 population 258 

disappearing by 96 h after infection (fig. 4C, BV96, and 4D, VB96). Altogether, these results show 259 

that, upon infection, the snail circulating immune cells exhibit a particular population dynamics with 260 

transient increased of the mitotic activity associated with morphology modifications that are likely to 261 

be involved in the host defense response against the parasite during interactions. Moreover, this 262 

response of the immune cells appears to be exacerbated in allopatric interactions when compared with 263 

sympatric interaction. 264 

 265 

Schistosoma growth and development in Biomphalaria tissues  266 

 Parasite development 267 

To investigate the development of S. mansoni in B. glabrata tissues, we examined the fate of 268 

sporocyst into sympatric and allopatric compatible interactions using a histological approach. For both 269 

interactions, miracidia were able to penetrate, transform into primary sporocysts (SpI), and develop. 270 

At 24 h after infection, we observed a significant difference (Mann Whitney U test: U=40; z=4.33; p = 271 

1.42 e10
-6

) in the size of sporocyst from sympatric parasites (11,838 µm
2
 average size) versus 272 

allopatric parasites (7,402 µm2 average size) (fig. 5). This difference was no longer seen at 96 h after 273 

infection (41,413 µm
2
 and 36,920 µm

2
, respectively, Mann Whitney U test: U=280; z=-1.31; p = 274 

0.1917) (fig. 5). These results show that during the early events following infection, the parasites275 

develop more slowly in allopatry compared to sympatry; thereafter, however, the allopatric parasites 276 

catch up quickly, such that no difference is seen at 96 h post-infection (fig. 5).  277 

 278 

 Fig. 5: Development of parasites into snail tissues  279 
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 Parasite transcript expression analysis 280 

In order to investigate the biological responses of the parasites within their host, dual RNAseq 281 

analyses allowed us to identify regulated transcripts from Schistosoma parasites during their intra-282 

molluscal development. The parasite-RNAseq data at 24 h after infection, revealed five clusters of 283 

differentially expressed genes from the sympatric (SmBRE) and the allopatric (SmVEN, Srod) 284 

parasite responses (fig. 6). The cluster 1 corresponds to genes highly expressed and cluster 5 weakly 285 

expressed for all parasites strains. The cluster 2 represents genes over-expressed in SmBRE versus286 

SmVEN and Srod. Clusters 3 contained genes over-expressed in SmBRE and SmVEN versus Srod 287 

and cluster 4 SmBRE and Srod versus SmVEN. In all clusters, the gene expression levels in SmBRE 288 

sympatric parasite are always greater than in the other allopatric parasites. We used automatic 289 

Blast2GO annotation to characterize 70% of the 351 genes present in the five clusters (supplementary 290 

table S3). According to the global Gene Ontology (GO): 70% of the annotated genes were involved in 291 

the general metabolism and growth, the translation processes, regulation of cellular processes and 292 

RNA biosynthesis; 25% were involved in molecular transports or cell organization; and 5% were 293 

involved in organism defense or response to stimuli. In all these clusters, we identified 6 parasite gene 294 

products that could be involved in parasite modulation or suppression of snail immunity; 295 

corresponding to heat shock proteins (fig. 6, clusters 1 and 2) (Knight, et al. 2015); glutathione-S-296 

transferase, NADH dehydrogenase subunit, and calreticulin (fig. 6, cluster 2) (Guillou, et al. 2007; 297 

Mone, et al. 2010; Raghavan, et al. 2013); Alpha-2-macroglobulin (fig. 6, cluster 4) (Ryu and Park 298 

2009); von willebrand factor type EGF with pentraxin domain (fig. 6, cluster 5) (Gilges, et al. 2000). 299 

These particular genes could be involved in the strategy used by the parasite to ensure its development 300 

and growth within host tissues.  301 

 302 

 303 

304 

 305 

 306 

 307 

 308 

 309 

Fig. 6: Clustering of intra-molluscal Schistosoma expression patterns 310 

 311 

 Parasite microRNAs analysis 312 

The microRNAs (miRNAs) are known as non-coding small RNA (<24nt) able to regulate gene 313 

expressions. As we identified herein deep modification of transcriptional or post-transcriptional 314 

activities between sympatric and allopatric interactions, we investigated, in-silico, the potential 315 

presence of Schistosoma mansoni miRNAs in our parasite-RNAseq data. At 24 h post-infections, 54 316 
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miRNA precursors from miRBase were identified by high quality alignment scores with the different 317 

RNAseq read libraries (naïve BgBRE, BB24, BV24, BR24). To avoid cross-species misidentification, 318 

we selected precursors that were exclusively identified in infected samples and never identified in 319 

uninfected snails (naive BgBRE). Eleven miRNA precursors corresponding to Schistosoma mansoni 320 

were identified (fig. 7A). Eight of the parasite miRNA precursors were specific to the Brazil-infected 321 

libraries (BB24); two were specific of the Venezuela-infected libraries (BV24); and one was shared 322 

across the three infected conditions (BB24, BV24 and BR24). Although, we identify 49 miRNA323 

precursor sequences specific to S. mansoni (fig. 7B), unfortunately, we obtained solely 11 read 324 

alignments (100% nucleotidic similarity) that allowed to predict the mature miRNA form (eg. sma-325 

mir-2d-3p, sma-mir-190-3p) or only the precursor forms (sma-mir-8431). Then, in order to identify 326 

candidate sequences that could represent putative miRNA targets, we used the Miranda tool 327 

(supplementary table S4). Only RNA-RNA interactions that showed good scores for pairing (>140) 328 

and enthalpy (<-15 Kcal) were considered. The identified miRNAs were found to target anywhere 329 

from 2 targets for sma-mir-8456, to 50 targets for sma-mir-2d of the differentially expressed immune-330 

related transcripts identified in Fig. 1. The miRNAs identified under the sympatric conditions 331 

(SmBRE) were predicted to specifically target 43.5% of the differentially represented immune-related 332 

transcripts (fig. 1B, fig. 7) whereas 6.8% and 5.1% were targeted in allopatric conditions, SmVEN and 333 

Srod, respectively (figure 1B, fig. 7).). Altogether, these data suggested that only during sympatric 334 

interaction, the parasite may hijacks the host immune response at gene regulation level (from 335 

transcriptional, post-transcriptonal, translational and protein stability) by producing dedicated 336 

miRNAs. 337 

 338 

Fig. 7: In-silico identification of parasite miRNAs  339 
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 340 

Survival of snail following infection 341 

To examine the potential impact of allopatric or sympatric parasites on snail survival, we investigated 342 

the mortality rates of infected snails over 4 months. The survival rate was significantly higher for non-343 

infected snails compared to infected snails (sympatric interaction Kaplan-Meier Log Rank test p = 344 

1.39 e10
-5 

and allopatric interaction p = 0.0005). However, there was no significant difference in the 345 

mortality rates of snails subjected to sympatric versus allopatric interactions: at the end of the346 

experiment, the survival rates were 72% and 65% for the allopatric and sympatric interactions, 347 

respectively (Kaplan-Meier Log Rank test p = 0.243) (supplementary fig. S2). 348 

 349 

Supplementary fig. S2: Mortalities of B. glabrata snails after infections350 

 351 

DISCUSSION: 352 

In the natural environment, it is assumed that the parasitic genes responsible for infectivity will evolve 353 

alongside the host defense genes, resulting in adaptation of the interactions between local host and 354 

parasite populations (Dybdahl and Storfer 2003; Osnas and Lively 2005). In this context, 355 

local/sympatric parasites were expected to display greater infectiveness, reproductive success, and356 

virulence in host populations compared to foreign/allopatric parasites (Minchella 1985; Lively 1989; 357 

Ebert 1994, 1998). However, in some cases this rule may be contradicted, as certain allopatric 358 

parasite-host interactions have been reported to be significantly more compatibles than the 359 

corresponding sympatric combinations (Morand, et al. 1996; Greischar and Koskella 2007).  360 

To our knowledge, most of the previous studies on local adaptation in host/parasite systems focused 361 

on parasite infectivity (prevalence, intensity) and/or pathogenicity (severity of infection, host 362 

survival/mortality, host reproductive success) (Ebert 1994, 1998). We propose that it would be 363 

important to develop integrative analysis of local adaptation by paying a particular attention to the 364 

underlying molecular mechanisms (immuno-biological interactions) as well as investigating the 365 

infectivity or pathogenicity phenotypes to depict a unified theory of local adaptation. Local adaptation 366 

has often been investigated using either the “home vs. away host strategy”, wherein researchers 367 

compared the performance of a sympatric or allopatric host confronted with a single parasite 368 

population, or the “local vs. foreign parasite strategy”, wherein researchers compare the performance 369 

of a sympatric or allopatric parasite against a single host population (Greischar and Koskella 2007). 370 
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However, global and integrative approaches to distinguish the main host- and parasite related effects 371 

remain scares.  372 

Using field data, Morand et al. (1996) and Prugnolle et al. (2006) showed that although sympatric 373 

parasite-host combinations of schistosomes and snails do tend to be more compatible, as expected by 374 

the “host-parasite local adaptation hypothesis”(Minchella 1985; Lively 1989; Ebert 1994, 1998), there 375 

are exceptions wherein particular allopatric combinations are equally or significantly more 376 

compatibles. Similar results were obtained for the interactions of Brazilian and Guadeloupian snails377 

versus schistosomes (Mone, et al. 2011). The authors found that allopatric Guadeloupian parasites 378 

were not able to infect Brazilian snails; but Brazilian parasites were able to infect the allopatric 379 

Guadeloupian snails. Furthermore, this work demonstrated the presence of local adaptation between 380 

reactive oxygen species (ROS) and ROS scavengers in this system (Mone, et al. 2011). As some 381 

allopatric parasite-host populations may be equally or more compatibles than the corresponding 382 

sympatric combinations, it appears that certain Biomphalaria /Schistosoma interactions do not fulfill 383 

the “host-parasite local adaptation hypothesis”, in which the sympatric parasite is expected to perform 384 

better than the allopatric one.  385 

Those data highlight the necessity to adopt a broader view of local adaptation, using integrative 386 

approaches from the molecule to population phenotypes. Increasing the number of proxies used to 387 

characterize local adaptation processes would be particularly relevant. One of these proxies would be 388 

the molecular cross talk or immunological dialogue between the host and the parasite. Thus dual-389 

comparative approaches were used herein to simultaneously analyse the responses of Biomphalaria 390 

snails toward sympatric or allopatric strains of Schistosoma displaying similar compatibilities. 391 

Our RNAseq analysis demonstrated that the sympatric interaction (BB) triggered a huge 392 

immunosuppression reaction, twenty-four hours after the infection, that concerned three 393 

immunological processes: (i) immune recognition, (ii) effector and (iii) signalling pathways (fig. 1 and 394 

2). Conversely, for the allopatric interactions (BV and BR), the same immunological processes were395 

mostly over-represented indicating that the host immune response was activated at 96 h post-infection 396 

(fig. 1 and 2). Most of the differentially regulated transcripts were associated with immune cellular 397 

responses, particularly cell activation, migration, proliferation, or differentiation (fig. 2). A EdU 398 

labelling was used to detect proliferation and to confirm that more hemocyte proliferation was 399 

observed in allopatry compared to sympatry (fig. 3, 4A and 4B). The flow cytometry size scatter and 400 

granularity scatter analyses demonstrated that a new cell subpopulation (named P2) was observed 401 

exclusively following allopatric infection at 24 h (fig. 4C and 4D); P2 was characterized by an 402 

increased granularity and EdU-positive cells, indicating that the new P2 cell subtype could proliferate. 403 

Thereafter, global hemocyte proliferation decreased more rapidly in sympatric rather than in allopatric 404 

interactions (fig. 3 and 4). 405 

To confirm that the observed sympatric versus allopatric differences were not associated with a 406 

specific host or parasite strains, we conducted the same experiments using BgVEN snails as the host. 407 

�������������

�������������������������������������������������������������������������������������

�������������������������������

�
�
�
�
�
�
�
�
�
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��



���������������������������

 15 

The results obtained from infecting BgVEN with its sympatric (SmVEN, VV) and allopatric (SmBRE, 408 

VB) parasites were consistent with those described above (fig. 4B and 4D): hemocyte proliferation 409 

was higher in allopatry and the P2 population was observed exclusively in the VB interaction at 24 h 410 

after infection. These results confirmed that the observed sympatric and allopatric phenotypes 411 

reflected an overall process that did not depend on the strain of snail host or parasite used.  412 

The strong immunosuppression observed during the sympatric interaction versus the immune cell 413 

activation of allopatry would certainly results in differences in the capabilities of sympatric and414 

allopatric parasites to infect and grow in such hosts. This hypothesis was confirmed by our 415 

histological analysis of sporocysts development in snail tissues. We observed a significant difference 416 

in sporocyst size 24 h after infection (fig. 5), when sympatric sporocysts were one-third bigger than 417 

allopatric sporocysts. At 96 h after infection, in contrast, there was no size difference between 418 

sympatric and allopatric parasites (fig. 5), indicating that the allopatric parasites seem apparently to 419 

overcome this early delay in development. However, the consequences of this delay for duration of 420 

cercariae development, number of cercariae produced, cercariae infectivity and pathogenicity in 421 

vertebrate host, will deserve further investigations to conclude about a potential fitness cost between 422 

sympatric and allopatric parasites. 423 

We next used a dual-RNAseq approach to investigate transcript expression of the parasite by its intra-424 

molluscal stage (fig. 6). As the histological differences were solely observed at 24h after infection, we 425 

used dual-RNAseq to investigate the parasite expression patterns at the same time point of infection. 426 

Most of the identified infection-related parasite transcripts belonged to the processes of nucleotide 427 

metabolism, transcription and translation and cell differentiation, development, and growth. We also 428 

identified some transcripts with GO terms or functions related to immuno-modulation or immuno-429 

suppression (fig. 6 and supplementary table S4). Nearly all of the total identified transcripts were over-430 

represented in the sympatric interaction compared to the allopatric ones. Our results therefore suggest 431 

that the installation, development and growth of the parasite occurred much more rapidly in the 432 

sympatric combination perhaps because the parasite interfered efficiently with the host immune 433 

system. 434 

We next examined the generated dual-RNAseq libraries in an effort to identify whether sympatric 435 

and/or allopatric Schistosomes could hijack the host immune system. We confronted the dual-RNAseq 436 

data to the Schistosoma mansoni subset of miRBase to identify the presence of microRNAs (miRNAs) 437 

in our datasets. At 24 h after infection, several parasite miRNAs were identified and differentially 438 

expressed. As sRNAs and miRNAs are known to regulate numerous biological processes, including 439 

key immune response genes (Li, et al. 2017; Zawada, et al. 2017), we investigated the role played by 440 

these miRNAs on host immunobiological response to intruders. We identified some predicted targets 441 

of such schistosome miRNAs in the Biomphalaria immune reference transcriptome. We found that 442 

schistosomes miRNAs identified in the snails 24 h after sympatric infection may target 43.5% of the 443 

differentially regulated immune transcripts (fig. 7). In contrast, far fewer correspondences were 444 
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identified for the allopatric interaction (fig. 7). Recent work has demonstrated that circulating small 445 

non-coding RNAs from parasites have hijack roles against host metabolism, especially in the 446 

interaction of schistosomes with their vertebrate hosts (Nowacki, et al. 2015; Meningher, et al. 2017; 447 

Walzer and Chi 2017). Such non-coding RNAs could act as exogenous miRNAs to interfere with or 448 

circumvent the host immune system. These results and our findings show that parasite miRNAs might 449 

help subvert the snail’s immune defenses by targeting immune weapons or directly targeting genes 450 

that regulate innate cellular response.. Furthermore, our observation that more host immune genes451 

appear to be more targeted in the sympatric combination (fig. 7) demonstrates that miRNAs may act as 452 

potential support of local adaptation in the transcriptional regulation of a sympatric interaction 453 

between host and parasite. This hypothesis deserves further investigation; small RNA (<50pb) 454 

sequencing approach is actually on going to confirm the role of non-coding RNAs in host-parasite 455 

local adaptation processes.  456 

Compatibility reflects the outcome of complex immunobiological interactions and depends on: 457 

(i) the ability of the snail immune system to recognize and kill the parasite; and (ii) the ability of the 458 

parasite to circumvent or evade the host immune response (Van Der Knaap and Loker 1990; Guillou, 459 

et al. 2007; Mone, et al. 2010).  460 

Based on our present observations, we propose that sympatric and allopatric interactions trigger totally 461 

different responses. In the sympatric interaction, the parasite is able to induce a host 462 

immunosuppression within the first day of infection enabling it to quickly infect the host and readily 463 

begins to develop. This very efficient strategy reflects a close match between the host and parasite, 464 

originating from fine and complex local adaptation processes. In the allopatric interaction, the host's 465 

immune system immediately recognizes the parasite and mounts a potent immune response. Although 466 

the need to resist the immune system seems to disrupt the activation of the parasite’s developmental 467 

program during the first day of infection, however the allopatric parasite seems able to circumvent the 468 

host immune response and develops in the snail tissues, such that no significant between-interaction 469 

difference is seen at 96 h post-infection. Indeed, one major objective of the parasite is to block and/or 470 

resist to the innate immune response of the host organism, however, this is not exclusive. Parasites 471 

may also hijack more globally the host to their own benefit. Herein we demonstrate that the global 472 

transcriptomic activity in sympatry was repressed whereas is not the case in allopatry (supplementary 473 

fig. S1). The down-regulation of immunity in sympatry would thus appear as a collateral effect of the 474 

overall parasite control of host's transcriptional and post-transcriptional programs.475 

Host tolerance would be also a possibility to explain the limited sympatric host immune response. 476 

Tolerate the parasite would be an interesting host strategy to avoid host damages and costs induced by 477 

the deleterious activity of the immune system. However, parasite immune-modulatory molecules and 478 

miRNAs were identified in the parasite RNAseq data (fig.6 and 7, table S4), arguing for a direct 479 

strategy of locally adapted parasites in this case. 480 

 481 
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 482 

 483 

 484 

 485 

 486 

 487 

488 

 489 

Supplementary fig. S1: Clustering of all differential represented transcripts 490 

 491 

Our results collectively suggest that the sympatric interaction exhibits a fine scale local adaptation 492 

within the first hours of interaction whereas the less well-adapted allopatric parasites seems to activate 493 

an early immune response that must be circumvented before they can develop in the snail host's 494 

tissues. Thereafter, in the medium- or long-term, there are no observable differences in the prevalence, 495 

intensity, or snail survival of sympatric and allopatric interactions (supplementary table S1, 496 

supplementary fig. S2). Our present work shows that analyses of specific differences in parasite497 

infectivity and/or host susceptibility would benefit from being associated with molecular approaches 498 

to reveal local adaptation in snail/parasite interactions. If we hope to draw conclusions regarding the 499 

existence of local adaptation, we need to develop integrative approaches to explore fine-scale patterns 500 

of host-parasite interactions, studying the relevant factors at the relevant timing. We must consider the 501 

spatial scale at which comparisons are made, the patterns of disease occurrence, the population 502 

genetics, the physical barriers believed to reduce gene flow across the landscape, (Penczykowski, et al. 503 

2015), and the involvements of physiological, immunological, and molecular processes. 504 

When possible, researchers should also analyse the evolutionary history of the host/parasite 505 

association. Schistosomes originated in Asia, reached Africa 12 to 19 million years ago (MYA), and 506 

gave rise to all Schistosoma species known in Africa (Lockyer, et al. 2003). S. mansoni diverged from 507 

S. rodhaini around 2.8 MYA (Morgan, et al. 2005; Crellen, et al. 2016), and thereafter, 400 to 500 508 

years ago, colonized South America since the slave trade of the 16
th
-19

th
 Centuries (Lockyer, et al. 509 

2003; Crellen, et al. 2016). This colonization of South America by S. mansoni was rendered possible 510 

by the presence of the snail host: Biomphalaria glabrata. All African species of Biomphalaria are 511 

monophyletic and seem to have originated from paraphyletic South American clades (Campbell, et al. 512 

2000; DeJong, et al. 2001; Theron 2005). The ancestor of B. glabrata appears to have colonized 513 

Africa 1 to 5 MYA, giving rise to all to all 12 species of Biomphalaria known today in Africa 514 

(Morgan, et al. 2001). In South America and Caribbean Island, S. mansoni infects B. glabrata; in515 

Africa, it infects mostly B. pfeifferi and B. alexandrina.  516 

We found that South American S. mansoni parasites are highly compatibles with their sympatric South 517 

American snail hosts, whereas African S. mansoni parasites are incompatible (supplementary table 518 
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S1). This reflects that local adaptation has occurred in South America over the 400 to 500 years of 519 

sympatric evolution. Interestingly, the South American parasites did not lose their compatibility for 520 

African snail hosts (i.e., they performed equally as well as African parasites in African snails) 521 

(supplementary table S1). This could be interpreted as an absence of local adaptation if we failed to 522 

consider the recent African origin of the parasite, which have not yet diverged sufficiently in South 523 

America to lose their compatibility for their original African snail hosts. These observations 524 

highlighted that local adaptation is an evolutionary process that occurs over time. 500 years of co525 

evolution drive a very fine adaptation process at the molecular level in sympatry, but seems not 526 

sufficient for parasites for having lost their compatibility with ancestral hosts. 527 

Our work shows that it can be difficult to detect local adaptation in host-parasite interactions. 528 

Such studies need to be integrative and carefully designed, and should yield a highly detailed 529 

overview of the interaction, from the levels of population phenotypes to molecular processes. How 530 

infectious agents divert or modify host metabolism and signalling/trafficking pathways to gain 531 

selective advantages is the good question. This should allow us to conclude about the presence or 532 

absence of local adaptation in host-parasite biological systems. 533 

 534 

Materials and Methods 535 

Ethical statements 536 

Our laboratory holds permit # A66040 for experiments on animals, which was obtained from the 537 

French Ministry of Agriculture and Fisheries and the French Ministry of National Education, 538 

Research, and Technology. The housing, breeding, and care of the utilized animals followed the 539 

ethical requirements of our country. The experimenter possesses an official certificate for animal 540 

experimentation from both of the above-listed French ministries (Decree # 87–848, October 19, 1987). 541 

The various protocols used in this study have been approved by the French veterinary agency of the 542 

DRAAF Languedoc-Roussillon (Direction Régionale de l'Alimentation, de l'Agriculture et de la543 

Forêt), Montpellier, France (authorization # 007083). 544 

 545 

Biological materials  546 

Two snail strains of Biomphalaria glabrata were used in this study: the albino Brazilian strain, 547 

(BgBRE) and the Venezuelan strain, (BgVEN). They were exposed to infection by a Brazilian 548 

(SmBRE) or Venezuelan (SmVEN) strains of Schistosoma mansoni, or by another Schistosoma 549 

species, S. rodhaini (Srod). All host and parasite strains of each different geographical origin were 550 

recovered in the same locality and maintain in the laboratory always on their sympatric snail hosts. 551 

The Brazilian strain originates from the locality of Recife, the Venezuelan strains of snail and parasite 552 

were recovered from the locality of Guacara and African species, Schistosoma rodhaini originates 553 

from Burundi. These Schistosoma isolates/species were selected because they exhibited similar 554 

infectivities toward BgBRE or BgVEN strains (see prevalence and intensity in supplementary table 555 
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S1). Prevalence of SmBRE and SmVEN for the African vector snail Biomphalaria pfeifferi from 556 

Senegal (BpSEN), and prevalence of the corresponding parasite SmSEN on South American snails 557 

were also tested (supplementary table S1).  558 

 559 

RNAseq experimental protocol 560 

One hundred and twenty BgBRE snails were infected with SmBRE, SmVEN or Srod. Each snail was 561 

individually exposed for 12 h to 10 miracidia in 5mL of pond water. For each experimental infection,562 

20 snails were recovered at 24 and 96 h after infection. The samples were named as follows: BB24, 563 

BB96 for BgBRE infected with SmBRE; BV24, BV96 for BgBRE infected with SmVEN; and BR24, 564 

BR96 for BgBRE infected with Srod. Two pools of 30 uninfected BgBRE snails (Bre1 and Bre2) were 565 

used as controls.  566 

   - Whole-snail RNA extraction and sequencing  567 

Total RNA was extracted using TRIZOLⓇ (Sigma Life Science, USA) according to the 568 

manufacturer’s instructions. Sequencing was realized in paired-end 72-bp read lengths, using an 569 

Illumina Genome Analyzer II (MGX-Montpellier GenomiX, Montpellier, France).  570 

   - De novo transcriptome assembly 571 

De novo transcriptome assembly, using all time points, was performed using an in-house pipeline 572 

created with the Velvet (1.2.02), Oases (v0.2.04), and CD-HIT-EST (v4.5.4) programs. The assembly 573 

of consensus reference transcriptome was optimized using various parameters, including k-mer length, 574 

insert length and expected coverage, as previously described (Dheilly, et al. 2015; Pinaud, et al. 2016). 575 

A de novo transcriptome was created and contained 159,711 transcripts.576 

   - Differential expression analysis 577 

High-quality reads (Phred score >29) were aligned to the de novo transcriptome using Bowtie2 578 

(v2.0.2), which was run locally on a Galaxy server. The DESeq2 (v2.12) software was used to identify 579 

differential transcript representation between uninfected (Bre1 and Bre2) and infected conditions (p 580 

value < 0.1) (Pinaud, et al. 2016). A Venn diagram was generated using the Venny 2.1 software to 581 

highlight which differentially expressed transcripts were specific to a certain interaction versus shared 582 

between them. A heatmap was then created to analyze transcript expression patterns, using log2 Fold 583 

Change with Hierarchical Ascending Clustering (HAC) and Pearson correlation (uncentered) as 584 

applied by the Cluster (v3.0) and Java TreeView (v1.1.6r4) softwares packages. The differentially 585 

represented transcripts were functionally classified using a BlastX analysis with the cutoff set to e-586 

value < 1e-3 (NCBI dataset; thanks to the Roscoff Datacenter Cluster, UPMC) and gene ontology was 587 

assigned using Blast2GO (v3.0.8) (supplementary table S2).  588 

Innate immune cellular response analysis: microscopy and flow cytometry 589 

A total of 105 BgBRE and 90 BgVEN were used. Snails were infected as described above, using 590 

either SmBRE or SmVEN parasites. For each experimental infection, snails were recovered at 24 and 591 

96 h after infection, and designated as follows: BB24 and BB96 for BgBRE infected with SmBRE; 592 
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BV24 and BV96 for BgBRE infected with SmVEN; VV24 and VV96 for BgVEN infected with 593 

SmVEN; and VB24 and VB96 for BgVEN infected with SmBRE. Snails of each strain (BgBRE and 594 

BgVEN) were recovered and used as controls.  595 

 - Hemocyte proliferation analysis: microscopy  596 

For our microscopic analysis, 12 infected BgBRE (6 BgBRExSmBRE and 6 BgBRExSmVEN) and 3 597 

naive BgBRE are used. The hemocytes of 3 snails were counted by condition at 24h and 96h after 598 

infection. The proliferation of circulating hemocytes was studied by using a Click-iT EdU Alexa Fluor599 

488 Flow Imaging Kit (Molecular Probes). At each time point, circulating hemocytes were recovered 600 

by direct puncture after foot retraction and 1mM of EdU solution was added to the hemolymph. Three 601 

hours later, the amount of EdU incorporated by the circulating hemocytes was visualized in-vitro after 602 

fixation of the cells and performing a covalent coupling of Alexa Fluor 488 to the EdU residues trough 603 

a click chemistry reaction flowing manufacturer indications, then nuclei of hemocytes were 604 

counterstained with DAPI (Biotum) staining, and the sample was subjected to confocal microscopy 605 

using a Zeiss LSM 700, with 4 lasers (405, 488, 555 and 633 nm). Positive cells were counted and 606 

between-sample differences in the percentage of proliferation were tested using a Fisher exact test, 607 

with significance accepted at p value<0.05. 608 

 - Hemocyte proliferations and population profiles analysis: flow cytometry 609 

For flow cytometry analysis, 72 infected BgBRE or BgVEN (36 infected by SmBRE and 36 infected 610 

by SmVEN) and 18 naïve BgBRE or BgVEN are used. Six biological replicates (pools of 3 snails per 611 

replicate) were realised for each conditions. Flow cytometry was used to profile and assess the 612 

proliferation of circulating hemocytes using Click-iT EdU Alexa Fluor 647 labelling (Molecular 613 

Probes). At each time point, 1mM of EdU solution was injected into pericardial cavity of each snail. 614 

Three hours later six replicates of 3 snails were collected, and the hemolymph was extracted from the 615 

head-foot according to standard procedures (Sminia and Barendsen 1980). The hemolymphe was 616 

pooled from the three snails, and 100 µl were subjected to analysis with the above-listed kit, according617 

to the manufacturer’s instructions, the percentage of proliferative cells was calculated by flow 618 

cytometry.  619 

The hemocytes were profiled along the course of infection using Side Scatter Chanel (SSC) to 620 

estimate cell granularity and Forward Scatter Chanel (FSC) to estimate cell size. The cell repartition 621 

along these two parameters enables to identify cell sub-populations. The flow cytometry was 622 

performed using a FACSCanto from BD Biosciences (RIO Imaging Platform, Montpellier, France). 623 

For each sample, 10,000 events were counted. The results were analyzed with the FlowJo V 10.0.8 624 

software. Between-group differences in the percent of proliferation were tested using the Mann-625 

Whitney U-test, with significance accepted at p value<0.05. 626 

 627 

Histological procedures 628 

BgBRE snails (n=8 per group) were infected as described above with either SmBRE or SmVEN 629 
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parasites. For each experimental infection time point, at 24 and 96 h after infection, two snails were 630 

fixed in Halmi’s fixative (4.5% mercuric chloride, 0.5% sodium chloride, 2% trichloroacetic acid, 631 

20% formol, 4% acetic acid and 10% picric acid-saturated aqueous solution). Embedding in paraffin 632 

and transverse histological sections (3-µm) were performed at the RHEM platform (Montpellier, 633 

France). The slides were stained using Heidenhain’s azan trichromatic staining solution as follows: (i) 634 

serial re-hydration was performed in toluene followed by 95%, 70%, and 30% ethanol and then 635 

distilled water; (ii) coloration was performed using azocarmine G (70% ethanol, 1% aniline, 1% acetic636 

alcohol, distilled water, 5% phosphotungstic acid, distilled water, Heidenhain’s azan) and (iii) serial 637 

dehydration was performedusing 95% ethanol, absolute ethanol, and toluene. The preparations were 638 

then mounted with Entellan (Sigma Life Science, St. Louis Missouri, USA) and subjected to 639 

microscopic examination. The parasite sizes were measured with the ImageJ software (v2.0.0), and 640 

between-group size differences were tested using the Mann-Whitney U-test with statistical 641 

significance accepted at a p value<0.05 based on the mean of the three largest serial cuts of each 642 

sporocyst in sympatric or allopatric conditions. 643 

 644 

Schistosoma intra-molluscal stage expression analysis  645 

   - Schistosome read subtractions 646 

The Biomphalaria (v1) and Schistosoma (v5.2) genomes have been concatenated 647 

(https://www.vectorbase.org/organisms/biomphalaria-glabrata; 648 

http://www.sanger.ac.uk/resources/downloads/helminths/schistosoma-mansoni.html). High quality 649 

reads (Phred score >29) were mapped against these concatenated genomes using Bowtie2 (v2.0.2), 650 

which was run locally on the Galaxy project server. The reads that mapped only once and exclusively 651 

to the Schistosoma genome were collected as corresponding to Schistosoma reads; reads that mapped 652 

to the Biomphalaria genome or more than once to either genomes were excluded.  653 

- Gene analysis654 

The above-selected Schistosoma reads were mapped against the concatenate genome to identify intra-655 

molluscal stage-specific Schistosoma genes. For selecting the relevant genes, the reads mapped in all 656 

experimental conditions were summed. Solely genes with a minimal sum of 10 reads were kept for the 657 

analysis. A heatmap was generated to analyse Schistosoma gene expression patterns using 658 

Hierarchical Ascending Clustering (HAC) with Pearson correlation (uncentered) as applied by the 659 

Cluster (v3.0) and Java TreeView (v1.1.6r4) software packages. Functional annotation of the genes 660 

was assigned using BlastX with the cutoff set to e-value < 1e
-3

 (NCBI dataset, local cluster) and gene 661 

ontology was performed using Blast2GO (v4.0.7) (supplementary table S3).  662 

 663 

In silico characterization of Schistosoma miRNAs 664 

S. mansoni miRNAs were analyzed in-silico by comparing the relevant miRNA database (miRBase) to 665 

our RNAseq libraries generated at the 24 h time point. S. mansoni precursor sequences were 666 
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downloaded from miRBase (http://www.mirbase.org, 03/09/2017), and high-quality reads from naive 667 

(BgBRE) and 24 h post-infection samples (BB24, BV24, BR24) were aligned against a S. mansoni 668 

sub-database of miRBase, as previously described (Zhao, et al. 2016). The identified precursors were 669 

confirmed by alignment of high-scoring reads onto precursor and mature miRNAs from miRBase. 670 

Solely reads with 100% identity were retained for analysis. The localization of each read against 671 

miRNA sequence allowed us to identify either the precursor or just the mature miRNA. Precursors 672 

found under both naive and infected conditions were excluded to avoid cross-species contamination.673 

Putative miRNA targets were predicted from among the differentially represented immune-related 674 

transcripts (figure 1) using Miranda tools (miranda input_miR input_Transcriptome -out results.txt -675 

quiet -sc 140 -en -15) (Enright, et al. 2003). Because mature miRNAs may exist in two forms 676 

depending on which strand (5'-3') of the precursor stem-loop is maturated the predicted interactions 677 

could involve the 5' andf/or 3' forms, as noted. The results were extracted in line code using the awk 678 

tool, compiled in supplementary files (supplementary table S4), and used to generate a Venn diagram. 679 

To confirm the ability of a selected pre-miRNA to produce the stem-loop necessary to produce the 680 

mature form, the secondary structures of precursor were predicted using RNAstructureWeb tool 681 

(http://rna.urmc.rochester.edu/RNAstructureWeb, 03/09/2017) under default parameters. 682 

 683 

Snail survival analysis  684 

One hundred and sixty BgBRE snails were infected as described above with SmBRE or SmVEN 685 

strains (n=50), and 60 non-infected BgBRE snails were retained as controls. The numbers of dead 686 

snails were compiled weekly for 14 weeks. A Kaplan-Meier estimator was used to estimate the 687 

survival function from lifetime data. Survival curves were generated using the xlstatsMac software and 688 

the log-rank test was applied with significance accepted at p<0.05. 689 

 690 
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Figure Legends 916 

  Fig. 1: Dual-RNAseq of Biomphalaria immune-related transcripts 917 

From among the differentially represented transcripts, Blast2GO functional annotation allowed us to identify 336 918 

transcripts that appeared to be related to the Biomphalaria immune response. Abbreviations and colors: blue BB, 919 

sympatric interaction between BgBRE and SmBRE; green BV, allopatric interaction between BgBRE and 920 

SmVEN; and red BR, allopatric interaction between BgBRE and Srod. For each interaction 40 whole-snails are921 

used, 20 pooled at 24h and 20 at 96h post-infection. A) Venn diagram showing the relationships among the 922 

immune transcripts found to be differentially expressed in the sympatric and allopatric interactions. B) 923 

Clustering of differentially represented immune transcripts. Heatmap representing the profiles of the 336 924 

differentially represented immune-related transcripts in the BB, BV, or BR interactions along the kinetic of 925 

infection (at 24 and 96 h). Each transcript is represented once and each line represents one transcript. Colors: 926 

yellow, over-represented transcripts; purple, under-represented transcripts; and black, unchanged relative to 927 

levels in control naïve snails. C) Pie chart showing the distribution of the selected immune-related transcripts 928 

across three immunological processes: immune recognition (pink), immune effectors (brown), and immune 929 

signaling (blue). For each category and interaction, the respective proportion of transcripts and the direction of 930 

the effect (over- or underexpression) are indicated. 931 

 932 

  Fig. 2: Differentially represented immune-related transcripts in sympatric and allopatric interactions. 933 

Cumulative expression [Log2FC (fold change) from DESeq2 analysis] of the immune-related transcripts 934 

identified as being differentially represented following sympatric or allopatric infection. Transcripts were 935 

grouped into the three immunological groups described in Fig. 1, and from there into functional categories. The 936 

yellow histograms correspond to cumulatively over-represented transcripts, while the purple histograms show 937 

under-represented transcripts. The black (over-represented) and gray (under-represented) points correspond to 938 

the number of transcripts analyzed in each functional category. Abbreviations: BB, BgBRE/SmBRE interaction; 939 

BV, BgBRE/SmVEN interaction; and BR, BgBRE/Srod interaction. A. Immune transcript expression at 24 h 940 

post-infection. B. Immune transcript expression at 96 h post-infection. 941 

 942 

  Fig. 3: Microscopic investigation of snail hemocyte proliferations 943 

In vitro EdU labeling of hemocytes was conducted for sympatric and allopatric interactions A) Hemocytes were 944 

collected at 24 h post-infection for in vitro analysis. Confocal microscopy of EdU-labeled hemocytes from snails 945 

subjected to the allopatric BV interaction (BgBRE/SmVEN). Colors: blue, DAPI; and green, EdU. B) 946 

Microscopic counting of EdU-labeled hemocytes from naïve control snails (BgBRE) (n=1,811) and those 947 

subjected to the sympatric interaction (BB: BgBRE/SmBRE) (n=2,064) or an allopatric interaction (BV: 948 

BgBRE/SmVEN) (n=1,366) recovered from 3 individual snails by condition. Colors: green, EdU-positive cells; 949 

and blue, EdU-negative cells. Between-group differences in the percentage of proliferation were tested using a 950 

Fisher exact test, with statistical significance accepted at p<0.05. The “a” indicates a significant difference 951 

between the naïve and infective conditions, while “b” indicates a significant difference between the infective 952 

conditions.  953 

 954 

  Fig. 4: Flow cytometry investigation of the hemocyte response in sympatric and allopatric interactions 955 
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A) Flow cytometry was used to count in vivo EdU-labeled hemocytes at 24 h and 96 h after infection in 956 

sympatric and allopatric interactions. A total number of hemocytes of n=10,000 were recovered for 6 biological 957 

replicates of 3 snails. Control naïve snails (BgBRE, yellow) were compared to those subjected to the sympatric 958 

interaction (BB, BgBRE/SmBRE, blue) or an allopatric interaction (BV, BgBRE/SmVEN, green). B) The 959 

experiment described in A was repeated using the BgVEN snail strain. Control naïve snails (BgVEN, yellow) 960 

were compared to those subjected to the sympatric interaction (VV, BgVEN/SmVEN, green) or an allopatric 961 

interaction (VB, BgVEN/SmBRE, blue). C) FSC (forward-scattered light, representing cell size) and SSC (side-962 

scattered light, representing cell granularity) circulating hemocyte patterns in BgBRE snails under the naïve 963 

condition (yellow) or 24 h and 96 h after infections in sympatry (BB24/96, BgBRE/SmBRE, blue) or allopatry 964 

(BV24/96, BgBRE/SmVEN, green). D) FSC and SSC circulating hemocyte patterns in BgVEN snails under the 965 

naïve condition (yellow) or 24 h and 96 h after infections in sympatry (VV24/96, BgVEN/SmVEN, blue) or 966 

allopatry (VB24/96, BgVEN/SmBRE, green). The red dots correspond to EdU-positive hemocytes. Between-967 

group differences in the percentage of proliferation were tested using the Mann-Whitney U-test, with statistical 968 

significance accepted at p<0.05. The “a” indicates a significant difference between the naïve and infective 969 

condition, while “b” indicates a significant difference between the infective conditions.  970 

 971 

 Fig. 5: Development of parasites into snail tissues  972 

A histological approach was used to monitor parasite size along the course of snail infection. The sympatric 973 

interaction (BgBRE x SmBRE) is shown in blue, and the allopatric interaction (BgBRE x SmVEN) is shown in 974 

green. For each experimental interaction, the parasite sizes were quantified at 24 and 96 h after infection. 975 

Morpho-anatomical aspects of the parasite are depicted to highlight a potential difference in parasite survival. 976 

n=7 to 10 sporocystes were used as indicated in the figure. Between-group parasite size differences were 977 

assessed using the Mann-Whitney U-test, with significance accepted at p<0.05 (indicated by “a” on the 978 

histograms). 979 

 980 

Fig. 6: Clustering of intra-molluscal Schistosoma expression patterns 981 

RNAseq library mapping enabled us to identify 351 genes expressed by Schistosoma parasites in Biomphalaria 982 

snail tissues. Colors: blue, S. mansoni Brazil (SmBRE); green, S. mansoni Venezuela (SmVEN); and red, S. 983 

rodhaini (Srod). The heatmap represents the profiles of the 351 genes expressed by the different parasites at 24 h 984 

after infection. Each transcript is represented once and each line represents one transcript. The expression level is 985 

highlighted by the different shades of blue.  986 

 987 

Fig. 7: In-silico identification of parasite miRNAs  988 

miRNAs were assessed using libraries obtained from naïve snails and snails infected for 24 h under the various 989 

interaction conditions (BB24, BgBRE x SmBRE; BV24, BgBRE x SmVEN; BR24, BgBRE x Srod). A) Table 990 

highlighting the precursor miRNAs that may have targets among the immune-related snail transcripts selected in 991 

the present work. They include eight precursors specifically recovered in BB24, two in BV24, and one shared 992 

across the three infected conditions. The total numbers of potential targets in each condition are indicated. B) 993 

Venn diagram showing the potential targets according to the sympatric or allopatric interactions. Shown is an 994 

example miRNA stem-loop precursor that presents the highest number of potential host targets.  995 
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996 

 Supplementary fig. S1: Clustering of all differential represented transcripts 997 

Clustering of differentially represented transcripts. Heatmap representing the profiles of the 1,895 differentially 998 

represented immune-related transcripts in the BB, BV, or BR interactions along the time course of infection (at 999 

24 and 96 h). Each transcript is represented once and each line represents one transcript. Colors: yellow, over-1000 

represented transcripts; purple, under-represented transcripts; and black, unchanged relative to levels in control 1001 

naïve snails. 1002 

1003 

Supplementary fig. S2: Mortality of B. glabrata snails after infections 1004 

The survival rates of B. glabrata subjected to infection by different S. mansoni strains were observed over 14 1005 

weeks. Kaplan Meier graphs were generated using xlstat, and the log-rank test (p < 0.05) was used to test for 1006 

significant between-group differences. Colored curves indicate the mortality rates of naïve snails (yellow) 1007 

(n=60), snails infected by the sympatric parasite (BB, BgBRE/SmBRE, blue) (n=50), and snails infected by the 1008 

allopatric parasite (BV, BgBRE/SmVEN, green) (n=50). The difference in mortality between naïve and infected 1009 

snails was significant (p<0.05), whereas that between the two infected conditions was not (p = 0.243). 1010 

 1011 
Table 1: Number of transcripts in each step of transcriptomic analysis1012 

1013 

Analysis of transcriptomic data 
Analyses of 

Blast2GO 
Analyses of annotations 

Full 

Transcriptome 

Differentially 

expressed 

Informative 

annotation 

Immune 

Transcripts 

Non Immune 

Transcripts 

159,711 3,865 1,017 336 681 

 1014 
Supplementary table S1: Biomphalaria and Schistosoma compatibility between African and South-1015 

American strains  1016 

 1017 
 1018 
The prevalence (P %: percentage of snail infected) and intensity (I: number of parasites per infected host) of 1019 
infection are presented for each experimental infection. The indicated values correspond to 20 miracidia. Each 1020 
pairwise combination of Biomphalaria (BgBRE, BgVEN, BpSEN) and Schistosoma mansoni (SmBRE, 1021 
SmVEN, SmSEN) or Schistosoma Rodhaini (Srod) were tested for compatibility. NA: non-available data. 1022 
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Abstract

In recent decades, numerous studies have sought to better understand the mechanisms

underlying the compatibility between Biomphalaria glabrata and Schistosoma mansoni. The

developments of comparative transcriptomics, comparative genomics, interactomics and

more targeted approaches have enabled researchers to identify a series of candidate

genes. However, no molecular comparative work has yet been performed on multiple popu-

lations displaying different levels of compatibility. Here, we seek to fill this gap in the litera-

ture. We focused on B. glabrata FREPs and S.mansoni SmPoMucs, which were previously

demonstrated to be involved in snail/schistosome compatibility. We studied the expression

and polymorphisms of these factors in combinations of snail and schistosome isolates that

display different levels of compatibility. We found that the polymorphism and expression lev-

els of FREPs and SmPoMucs could be linked to the compatibility level of S.mansoni. These

data and our complementary results obtained by RNA-seq of samples from various snail

strains indicate that the mechanism of compatibility is much more complex than previously

thought, and that it is likely to be highly variable within and between populations. This com-

plexity must be taken into account if we hope to identify the molecular pathways that are

most likely to be good targets for strategies aimed at blocking transmission of the parasite

through the snail intermediate host.

Author summary

Schistosomiasis is the second most widespread human tropical parasitic disease after

malaria. It is caused by flatworms of the genus Schistosoma, and poses a considerable

threat for human health in numerous Asian, African and South American countries.

The World Health Organization has set the goal of eradicating schistosomiasis by 2025.
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However, no vaccine is available, and we currently have only one drug (praziquantel) that

can effectively and efficiently treat the disease. As treatment by mass drug administration

would enhance the risk of drug resistance in schistosome parasites, complementary strate-

gies to fight this parasitic disease are urgently needed. Freshwater snails of the Biompha-

laria genus act as intermediate hosts in the transmission of the schistosome species. Thus,

learning more about the mechanisms of the interaction between these snails and the schis-

tosomes could critically facilitate the identification of potential new candidate molecules

that may be targeted to prevent schistosome transmission in the field.

Introduction

Schistosomes are the causative agents of schistosomiasis, which is one of the most important

neglected human tropical diseases in the world. Schistosomes infect over 200 million people

worldwide, causing both acute and chronic debilitating diseases [1,2]. There is no effective vac-

cine against schistosomes, and the treatment of schistosomiasis still relies on a single drug:

praziquantel [3]. Praziquantel resistance can be easily selected experimentally [4], and some

human populations subjected to mass treatment now show evidence of reduced drug suscepti-

bility [5]. Thus, we need alternate control strategies. Toward this end, researchers have sought

to block disease transmission at the level of the snail that acts as the intermediate host. How-

ever, if we hope to identify target genes that may be used to develop new strategies aimed at

disrupting the transmission of schistosomiasis, we must decipher the mechanisms through

which snails and schistosomes interact. Over the past four decades, numerous investigators

have sought to understand these mechanisms by focusing on the interaction between Biom-

phalaria glabrata and Schistosoma mansoni, which was chosen as a model system.

The genetic determinism of the compatibility between B. glabrata and S.mansoni was

clearly demonstrated by the C.S. Richards group in the 1970s [6,7]. Since then, several research

groups have investigated the underlying molecular determinants using different laboratory

strains of snails and schistosomes. Genetic studies of crosses between snail lines displaying

compatible and incompatible phenotypes have revealed some candidate loci, including a gene

cluster containing a super oxide dismutase (SOD)-encoding gene [8–10] and a genomic region

containing genes putatively involved in parasite recognition [11]. Various transcriptomic com-

parisons have also been performed on other compatible and incompatible strains of snails and

schistosomes [12–16]. These studies uncovered a series of candidate genes involved in recogni-

tion, effector, and signaling pathways that could contribute to the compatibility process (see

[17] for a recent review). Taken together, the previous reports clearly show that the success or

failure of S.mansoni in infecting B. glabrata reflects a complex interplay between the host’s

defense mechanisms and the parasite’s infective strategies. Little is known about the molecular

variability playing of these molecular determinants underlying the compatibility; only one

work has studied and shown the differential allelic expression of a SOD gene in different indi-

viduals of the predominantly resistant 13-16-R1 strain of B. glabrata [10]. The objective of

the present work is to fill this gap by studying the molecular determinants of compatibility in

different populations with varied compatibility phenotypes, in order to evaluate potential

between-population differences in the compatibility mechanisms. To achieve this aim, we

focused on molecular determinants known to be involved in snail/schistosome compatibility,

and studied their expressions and polymorphisms in host and parasite isolates that differ in

their compatibilities. We first studied the SmPoMucs (polymorphic mucins from S.mansoni),

which were initially identified by a comparative proteomic analysis of two strains of S.mansoni

Compatibility polymorphism in B. glabrata / S.mansonimodel
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that differed in their compatibility towards the same mollusk strain [18]. SmPoMucs share the

general features of mucins, including a N-terminal domain containing a variable number of

tandem repeats and a conserved C-terminal domain [19]. These proteins are expressed only by

larval-stage parasites during interactions with the snail intermediate host; they are produced

and located in the apical gland of miracidia and sporocysts, and are characterized by high lev-

els of glycosylation and polymorphism [19,20]. A detailed analysis of intra- and inter-strain

SmPoMuc polymorphisms revealed that the diversification of these proteins has been driven

by a complex cascade of mechanisms involving recombination between genes of the multigene

SmPoMuc family (10 genes), epigenetic control of transcription, post-transcriptional regula-

tion events, and post-translational modifications [20–22]. This yields a remarkably high degree

of diversification from a limited set of genes, enabling each individual parasite to express a spe-

cific and unique pattern of SmPoMucs [20]. Functionally, these proteins are thought to play

roles in the very early steps of infection [23]. Based on the above findings, it has been proposed

that SmPoMucs could be crucial antigens in the snail-schistosome compatibility process.

Then, we developed co-immunoprecipitation (CoIP) experiments that enabled us to identify

putative SmPoMuc-interacting immune receptors of the snail [24]. We found that SmPoMucs

form molecular complexes with the fibrinogen-related proteins (FREPs) of B. glabrata [25].

FREPs are highly polymorphic, with somatic diversification generating unique repertoires in

individual B. glabrata [26]. Thus, we considered these proteins to be good candidates as molec-

ular determinants on the snail side of the compatibility between B. glabrata and S.mansoni.

This importance of FREPs in the compatibility process was confirmed by specific knockdown

of FREP 3 in B. glabrata BS-90 snails, which are totally resistant to a specific laboratory strain

of S.mansoni [27]. The knockdown snails lost 21.4% of their resistance to S.mansoni infection,

suggesting that FREP 3 participates in recognition but is not the sole determinant.

As FREP immune receptors and their SmPoMuc antigens are clearly involved in the com-

patibility process, we herein focused on these molecular determinants of the recognition pro-

cess between the host and the parasite.

We first characterized the compatibilities among all sympatric and allopatric combinations

of four strains of S.mansoni (two from Brazil, one from Venezuela, and one from Guadeloupe

Island) and four strains of B. glabrata (from the same locations) from South America and the

Caribbean area. We then used targeted approach to analyze the expressions of SmPoMucs in

Schistosomes and global transcriptomic approach on FREPs between the four strains of B.

glabrata. The global transcriptomic analysis of snail strains also revealed large transcriptional

differences, especially for the B. glabrata strain that showed the least compatibility when con-

fronted with the studied schistosome strains. Global transcriptomic differences were observed

among numerous genes involved in the different phases of the immune response. Based on

our findings, we propose that the compatibility between B. glabrata and S.mansoni depends

on a multistep process that involves both recognition and effector/anti-effectors systems.

Results

Amultistrain approach for assessing compatibility phenotypes

As the objective of the present work was to evaluate the putative link between the expression

patterns of SmPoMucs and FREPs and the compatibility between snails and schistosomes, we

first established the compatibility levels of four strains of B. glabrata (BgBAR, BgVEN, BgBRE,

and BgGUA) when confronted with four strains of S.mansoni (SmLE, SmVEN, SmBRE, and

SmGH2). Compatibility was tested for all sympatric and allopatric combinations.

All strain combinations displayed different compatibility levels (Fig 1). SmLE displayed the

highest compatibility, showing a 96–100% prevalence of infection when confronted with the

Compatibility polymorphism in B. glabrata / S.mansonimodel

PLOSNeglected Tropical Diseases | DOI:10.1371/journal.pntd.0005398 March 2, 2017 3 / 25



four B. glabrata strains. SmGH2 showed the least compatibility, exhibiting prevalences of

0–44% for allopatric combinations and only 60% when confronted with its sympatric mollusk.

SmVEN was highly compatible (100%) with its sympatric mollusk strain and with BgBRE and

BgGUA, but it was less efficient when infecting the BgBAR snail strain (55%). SmBRE dis-

played an intermediate compatibility phenotype; it showed 100% prevalence for its sympatric

mollusk BgBRE, and its compatibility ranged from 12% to 83% when confronted by the other

mollusk strains. Our results for the intensity of infection followed similar trends, ranging from

1 to 8.4 parasites per infected snails (Fig 1). The infective capacities of the four parasite strains

exhibited a gradient of compatibility in the following descending order: SmLE, SmVEN,

SmBRE, and SmGH2.

Considering the mollusk strains, BgBAR was the least compatible; it exhibited prevalences

of 0–55% when confronted with allopatric parasite strains and reached 96% when infected

with its sympatric SmLE, but the intensity of infection never exceed 3.9 (even for SmLE).

BgVEN, BgBRE, and BgGUA showed very similar compatibility patterns, exhibiting complete

compatibility (prevalence, 100%) when exposed to SmLE and SmVEN, but less compatibility

with SmGH2. BgGUA and BgVEN displayed very similar compatibility patterns, showing

slightly more infectivity when confronted with SmBRE than SmGH2. BgBRE was totally com-

patible with its sympatric schistosome, but displayed a very low compatibility with SmGH2

(4%). The intensities were generally high, largely between 4.7 and 8.4. Our results indicate that

Fig 1. Compatibility trials between different strains of parasites and snails. Each pairwise combination of the studied strains of
schistosomes (SmLE, SmVEN, SmBRE, and SmGH2) and snails (BgBAR, BgVEN, BgBRE, and BgGUA) were tested for compatibility.
The upper graphs present the prevalence (P in %) and intensity (I) of infection for each S.mansoni in the different B. glabrata host strains.
The lower graphs present the prevalence and intensity of infection for each B. glabrata strain when confronted by the four S.mansoni
strains. Prevalence values are represented by colored histograms, while intensity values are indicated by black squares. The sympatric
snails and schistosomes bear the same color. The presented data represent the mean values obtained for three independent
experiments, the data obtained by (Theron et al, 2014) and two other experiments performed in 2010 and 2012. Error bars represent the
average absolute deviation of the mean.

doi:10.1371/journal.pntd.0005398.g001
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BgBAR is the least compatible host strain, whereas BgVEN, BgBRE, and BgGUA are much

more compatible and display quite similar compatibility phenotypes.

SmPoMuc polymorphism analysis

We previously showed that the SmPoMucs are encoded by a multi-gene family of 10 members

that can be divided into four paralogous sequence groups (groups 1–4) [20]. Fig 2A shows the

SmPoMuc cDNA structure shared by the different groups. Their 5’ regions comprise a variable

number of tandem repeats corresponding to repetitions of exon 2, whereas the 3’ regions

(exons 3 to 15) differ in their sequences, enabling the SmPoMucs to be divided into groups 1

through 4. At the transcript level, only groups 1, 2 and 3.1 have been detected to date [20].

SmPoMucs of groups 1 and 2 contain the same type of exon 2 (r2, 27 nucleotides) that is

repeated in the transcript structure, while those of group 3 contain a different type of repeated

exon 2. Most group 3 SmPoMucs have r1 as their repeated sequence, except for the subgroup

denoted group 3.1 (r1-r2), which displays both types of exon 2 (r1 and r2) in the gene struc-

ture. These recombined genes are present in the genomes of different schistosome strains, but

appear to be expressed only in SmGH2 (see also [19,20]).

To analyze SmPoMuc transcript polymorphism, RNA was extracted from 11 individual

sporocysts of each strain (SmBRE, SmVEN, SmLE, and SmGH2) and subjected to nested

RT-PCR. Consensus primers (see Fig 2A for the positions of the utilized primers) were used to

amplify the complete coding sequence of all SmPoMucs in each individual. Fig 2B shows the

SmPoMuc banding patterns obtained on agarose gels.

We first examined inter-strain variability. Consistent with the results of previous studies

performed using the same method [20], the SmPoMuc banding patterns were highly different

across the analyzed strains. To analyze this polymorphism at the protein level, we analyzed

SmPoMucs byWestern blotting. Proteins from 5000 individuals of each S.mansoni strain were

resolved and detected with an anti-SmPoMuc antibody directed against a conserved region of

the SmPoMucs [24]. As shown in Fig 2C, the SmPoMuc protein patterns differed across SmLE,

SmVEN, SmBRE, and SmGH2, each isolate expressed a specific SmPoMuc profile.

With respect to intra-strain comparisons, the polymorphism was found to be very high at

the transcript level. The SmBRE and SmGH2 banding patterns were obtained from a previous

work [21] and the banding patterns of SmVEN and SmLE was obtained in the present work.

For the 4 S.mansoni isolates, no two individuals display the same amplification profile (Fig

2B). To more precisely characterize these patterns, we sequenced the amplicons obtained from

each individual of the four S.mansoni strains. The results are shown in S1 Table. All individu-

als expressed multiple variants; some expressed only variants belonging to a single group of

SmPoMucs, while others expressed variants from two or three groups. Within each group, the

SmPoMuc transcript polymorphisms reflected: (i) a variable number of tandem repeats (from

1 to 100) in the 5’ region; (ii) the occurrence of alternative and aberrant splicing in the 3’

region; and (iii) nucleic acid substitutions (synonymous or non-synonymous) in the 5’ and 3’

regions. These different mechanisms were previously reported [19,20]. We did not observe

any clear link between the presence of a given variant and the compatibility level of the differ-

ent strains, with one exception. A sub-group of variants belonging to SmPoMuc group 3.1,

named group 3.1(r1-r2), was more abundant in the less compatible SmGH2 strain than in the

other strains. This variant was found in six individuals of SmGH2, but in only one individual

each of SmBRE and SmVEN and no individual of SmLE.

Interestingly, SmLE and SmVEN, which were the most infective strains, displayed a larger

number of SmPoMuc variants (276 and 247, respectively) than the less infective SmBRE and

Compatibility polymorphism in B. glabrata / S.mansonimodel
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Fig 2. Diverse SmPoMucs are expressed by the different strains of S.mansoni. (A) SmPoMuc cDNA structure. The 5’ region is characterized by
a variable number of tandem repeats. Two different types of repeats (r1 and r2) were mainly identified in previous studies [19,20]. SmPoMuc cDNA
structure is shared by previously published SmBRE, and SmGH2 strains [19,20] and the new ones, SmLE and SmVEN. The 3’ region (exon 3 to exon
15) harbors sequence differences that enable the proteins to be classified into the only three groups (groups 1, 2, and 3.1) known to be expressed
[19,20]. (B) Transcription patterns of SmPoMucs in 11 individuals of each schistosome strain. Nested RT-PCR amplicons were obtained from
individual sporocysts (1 to 11) of SmLE, SmVEN, SmBRE, and SmGH2, and resolved by agarose gel electrophoresis. PCR was performed using
consensus primers that amplified the complete coding sequence of all SmPoMuc transcripts (located in exon 1 and exon 15; vertical and dashed lines
represent the positions of the primers used for PCR and nested PCR, respectively). “C-” denotes the negative control. SmBRE and SmGH2 nested
PCR results were from [21] (C) Inter-strain polymorphism at the protein level. Protein extracts (8 μg) were obtained from sporocysts of each S.mansoni
strain, andWestern blot analysis was performed using anti-SmPoMuc polyclonal antibodies. Actin was detected as a control.

doi:10.1371/journal.pntd.0005398.g002
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SmGH2 strains (40 and 84, respectively). It is interesting to note that all of the 647 variants

sequenced in the present study were different. These results are shown in Fig 3.

SmPoMucs are differentially expressed between S.mansoni strains

The expression levels of SmPoMuc transcripts were assessed for each S.mansoni strain by

RT-Q-PCR. Primers E11allgrFw and E14allgrRv were universal to all SmPoMuc genes,

whereas the other utilized primers (see Fig 4) allowed us to quantify the transcripts corre-

sponding to the group 1, group 2, group 3.1, and group 3.1 (r1-r2) SmPoMuc genes. The posi-

tions of the utilized primers are indicated in Fig 4A. Relative expression ratios were calculated

using α-tubulin as a reference gene (Fig 4B).

Our results revealed that the levels of SmPoMuc transcripts of all groups differed across the

four schistosome strains. SmLE and SmBRE displayed the lowest levels of SmPoMuc tran-

scripts, and SmVEN and SmGH2 expressed around 2 and 2.5 fold more SmPoMuc transcripts,

respectively (Mann-Whitney test: LE vs VEN P = 0.0033; LE vs GH2 P = 0.0079; BRE vs VEN

P = 0.0021; BRE vs GH2 P = 0.0025). With respect to the different SmPoMuc groups, the tran-

scription patterns were quite similar between the strains: group 1 was weakly expressed in all

Fig 3. SmPoMuc variant numbers in the different S.mansoni strains.Nested RT-PCR for SmPoMucs was performed on 11 individual sporocysts for
each S.mansoni strain (SmLE, SmVEN, SmBRE, and SmGH2), and the obtained fragments were cloned and analyzed by Sanger sequencing (see S1
Table). The numbers of SmPoMuc cDNA variants obtained for group 1 (red), group 2 (blue), group 3.1 (purple), group 3.1(r1-r2) (yellow), and all groups
(black) are indicated.

doi:10.1371/journal.pntd.0005398.g003
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cases, whereas group 2 and 3.1 transcripts were expressed at higher levels (2- to 15 fold more,

depending on the group and strain). The group 3.1 (r1-r2) SmPoMuc transcripts were highly

expressed only in strain SmGH2 (Mann-Whitney test: GH2 vs LE P = 0.0079; GH2 vs BRE

P = 0.0025; GH2 vs VEN P = 0.0009).

Interestingly, the sum of the group-level expression data did not correspond to the SmPo-

Muc expression revealed by the SmPoMuc universal primers. This may reflect that some of

the spliced variants of SmPoMucs revealed in a previous study [20] are amplified only with

Fig 4. SmPoMuc expression between S.mansoni strains. (A) Quantitative PCR was performed with primers that targeted all
SmPoMuc transcripts or discriminated among groups 1, 2, 3.1, and 3.1(r1-r2). The primer positions and amplicon sizes are indicated.
(B) RNA was extracted from pooled sporocysts of each S.mansoni strain (SmLE, SmVEN, SmBRE, and SmGH2). The results are
presented as the mean Ct values normalized with respect to the α-tubulin gene, and were obtained from three biological replicates.

doi:10.1371/journal.pntd.0005398.g004
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universal primers. As no specific primer could be designed to specifically amplify these spliced

variants, we were unable to test this hypothesis.

RNA-seq-based analysis of the four B. glabrata strains

Until now, most of the experiments done on compatibility between Schistosomes and Biom-

phalaria snails were conducted using targeted Quantitative PCR or micro-array approaches

to identified differentially represented transcripts following infection. In the present paper a

more global and powerful approach was conducted to identify the differentially regulated

transcripts or differential level of constitutive expression between snail strains. This global

approach will also ensure a gene discovery effort without foreseeing the molecules involved

compared to targeted approaches. To investigate such differences, four B. glabrata strains were

used. The global transcript representation was analyzed by RNAseq and correlated with their

compatibility phenotypes. BgBAR was the less compatible strain, while BgBRE, BgVEN and

BgGUA present higher compatible phenotypes that were mostly similar (Fig 1). To compare

the native immune potentials of the four Bg strains, we compared the biological replicates,

BgBRE1 and BgBRE2, to the other Bg strains. BgBRE strain was selected for duplicate sequenc-

ing because it is the strain for which we have the largest number of individuals in the labora-

tory. To identify the differentially represented transcripts in the transcriptomes of the different

strains, we used the DEseq2 software comparing the duplicate of BgBRE strain to the others

transcriptomes. Of the 117,269 transcripts of the BgBRE transcriptome, 6555 (5.6%) were

found to be differentially expressed between BgBRE and the three other B. glabrata strains. Fig

5A and 5B present the numbers of BgBAR, BgVEN, and BgGUA transcripts that were signifi-

cantly over- and under-represented, respectively. BgBAR showed the highest number of

differentially expressed transcripts (1257 over-represented and 3462 under-represented). In

contrast, BgVEN and BgGUA showed differential expression (both over- and under-represen-

tation) of 2983 and 1613 transcripts, respectively. Of the 6555 modulated transcripts identified

in the present study, 72%, 45%, and 25% were from BgBAR, BgVEN, and BgGUA, respectively.

Based on our observations that BgBAR differed the most from the other strains in both its

molecular phenotype and its compatibility phenotype, we decided to analyze the putative

functions that were enriched among its differentially expressed genes. We carried out a Gene

Ontology (GO) enrichment analysis on the differentially expressed transcripts that were

uniquely over-represented (865 transcripts, Fig 5C) and under-represented (2059 transcripts,

Fig 5D) in BgBAR relative to BgBRE. The over-represented transcripts of BgBAR corresponded

to 85 biological processes representing 44 categories. Interestingly, eight categories (red arrows

in Fig 5C) that contained 15% of the transcripts were grouped together by the REVIGO soft-

ware into the biological process of “response to biotic and abiotic stress.” One additional cate-

gory (3% of the transcripts) corresponded to the biological process of “reactive oxygen species

metabolism.” These two biological processes are clearly of interest in our study context. Indeed

reactive oxygen species (ROS) have been widely shown to be involved in snail/parasite compat-

ibility [8,28,29]. Reactive oxygen species (ROS) produced by the hemocytes of B. glabrata are

known to play a crucial role in killing S.mansoni [30,31]. This process could be related to the

level of H2O2 expressed by resistant snails associated with a higher expression of SOD genes

(copper/zinc superoxide dismutase) [8,32].

The under-represented transcripts of BgBAR fell into 18 categories. Among them, only the

“defense response” (3% of the transcripts) seems likely to be related to immune function.

Considering the previous results presented above, we decided to deepen our investigation

of immune functions in the different Bg strains. We first identified genes bearing immune-

relevant domains and examined their proportions in the studied strains. We referred to a
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Fig 5. RNA-seq of the differentB. glabrata strains, and enrichment analysis. Venn diagram presenting the transcripts found
to be over-represented (A) and under-represented (B) in the transcriptomes of BgBAR, BgVEN, and BgGUA versus BgBRE.
Gene Ontology (GO) enrichment analysis of genes that were over-represented (C) and under-represented (D) in the
transcriptome of BgBAR. Red arrows indicate biological processes belonging to the “response to biotic and abiotic stress” group,
while the green arrow shows an immune-response-related biological process.

doi:10.1371/journal.pntd.0005398.g005
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previous study in which the whole transcriptome of BgBRE was screened for the presence of

immune-relevant domains using Interproscan [33]. Using these data, we determined the pro-

portion of the relevant transcripts that were differentially expressed in the strains studied

herein. The results are shown in Fig 6A. Given the focus of the present paper and our interest

in FREPs, we found it interesting that 3% and 10% of all transcripts bearing an “Ig-fold”

domain were over and under-represented, respectively, in BgBAR. This particular domain is

shared by a family of variable immunoglobulin and lectin domain-containing proteins [33];

notably, this family includes numerous FREPs. A large proportion of the transcripts corre-

sponding to proteins containing other recognition domains, as well as immune signaling mol-

ecules and effectors, were also differentially represented between BgBRE and the other three

strains. As expected, BgBAR had higher proportions of differentially expressed genes for most

of the categories of putative immune-relevant genes.

To study the immune function of the different snail strains more deeply, we constituted a B.

glabrata immunome comprising 122 transcripts identified after immune challenge of B. glab-

rata or by comparative "omic" analyses of snail strains displaying different compatibility phe-

notypes towards trematodes (S2 Table) [11,17,34]. When we examined these immune-relevant

molecules in BgBAR, BgGUA, and BgVEN versus BgBRE (Fig 6B), we identified 37 differen-

tially expressed transcripts. Nine of them were over-represented and 28 were under-repre-

sented: of the latter group, 14 were specifically under-represented in BgBAR. Again, BgBAR is

the most different among the strains; the nine over-represented transcripts displayed their

highest representation in BgBAR, while 20 of the 28 under-represented genes showed their

lowest expression levels in this strain. The nine over-represented immune-relevant transcripts

included the following: two FREP-encoding transcripts; a transcript containing a Aerolysin

domain belonging to the epsilon toxin ETX/Bacillus mosquitocidal toxin MTX2 superfamily

previously characterized as a biomphalysin-like protein shown to kill S.mansoni sporocysts

[35]; and a transcript encoding an achacin-like, which suggests that BgBARmay have an

enhanced ability to respond to antimicrobial stress [34,36]. The under-represented transcripts

included the following: several transcripts corresponding to FREP family members; transcripts

encoding different molecules of the CREP family, whose members are composed of immuno-

globulin domain(s) followed by a C-type lectin domain [33]; and transcripts encoding several

factors involved in extracellular matrix remodeling and cell migration (e.g., sco-spondin,

ADAMTS, and VEGF receptor).

Characterization and expression analysis of FREPs in the four B.
glabrata strains

As several FREPs (available in GenBank databases) were revealed in the above described tran-

scriptomic analysis, we decided to exhaustively study all transcripts in the transcriptomes of

BgBAR, BgVEN, BgBRE, and BgGUA that could belong to FREP family members. We selected

transcripts corresponding to proteins that contain immunoglobulin (IPR013783) and fibrino-

gen (IPR002181) domains using the Blast2Go and/or Interproscan software packages. This

selection process yielded 258 transcripts. Most of them were not full-length, which meant they

could potentially represent molecules that contain fibrinogen or immunoglobulin domains

but do not follow the classical organization of FREPs [1 or 2 IgSF domain(s) associate with a

fibrinogen domain]. As our objective was to study FREPs-encoding transcripts, we retained

all transcripts that contained contiguous immunoglobulin superfamily (IgSF) and fibrinogen

(FBG) domains (full-length or partial). In total, we retained 69 FREP transcripts.

The 69 retained transcripts were translated, and the corresponding amino acid sequences

were aligned with the Bg FREP protein sequences contained within GenBank. None was an
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Fig 6. Analysis of immune-relevant genes differentially represented betweenBgBAR,BgVEN,BgGUA
andBgBRE reference transcriptome. (A) Histograms showing the proportion of genes bearing immune-
relevant protein domains that were differentially represented (DESeq 2 analysis) in BgBAR (yellow), BgVEN
(green) and BgGUA (blue) versus BgBRE. Themonitored immune-relevant genes include immune
recognition molecules, immune signaling proteins, and immune effectors. Within these categories, the genes
were subdivided by shared protein domains (defined by Interproscan analysis of predicted protein
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exact match, but 30 of the 69 transcripts displayed only a few differences, and could thus be

clearly assigned according to the GenBank FREP nomenclature [37]. The 38 remaining

sequences could not be assigned to the established nomenclature. Next, we aligned the 69

sequences with the B. glabrata genome draft (www.vectorbase.org/organisms/biomphalaria-

glabrata; genome assembly version BglaB1) and assigned them to precise positions in the

genome (see supplementary S3 Table). The 69 transcripts corresponded to 24 different geno-

mic loci. Several de novo assembled transcripts were validated by traditional Sanger sequencing

of PCR products to confirm that this FREPs were not the result of wrong assemblies (S1 Fig).

For this study, we classified FREPs by their identity and assigned genomic locus. Any two

FREPs that shared more than 85% identity were considered as homologous and were given

the same letter (designating FREP class); however if they occupied different genomic loci,

the letter is followed by a different number (e.g., C1 and C2). We identified seven loci that

encode FREPs with one IgSF domain (grouped into classes A to F), and 16 loci corresponding

to FREPs with two IgSF domains (grouped into classes H to M). Finally B. glabrata genome

assembly did not allow us to establish the number of IgSF domains for a last FREP class

named “O”.

After we characterized these 24 loci of FREPs, we used RNA-seq to analyze the representa-

tion of the corresponding transcripts in the four B. glabrata strains. We built a FREP transcrip-

tome containing the 69 selected sequences, mapped the reads obtained from each snail strain

to these sequences using the Bowtie2 software, and normalized the hit count values for each

transcript using the upper quartile method. The normalized hit count values were then

summed for transcripts belonging to the same class. The results (Fig 7A) showed that there

was a high degree of heterogeneity in the representation of FREPs between classes and snail

strains. For example, FREP A was 2000 fold more highly expressed than FREP E regardless of

the snail strain. Between strains, the majority of the transcripts corresponding to FREPs con-

taining one IgSF domain (e.g., FREPs A, D, C1, and C2) were more highly represented in the

less-compatible BgBAR strain. Fig 7B shows the summed transcript levels of FREPs containing

one or two IgSFs for the four snail strains. The one-IgSF FREPs comprised 80% of the FREP

transcripts expressed by BgBAR, but only 55% to 70% of those expressed in the three other

snail strains. Moreover, BgBAR was found to globally express more FREPs than the other snail

strains (13%, 48% and 52%more than BgGUA, BgVEN, and BgBRE, respectively) (Fig 7B).

FREP polymorphism analysis

As most of the recovered FREP transcripts were only partial sequences, we could not align and

compare the sequences of the FREP variants. Thus, to estimate their degree of polymorphism,

we selected the longest transcript sequence for each of the 24 FREP loci and performed Blastn

alignments with each of the B. glabrata transcriptomes (before CD-Hit EST treatment; Blastn

cutoff, 95%). The number of hits was further normalized by the total number of transcripts of

each transcriptome. The results (Fig 8A) showed that the variant numbers differed between

sequences). Ig-fold: immunoglobulin-like fold, IPR013783. CTL: C-type lectin, IPR001304. FBG: fibrinogen-
related domains, IPR002181. GLECT: galectin, IPR001079. PGRP: animal peptidoglycan protein homolog,
IPR006619. LRR: leucine-rich repeat, IPR001611. SR: scavenger receptor cysteine-rich, IPR017448. BPI:
lipopolysaccharide-binding protein, IPR001124 and IPR017942. TIR: toll-interleukin 1-receptor, IPR000157.
C1q: complement component C1q domain, IPR001073. TNF: tumor necrosis factor family, IPR006052.
CARD: caspase recruitment domain, IPR001315. MACPF: membrane-attack complex/perforin, IPR020864.
DEATH: DEATH domain, found in proteins involved in cell death, IPR000488. (B) Genes previously described
to have an immune function in B. glabrata species. The heat map represents the log2 fold change values for
transcripts that are differentially represented between the snail strains. The table beside the heat map
classifies the corresponding genes into three immune functions: effector, recognition, and cell migration.

doi:10.1371/journal.pntd.0005398.g006
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FREP loci at the intra-strain level. For example, FREPs B and I3 had 50 times more variants

than FREP A in BgBRE, while FREP I2 had 30 times fewer variants than FREPs C1 and L in

BgBAR. There were also many differences at the inter-strain level; BgBRE (Fig 8B) displayed

the highest number of normalized variants (480) followed by BgGUA (409), BgVEN (313), and

BgBAR (302). FREP A, E, and M always presented a low number of variants, while FREP F, H,

and I3 all had many variants, regardless of the strain (Fig 8A). For the other FREP classes, the

numbers of variants differed among the strains, with more variants seen for: FREPs C1 and L

in BgBAR; FREPs B, F, I2, I3, and J2 in BgBRE; and FREPs K2 and K4 in BgGUA. For BgVEN,

the FREP variants were distributed more or less homogeneously. Notably, although BgBAR

had the fewest normalized FREP variants, it displayed the highest numbers of variants for the

one-IgSF FREP A, C1 (corresponding to FREP 2 in GenBank), and D (corresponding to FREP

14 in GenBank).

Thus, our results show that BgBAR, which is the least susceptible to S.mansoni presents the

highest level of FREP expression and the lowest number of total FREP variants among the

studied strains. Moreover, it expresses a higher proportion of FREPs containing one IgSF

domain, and has the highest ratio of one-IgSF variants/all FREP variants.

Discussion

FREPs and SmPoMucs are key molecular determinants of the compatibility process between

B. glabrata and S.mansoni. Here, we examined the expression patterns and polymorphisms of

these important factors in four host isolates and four parasite isolates that displayed different

levels of compatibility with one another. Among the schistosomes, strain SmLE was clearly the

most infective against the different snail strains, SmGH2 was the least infective, and the other

two strains displayed intermediate compatibility patterns (Fig 1). Among the snails, strain

BgBAR was clearly the least permissive, whereas the compatibility phenotypes of the other

three strains were much higher and quite similar.

In an effort to explain the compatibility differences among the different schistosome strains,

we first analyzed the diversity and expression levels of SmPoMucs in the different strains. The

Fig 7. Abundances of transcripts for the different FREP classes in the fourB. glabrata strains. (A) The histograms represent normalized count
values (upper quartile method) obtained when Bowtie 2 was used to map the BgBAR, BgVEN, BgBRE, and BgGUA reads with respect to the
sequences of the 24 classes of FREP transcripts. Asterisks indicate FREP classes that contain only one IgSF domain. (B) The diagram shows the sum
of normalized count values for all the FREPs (total) or the FREPs containing one or two IgSF domains.

doi:10.1371/journal.pntd.0005398.g007
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Fig 8. FREP variant polymorphism analysis.Diversity was assessed by aligning the longest transcript from each FREP class
to the transcriptomes of BgBAR, BgVEN, BgBRE, and BgGUA using Blastn (similarity, at least 95%). (A) Histograms showing
the number of variants normalized by the total number of transcripts for each FREP class in all B. glabrata strains. (B) For all B.
glabrata strains, diagrams showing the sum of normalized FREP variant numbers based on whether they have one or two IgSF
domains.

doi:10.1371/journal.pntd.0005398.g008
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most compatible strains, SmLE and SmVEN, expressed similarly high numbers of SmPoMuc

variants (around 270 and 250, respectively; Fig 3), while the two less compatible strains

expressed fewer variants (45 and 75 for SmBRE and SmGH2, respectively; Fig 3). These results

are clearly in agreement with the hypothesis of a matching phenotype [38]. Indeed, if a popula-

tion of schistosomes is more diverse in their SmPoMuc patterns, they would be less prone to

being recognized by a population of hosts that display a fixed number of FREP immune recep-

tors. These results of SmPoMuc polymorphism analysis clearly agree with the theoretical

results obtained from co-evolutionary models applied to plant and animal innate immunity

[39]. In the multistep infectious interactions of parasites and hosts, a genetically explicit model

revealed that polymorphism will be greater at recognition loci than at effector loci, and that

host-genotype by parasite-genotype interactions are greater for the recognition phase than for

the effector phase. Our results confirm these predictions, as we herein establish a link between

SmPoMuc polymorphism and the compatibility phenotype. Additional results obtained by

Nuismer and Dybdahl [39] also showed that, compared to the effector phase, the recognition

phase contributes more to local adaptation. This also makes sense in the context of our obser-

vation that the compatibility level is generally higher for sympatric combinations. The expres-

sion level of SmPoMucs also appears to be relevant to the compatibility pattern. In terms of

expression, SmVEN and SmGH2 expressed around two fold more SmPoMuc genes than the

other two strains. Conceivably, a schistosome expressing more SmPoMucs will generate more

SmPoMuc/FREP interactions at the parasite surface (even given a fixed number of possible

combinations), which will favor the recognition, the immune response and the killing of the

parasite. This could explain why strain SmVEN expressed a similar number of variants com-

pared with strain SmLE, but displayed a lower compatibility phenotype. Similarly, the expres-

sion level of SmPoMucs could explain why SmGH2 was less compatible than SmBRE, even

though the former expressed more variants than the latter.

Concerning now the comparison of the proportion of variants belonging to the different

groups of SmPoMucs in the studied schistosome strains, it revealed that: (i) the expression

level and the number of variants of group 1 SmPoMucs is always low; (ii) the expression levels

of groups 2 and 3 SmPoMucs are very similar within each strain; (iii) the proportions of group

2 and 3 variants can differ according to the strain (e.g., group 3 was more diversified in strain

SmLE); and (iv) the group 3 of SmPoMucs, which containing intermingled repeats [19,20], are

only expressed at significant levels in strain SmGH2. These differences in repeat types or num-

bers could also explain some of the compatibility differences between strains. However, our

current understanding of the link between polymorphism, glycosylation status, and recogni-

tion by FREP lectins is too fragmentary to allow us to propose a more precise hypothesis. The

SmPoMuc repeat number was shown to be related to the glycosylation status within a specific

strain of schistosome [20], but the glycosylation of different variants and its influence on FREP

recognition remain to be investigated.

Concerning the FREP contents of the studied snail strains, we first performed a global tran-

scriptomic analysis; we then focused on immune genes, and finally on FREPs. As compatibility

depends on molecules that are expressed constitutively by the host and the parasite [18], we

conducted our transcriptomic analysis on naive snails. Our global comparative analysis

revealed that, as expected, the transcriptome of BgBAR (which was much less permissive than

the others (Fig 1) showed the greatest differences with respect to the others. Among the differ-

entially expressed transcripts of this strain, we observed enrichment of numerous genes

involved in the immune response and responses to biotic and abiotic stimuli. Accordingly,

we performed a more targeted analysis of a B. glabrata. immunome composed of 122 tran-

scripts encoding proteins known to be involved in the immune recognition, immune signaling

pathways, and effector functions of B. glabrata [17,40]. As expected, BgBAR had a higher
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proportion of genes that were differentially represented in the majority of these molecular clas-

ses and the comparison of the transcription levels of these genes in the different strains showed

again that BgBAR is the most important differences. This strain exhibited both over-represen-

tation (e.g., FREP1, FREP14, an LBP-BPI 1.1, an achacin, a biomphalysin-like, etc.) and under-

representation (e.g., FREP 3.1 M, FREP J1, FREP K2, a biomphalysin-like, a macin, grctm 2,

grctm 6, proteases, etc.) of transcripts. As some FREPs were differentially expressed between

snail strains, we next analyzed the expression of all FREPs known to be present in the B. glab-

rata genome. Our results indicated that BgBAR expressed more FREPs than the three other

strains, and that most of the FREPs containing one IgSF domain (5 of 7) were more highly

expressed in BgBAR compared to the other strains. This suggests that this specific class of

FREPs could play a key role in schistosome recognition and anti-schistosome defense. Indeed,

this is consistent with a previous report showing that FREP 2 (containing one IgSF domain)

interacts with SmPoMuc antigens [24]. Our analysis of FREP polymorphisms between and

within strains showed that BgBRE and BgGUA had more variants than BgVEN and BgBAR,

suggesting that the diversity of FREPs is not correlated with the compatibility level, as would

be expected from an ongoing arms race between FREPs and SmPoMucs. We thus propose

(very speculatively) that this absence of correlation could be a consequence of the recent intro-

duction of the schistosome to the South American and Caribbean areas (from which the tested

snail strains were sampled) through the Atlantic slave trade of the 16-19th centuries. This

would have forced the schistosome to adapt to a new intermediate host of the same genus (B.

pfeifferi in Africa versus B. glabrata in the NewWorld). The parasite needed to develop an evo-

lutionary strategy to increase its compatibility with its new host, and thus diversified its SmPo-

Mucs to escape recognition by FREPs. In this context, the diversification of FREPs in some

snail strain could be linked to co-evolution with other pathogens living in sympatry with snails

of the NewWorld.

Our present results clearly corroborate that FREPs and SmPoMucs seem to be molecular

determinants of the compatibility between B. glabrata and S.mansoni. However, it is largely

accepted that this compatibility process is a complex one that involves numerous genes

engaged in an arms race (see [41] for a recent review). Compatibility can be viewed as a multi-

step process through which the parasite escapes the recognition and effectors of the host.

Although FREPs and SmPoMucs may play a crucial part in this recognition, other pattern rec-

ognition receptors (e.g., lectins) and antigens have been suggested to be involved [24]. In

terms of the effectors of the host and the anti-effector systems of the parasite, it has been

shown that highly reactive chemical compounds derived from molecular oxygen (ROS) are

crucial to the snail’s ability to defend itself against S.mansoni [42], and the parasite has devel-

oped ROS scavenger systems to counter these molecules [29]. Additional candidate genes have

also been recently implicated in the compatibility process between B. glabrata and S.mansoni;

for example, the biomphalysin from B. glabrata have been shown to exert high cytotoxicity

against S.mansoni sporocysts [35], and a new family of putative immune receptors was identi-

fied using a RAD-seq approach [11]. The previous reports and present results therefore collec-

tively suggest that the compatibility process is likely to be much more complex than previously

thought. Indeed, our transcriptomic analysis of B. glabrata strains showed that the less permis-

sive snail strain varied from the others in terms of immune-relevant transcripts that are

involved not only in immune recognition, but also in signaling pathways and effector func-

tions (Fig 6).

In conclusion, the arms race between B. glabrata and S.mansoni has selected for diversified

molecular repertoires that allow the parasite to counter the immune recognition system of the

host. The extraordinary diversification that enables SmPoMucs to avoid recognition by FREPs

illustrates the outcome of these evolutionary dynamics. The present findings together with
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other results obtained in recent decades show that the compatibility between B. glabrata and S.

mansoni depends on multiple factors, including: (i) the genetics of the snail and the schisto-

some; (ii) the age of the snail; (iii) the previous interactions of the snail with schistosomes; and

(iv) the ability of the environment to influence (through epigenetic mechanisms) the compati-

ble/incompatible phenotypes of both partners (see [41] for a recent review). To solve this com-

plicated puzzle, we need to develop novel integrative approaches that combine comparative

genomic, epigenomic, and transcriptomic approaches performed under different environmen-

tal conditions. This should enable us to identify relevant candidate genes whose functions

could then be validated using CRISPR/Cas or RNAi methodologies. Given the variability of

the mechanisms involved in compatibility, such studies must be undertaken on different snail

and schistosome populations and strains. These ambitious approaches are absolutely necessary

if we hope to identify the molecular pathways that are most likely to be good targets for strate-

gies aimed at blocking transmission through the snail intermediate host.

Materials andmethods

Ethic statements

Our laboratory holds permit # A66040 for experiments on animals from both the French Min-

istry of Agriculture and Fisheries, and the French Ministry of National Education, Research,

and Technology. The housing, breeding and animal care of the utilized animals followed the

ethical requirements of our country. The experimenter also possesses an official certificate for

animal experimentation from both French ministries (Decree # 87–848, October 19, 1987).

Animal experimentation follows the guidelines of the French CNRS. The different protocols

used in this study have been approved by the French veterinary agency from the DRAAF Lan-

guedoc-Roussillon (Direction Régionale de l’Alimentation, de l’Agriculture et de la Forêt),

Montpellier, France (authorization # 007083).

Parasites, snails, and compatibility

The four studied strains of S.mansoni parasites and the four corresponding sympatric snail

strains of B. glabrata originated from South America and had been maintained in the labora-

tory using Swiss OF1 mice (Charles River Laboratories, France) as the definitive host. The four

sympatric host/parasite combinations were designated BgVEN/SmVEN (from Guaraca, Vene-

zuela), BgGUA/SmGH2 (le Lamentin, Guadeloupe), BgBRE/SmBRE (Recife, Brazil), and

BgBAR/SmLE (Belo Horizonte, Brazil). Miracidia from the parasite strains (SmBRE, SmLE,

SmGH2 and SmVEN) were recovered from infected mouse livers and intestines and trans-

formed into sporocysts in vitro as previously described [19]. Compatibility trials between the

strains of parasites and snails were conducted as previously described [43]. For all sympatric

and allopatric combinations, we experimentally infected snails with 20 miracidia per snail,

which was previously shown to yield a maximum infection rate regardless of the utilized strain

[43]. Two weeks later, we assessed the prevalence (percentage of infected snails) and intensity

(number of developed parasites per infected snail) of infection. Three independent experi-

ments were performed. The data presented in the present manuscript correspond to the mean

values obtained in a previous published work [43] and the data obtained from two other exper-

iments performed in 2010 and 2012.

Western blot analysis of SmPoMucs in S.mansoni sporocysts

Five thousand sporocysts were collected and counted for each S.mansoni strain (SmBRE,

SmLE, SmGH2, and SmVEN). The samples were ground with a pestle and vortexed, and
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proteins were extracted using UTC buffer (7 M urea, 2 M thiourea, 30 mM Tris, pH 8.5, and

4% CHAPS) for 2 h at room temperature. The samples were centrifuged at 10,000 g for 5 min,

the supernatants were recovered, and the protein concentrations were estimated using a 2D

Quant kit (GE Healthcare Life Sciences). For each sample, proteins (8 μg) were incubated with
Laemmli buffer for 5 min at 99˚C, resolved by 12% SDS-PAGE, and blotted on a nitrocellulose

membrane (Trans-blot Turbo; Bio-Rad). The membrane was blocked with 5% skimmed dry

milk in TBST (TBS containing 0.05% Tween 20) for 3 h at room temperature and incubated

with the previously described anti-SmPoMuc [24] diluted 1/1000 in TBST overnight at 4˚C.

The membrane was washed three times in TBST (10 min each, room temperature), and then

incubated with peroxidase-conjugated purified anti-rabbit IgG (Sigma Aldrich) diluted 1/5000

in TBST with 5% skimmed dry milk for 90 min at room temperature. The membrane was

washed three times in TBST and once in TBS, and proteins were detected with a ChemiDoc

MP Imaging system (Bio-Rad) using ECL reagents. As a loading control, we performed a par-

allel Western blot using anti-actin (Thermo Scientific) diluted 1/1000 and HRP-conjugated

anti-mouse IgG (Sigma Aldrich) diluted 1/10,000.

SmPoMuc polymorphism analysis using individual sporocysts of S.
mansoni

Eleven sporocyts were recovered individually from each S.mansoni strain. RNA was isolated

from each individual using a Dynabeads mRNA Direct Micro kit (Ambion Life Technologies)

as previously described [20]. The RNA was reverse transcribed by adding the enzyme mix

(Superscript II, Invitrogen) directly to the paramagnetic Dynabeads. The generated cDNA was

recovered using the magnetic system, washed twice in 10 mM Tris (pH 7.5) and SmPoMuc

sequences were directly amplified using PCR and nested PCR, as previously described [20].

The obtained products were separated by 1% agarose gel electrophoresis. Each band was

excised, purified, and cloned into pCR4-TOPO, and 100 clones were sequenced.

Quantitative PCR analysis of SmPoMuc expression on S.mansoni
sporocysts

Five thousand sporocysts from each S.mansoni strain were recovered and stored at -80˚C.

RNA was extracted using a Dynabeads mRNA Direct Micro kit (Ambion Life Technologies)

according to the manufacturer’s instructions. Between the washing and elution steps of the

RNA purification, an additional on-bead DNase treatment was performed using the TURBO

DNA-free kit (Ambion Life Technologies). Reverse transcription was performed using the

Maxima HMinus First Strand cDNA Synthesis kit (Thermo Scientific) with a 1:1 mixture of

oligo dT and random primers. Quantitative PCR amplifications were performed with 2 μl of
20-fold diluted cDNA and 0.5 μMof each primer in a final volume of 10 μl, using a LightCycler
480 SYBR Green I Master kit and a Light Cycler 480 II Real Time instrument (both from

Roche). An initial denaturation at 95˚C for 12 min was followed by: 45 cycles of 11 sec dena-

turation at 95˚C, 11 sec annealing at 60˚C, and 19 sec elongation at 72˚C; a melting curve step

from 65 to 97˚C with a heating rate of 0.11˚C/sec and continuous fluorescence measurement;

and a cooling step to 40˚C. For each reaction, the cycle threshold (Ct) was determined using

the 2nd derivative method of the LightCycler 480 Software release 1.5 (Roche). PCR experi-

ments were performed in triplicate (technical replicates) from three biological replicates. The

mean value of Ct was calculated. Corrected melting curves were checked using the Tm-calling

method of the LightCycler 480 Software release 1.5. Results were normalized with respect to

the α-tubulin gene, as previously described [22], and ΔCt values were calculated. The primers

used to analyze the different SmPoMuc groups are indicated in Fig 1A.
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B. glabrata cDNA library construction and sequencing

RNA extraction, cDNA library construction, and Illumina SOLEXA sequencing were per-

formed as previously described [33,44]. Briefly, total RNA was extracted from whole snail

body tissues from 10 juvenile, 10 adult, and 10 old snails for each B. glabrata strain (BgVEN,

BgGUA, BgBRE, and BgBAR). Tissues were disrupted in liquid nitrogen and total RNA was

extracted using the TRIzol reagent (Life Technologies) according to the manufacturer’s

instructions. Equimolar amounts of RNA from juvenile, adult and old B. glabrata were com-

bined to yield two pools of 30 individuals for BgBRE (BRE1 and BRE2) and one pool of 30

individuals for each of the other strains (BgBAR, BgVEN and BgGUA).

Paired-end 72-bp cDNA libraries were generated using an mRNA-seq kit for transcriptome

sequencing (Solexa, Illumina) on a Genome analyzer II platform (Illumina). Three samples

were multiplexed per lane. Library construction and sequencing were performed by MGX

(Montpellier Genomix, c/o Institut de Génomique Fonctionnelle, Montpellier, France). For

library constructions cDNA fragments following RT-PCR amplification ranged from 220

to 500 bp (average, 300 bp). The numbers of 72-bp reads obtained from BgBRE1, BgBRE2,

BgBAR, BgGUA, and BgVEN were 99,316,948, 73,000,210, 116,679,444, 100,640,190 and

111,178,786, respectively. The reads that passed the Illumina quality filter were further

cleaned via a previously described workflow, using the Galaxy server [33,44]. The 13 first and

three last low-quality bases were then trimmed; yielding paired-end reads of 56 nucleotides

each. Reads without a pair (orphan reads) were removed. The final high-quality libraries used

for transcriptome assemblies contained 90,331,578, 66,558 544, 105,718,404, 88,800,366, and

85,918,982 reads for BgBRE1, BgBRE2, BgBAR, BgGUA, and BgVEN, respectively.

Processing of read sequences obtained from RNA-seq of B. glabrata

De novo transcriptomic assemblies were performed using the Velvet version 1.2.02 software

implemented by the python script provided by Oases version 0.2.06, as previously described

[33,44]. The resulting contigs were merged into unigene clusters using CD-HIT-EST version

4.5.4 A multiple k-mer assembly approach was applied to optimize the assembly. Four high-

quality reference transcriptomes were produced, comprising 117,269, 70,533, 82,500, and

79,664 transcripts for strains BgBRE, BgBAR, BgGUA, and BgVEN, respectively (for transcrip-

tome details see S4 Table). The transcripts were automatically annotated using Blast2GO ver-

sion 2.4.2.

Differential expression of transcripts in B. glabrata

Quality reads (Phred score>26) were aligned on the BgBRE transcriptome assembly using

Bowtie2 (v2.0.2; mapping quality score 255) on the Galaxy server (http://bioinfo.univ-perp.

fr) [45]. The count of the reads mapped to each transcript was assessed using Hitcount to

BAM (SAM tools v0.1.18.0). The obtained values were normalized by the upper quartile

method [46], which has been proposed to be more accurate than the RPKMmethod of nor-

malization [47]. The DESeq2 software (v2.12; http://www.bioconductor.org/packages/

release/bioc/html/DESeq2.html) [48] was used under default settings to identify genes that

were differentially expressed in the two biological snail sample duplicates (BRE1 and BRE2)

versus the other snail strain samples (P<0.05). Hierarchical ascending clustering (HAC)

with Pearson correlation, which was performed using the Cluster 3.0 [49] and JavaTreeView

software packages, was used to generate a heatmap for analysis of the transcript expression

patterns (log2 fold change).
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Gene Ontology (GO) enrichment analysis

To detect biological processes that were significantly over- or under-represented in the BgBAR

strain, we examined the transcripts found to be differentially expressed between BgBAR and

BgBRE. Functional enrichment was assessed using the GoStatsPlus package in R (https://

github.com/davfre/GOstatsPlus). The enrichment was calculated for the 3 categories including

of biological process (BP), molecular function (MF), and cellular component (CC), and. The

results were imported into REVIGO [50] for further analysis and visualization.

Sequence analysis of B. glabrata FREPs

Transcripts corresponding to potential FREP sequences were selected from transcriptomes on

the basis of Blast2Go annotations or the presence of immunoglobulin and/or fibrinogen

domains (IPR013783 and IPR002181, respectively), as detected by Interproscan. As most of

the obtained sequences were not full length, transcripts encoding complete sequences or par-

tial sequences with contiguous Immunoglobulin superfamily (IgSF) and fibrinogen (FBG)

domains were selected to be sure to have a transcript belonging to a real FREP family member

and not to GREP, CREP, FREM or IgSF or FBG containing molecules. The retained transcripts

were translated to predicted amino acid sequences and aligned with those of reference FREP

proteins obtained from GenBank using BioEdit version 7.1.3.0. and were also aligned on the B.

glabrata genome draft using the Blast tool available on the Vector Base website (https://www.

vectorbase.org/). For quantitative analysis of FREPs, the reads from each B. glabrata strain

were mapped to a reference FREP transcriptome (FREP transcripts assembled from the tran-

scriptomes of the four snail strains) using Bowtie2 (v2.0.2). The mapped reads were counted

per transcript and the values were normalized by the upper quartile method, as described

above. To estimate the FREP polymorphism in each strain, the longest transcript from each

FREP class was aligned against the B. glabrata transcriptomes obtained before CD-Hit EST

treatment, using Blastn (cutoff, 95% identity) on the Galaxy server. The number of mapped

hits was further normalized to the total number of transcripts for each B. glabrata transcrip-

tome, and the level of polymorphism was calculated as follows for each FREP class and snail

strain: normalized number of FREP variants = (number of blast hits / total number of tran-

scripts) x 105.

Validation of de novo transcript assembly

Several de novo assembled transcripts were validated by traditional Sanger sequencing of PCR

products. Briefly, depending of the strain, total RNA was reverse transcribed with random

primers and RevertAid premium enzyme (Thermo scientific). Two μl of the RT reaction was

then used for PCR (Advantage 2 PCR system, Invitrogen, Carlsbad, CA, USA) with primers

that were designed to specially target and amplify novel predicted transcripts, and amplicons

were sequenced (GATC Biotech, Konstanz, Germany). Sequences from Sanger sequencing

and from computational assembly of de novo transcripts were aligned (Supplementary S1 Fig).

Accession numbers

The obtained SmPoMuc sequences were deposited in GenBank under the following accession

numbers: KX645102-KX645377 for SmLE, KX645378-KX645624 for SmVEN, EU676447-

EU676459/EU676503-EU676530/EU676572-EU676583/EU676595-EU676625 for SmBRE,

and EU676460-EU676502/EU676531-EU676571/EU676584-EU676594/EU676556-EU676626

for SmGH2.
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The obtained FREP sequences were deposited in GenBank under the following accession

numbers: KY024239 to KY024307.

Supporting information

S1 Fig. Validation of FREP by alignment of sequences obtained from Sanger sequencing

and from computational assembly of de novo transcripts. To confirm that de novo assembly

will not generate miss assemblies for highly diverse FREP molecules, assembled FREP tran-

scripts were validated by traditional Sanger sequencing of PCR products. Sanger sequences

and computational assembled transcripts were aligned. Nucleotides underlined in black color

are common to both sequences. Forward and reverse primers positions were indicated by

asterisks.

(PDF)

S1 Table. Variants of cDNA obtained from 11 individual sporocysts of S.mansoni strains.

(XLS)

S2 Table. B glabrata immunome. List of molecule categories previously shown to play roles

in snail immunity, and the corresponding loci in the BgBRE transcriptome. Underlined lanes

correspond to transcripts that are differentially expressed across the four B. glabrata strains.

Molecules were selected from: B. glabrata transcriptomes and the literature [11,17,30]. FREP

nomenclature is detailed in the chapter “Characterization and expression analysis of FREPs in

the four B. glabrata strains”, see Results section.

(XLSX)

S3 Table. Annotation of the 24 classes of FREP molecules identified. The longest transcript

number of each class is mentioned, as are: its length in nucleotides and in amino acids (after

virtual translation); its new FREP class and standard classification when possible; its IgSF

domain number; its position on the B. glabrata genome draft (genome assembly version

BglaB1); the corresponding exon number; and, when determined, the predicted transcript in

the Vectorbase database.

(XLSX)

S4 Table. Transcriptome statistics. The characteristics of BgBAR, BgBRE1, BgBRE2, BgVEN

and BgGUA transcriptomes were detailed in terms of reads, contig length, contig number and

nucleotide numbers. BgBRE1 and BgBRE2 transcriptomes came from 2 independent biological

replicates.

(XLSX)
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We report the genome  sequence  and  organization of  five viruses  infecting  snails of  both Biomphalaria

glabrata  and Biomphalaria pfeifferi, which are  vectors  of  the intestinal  schistosomiasis. Four  viruses  pre-

sented  a  polyadenylated  positive  single strand RNA  genome  encoding  one  or two large  open  reading

frames  (ORFs)  flanked by untranslated  region.  Conserved  protein  motifs  typical of  the picorna-like  virus

superfamily  were  identified  in  these viruses  but  they all  presented  different  genome  organization. Phy-

logenetic  analysis  confirmed  their  assignment  to  this superfamily.  The  partially  characterized  fifth  virus

presented  sequence  similarity for  Totiviridae,  a  family of  non-polyadenylated  double-strand  RNA  viruses.

Virus distribution and relative abundance  between  the  five  strains  of  Biomphalaria  originating  from  dif-

ferent  geographical  areas  was  determined.  Our results provide  valuable  information  of  new viruses

from Biomphalaria  and pave  the way  for  future  studies dedicated  to  their  impact on  snail fitness  and

Biomphalaria/Schistosoma  interactions.

©  2016  Elsevier  B.V. All rights  reserved.

1. Introduction

Schistosomiasis is the second most widespread human para-

sitic disease after malaria. It  is reported to be endemic in more

than 78 countries in the tropical and subtropical areas, in Africa,

Asia and Americas. Around 200 million people are estimated to be

infected all over the world, with 200  000 death per  year (Chitsulo

et  al., 2000).  Infection is caused by  a trematode parasite of the

genus Schistosoma, which comprises 22 different species. Three of

them, Schistosoma mansoni, S. heamatobium and S. japonicum are

mainly responsible for human infections. S. mansoni is the causative

agent of intestinal schistosomiasis and it is vectored by a freshwater

snail from the genus Biomphalaria (Basch, 1976). The compatibility

between the pathogen and its host is determined by two main fac-

tors, the susceptibility of the host and the infectivity of the parasite.

In Biomphalaria, this host/pathogen compatibility is determined by

genetic factors but can also be modulated by non-genetic factors,

such as temperature (Knight et al., 2015), pollution (Ibrahim, 2006)

∗ Corresponding author.

E-mail address: richard.galinier@univ-perp.fr (R. Galinier).

or UV exposure (Ruelas et al., 2009), and could also be influenced

by its microbiota composition.

The microbiota of an organism is constituted of all microbial

organisms, such as bacteria, fungi and viruses that live within

the host in  a mutualistic interaction. The microbiota is known

to impact host evolution and adaptation by affecting several fit-

ness parameters (Bosch and McFall-Ngai, 2011; Zilber-Rosenberg

and Rosenberg, 2008). Notably, it has been shown to  play a key

role in the interaction between a host and its pathogens. In the

mosquito Anopheles gambiae, the microbial flora can limit the infec-

tion with Plasmodium falciparum by inhibiting the development of

the parasite within the host (Dong et al., 2009). More specifically,

although viruses have often been characterized by their pathogenic

and harmful effects, they are also an integral part of the microbiota

and they can modulate host-parasite interaction in invertebrates

(Martinez et al., 2015; Pradeu, 2016). For example, PolyDNA viruses

are able to manipulate the immune system of parasitoid wasps

(Burke and Strand, 2012), while SSRNA DcPv can modify the behav-

ior of a  ladybird parasitized by a parasitoid wasp to protect the

parasitoid larvae (Dheilly et al., 2015b). More generally, it is widely

accepted that viruses can control the immune system of their host

for their own development (Christiaansen et al., 2015), but also for

http://dx.doi.org/10.1016/j.actatropica.2016.12.021

0001-706X/© 2016 Elsevier B.V. All rights reserved.
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the defense of their host against other pathogens (Bettarel et al.,

2015).

In this context, RNAseq data were used to perform the first iden-

tification of sequences of resident viruses from Planorbidae of the

genus Biomphalaria. Next-generation sequencing (NGS) has already

been successfully used as a powerful tools for the discovery of new

viruses (Liu et al., 2011; Marston et al., 2013), even when they

are present at a low dose in a  latency phase or  at higher dose but

without any associated symptoms. In this work, we report the iden-

tification and characterization of 5 viruses from four strains of B.

glabrata and one strain of B.  pfeifferi. The taxonomic position of

these Biomphalaria viruses was assessed by a phylogenetic anal-

ysis using the most conserved domains from protein sequences.

Finally, based on virus abundance analysis, we evidenced a high

level of virus specificity toward the different snail strains investi-

gated herein.

2. Material and methods

2.1. Biological material

The experiments were conducted using four strains of Biom-

phalaria glabrata (Bg) and one of Biomphalaria pfeifferi (Bp). The four

South American B. glabrata strains were named as follow: BgBAR

(origin Brazil, Belo Horizonte); BgVEN (origin Venezuela, Guaraca);

BgBRE (origin Brazil, Recife) and BgGUA (origin Guadeloupe, le

Lamentin). The B.  pfeifferi strain came from Arabica peninsula

and was named BpOMAN (origin Oman, Dhofar). These five Biom-

phalaria strains exhibit differential susceptibility to each of the five

Schistosoma strains, from a generally high compatibility with their

sympatric strains (i.e., originating from the same location), to a gen-

erally moderate/low compatibility with other allopatric strains (i.e.,

originating from different locations) (Theron et al., 2014).

2.2. RNAseq data

RNA extraction, cDNA library construction and Illumina SOLEXA

sequencing were performed as previously described (Dheilly et al.,

2015a). Each paired-end cDNA library (72 bp) was constructed from

a pool of 30 snails, ranging from juveniles to old  adults. De  novo

transcriptome assemblies were performed as previously described

(Dheilly et al., 2015a). Finally, five high quality reference transcrip-

tomes were obtained. They comprised 70 533, 79 664, 117 269, 82

500 and 99 507 transcripts for the strains BgBAR, BgVEN, BgBRE,

BgGUA and BpOMAN, respectively. Automatic annotation of tran-

scripts was performed using Blast2GO version 2.4.2. Putative virus

sequences were identified by focusing on key viral features that

are RNA-dependent RNA polymerase, capsid protein and polypro-

tein domains. Sequence analysis was performed using either the

GeneCodes software package (Sequencher version 4.5, Ann Arbor

MI) or the BioEdit Sequence Alignment Editor version 7.1.3.0. (Hall,

1999).

2.3. PCR and RACE-PCR

RACE-PCR was performed to expand the virus genome

sequences at the 5′ and/or 3′ ends when they were missing. First

strand cDNA synthesis and RACE-PCR were performed using the

SMARTer RACE cDNA Amplification Kit (Clontech) from the RNA

extracted in section 2.2 by following manufacturer’s instructions.

RACE-PCR products were analyzed by  agarose gel electrophoresis

and cloned into the pCR4-TOPO vector according to the manu-

facturer’s instructions (ThermoFisher Scientific). Clones were then

sequenced using GenoScreen facilities (GenoScreen, France).

PCR were performed to validate the sequences obtained by

RNAseq, as well as to  complete virus sequence gaps. One microliter

of a ten times diluted cDNA (see Section 2.2)  was used as tem-

plate to amplify desired fragments using the GoTaq G2 Hot Start

polymerase (Promega) using the manufacturer’s instructions. PCR

products were cloned and sequenced following the same procedure

as for RACE-PCR products.

2.4. Sequence analysis and phylogenetic trees

Homologous sequences were searched using BLAST searches

against GenBank non redundant database on  the National Center

for Biotechnology Information web server (Bethesda, USA). A  search

for the presence of conserved motifs in the sequences obtained by

RACE-PCR and PCR was done using the Conserved Domain Search

Service (CD-Search) from the NCBI web server (Marchler-Bauer

et al., 2015).

For phylogenetic analyses, multiple protein sequence align-

ments were performed with ClustalW using the BLOSUM62

substitution matrix model. The neighbor-joining method (Poisson

substitution model; uniform substitution rate; gaps/missing data

treatment: pairwise deletion) was used to generate the phyloge-

netic trees. A  bootstrap analysis of 2000 replications was carried out

on the trees inferred from the neighbor-joining method to assess

the robustness of the tree branches. Two phylogenetic trees were

generated: one using the RdRP protein sequences, the other one

using the helicase protein sequences. In addition to the 5 RdRP and

4 helicase sequences from Biomphalaria viruses, 76 RdRP and 59

helicase sequences from 9 different families of Picornavirales were

obtained from NCBI database (Supplementary Table S1). These dif-

ferent phylogenetic groups of viruses were chosen based on the

closest domain organization of the virus genome to the Biom-

phalaria viruses and on the best BLAST matches against the NCBI

database. All phylogenetic analyses were performed using MEGA

7.0.14 software (Kumar et al., 2016).

2.5. Analysis of viral abundance

A viral transcriptome containing the nucleotide sequences of

the five Biomphalaria viruses previously characterized was cre-

ated in order to analyze viral abundance in  the five Biomphalaria

strains. For each RNAseq data of each Biomphalaria strain, high

quality reads (phred score >26) were aligned to viral transcrip-

tome using Bowtie2 (V2.2.6.2), which was run locally on the Galaxy

project server (http://bioinfo.univ-perp.fr) (Giardine et al., 2005).

The mapping was realized with paired library and sensitive end-

to-end mode. Differential abundance of each identified virus was

estimated and normalized by the upper quartile (UQ) within each

snail strain (Dillies et al., 2012).

3. Results and discussion

3.1. Viral sequence analysis and genome organization

3.1.1. Discovery of  five new viral sequences from Biomphalaria

RNAseq data

The presence of virus-derived transcripts was investigated in

four de novo assembled transcriptomes from B. glabrata coming

from different geographical areas and one from B. pfeifferi. A total of

five viruses were identified from B. glabrata and B. pfeifferi species,

and named BV1 to  BV5 for Biomphalaria virus 1–5, respectively

(Fig. 1). Sequence of BV1 virus was almost completely obtained

from RNAseq data while only partial contig coverage was observed

for the four other viral sequences. Joining PCR and RACE-PCR fol-

lowed by Sanger sequencing allowed fulfilling some gaps and

extending viral sequences to generate respectively full or near-full

length sequences for BV1 and BV3 while only partial sequences

were obtained for BV2, BV4 and BV5 (Fig. 1). The obtained viral
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Fig. 1. Genome structures of  Biomphalaria RNA-viruses. Black lanes represent the  RNA strands (one for BV1, BV2, BV3 and BV4 or two for BV5). Yellow and orange boxes

correspond to the region coding for non-structural proteins and structural proteins, respectively. Colored squares in these boxes relate the presence of conserved protein

domains identified either by CD-search analysis or manually (hatched). Transcripts from RNAseq data are materialized by pink lines, while gaps and cDNA ends obtained

only  by PCR and RACE-PCR are illustrated by green arrows. (For interpretation of the references to colour in this figure legend, the reader is  referred to the web version of

this  article.)

sequences were deposited in  GenBank under the following acces-

sion numbers: KY024317-KY024321 for BV1, KY024322 for BV2,

KY024323 for BV3, KY024324 for BV4 and KY024325 for BV5. Rear-

ing facilities (water, food, and material used) were screened by PCR

for the presence of these viruses in order to avoid misinterpretation.

None of the Biomphalaria viruses was detected.

3.1.2. Biomphalaria glabrata Virus 1 (BV1)

The BV1 genome was found to be 10 116 nucleotides long,

excluding the poly(A) tail present at the 3′ end (Fig.  1). No sequence

match was found in GenBank based on the complete nucleotide

sequence. The genome was enriched in Adenine/Uracile (27% A,

37% U, 19% C  and 17% G), which is typical of Picorna-like viruses.

Two large ORFs located on the same positive RNA strand but on dif-

ferent reading frames account for 88% of the total genome length.

The other 12% of the genome consisted in a 253 nucleotides long

5′ UTR, a 160 nt intergenic region (IGR), and a  longer 756 nt 3′ UTR

ended by a poly(A) tail (Fig. 1). No large ORF was found in  reverse

orientation, suggesting that BV1 is a positive strand RNA virus.

The 5′ proximal ORF (ORF1) started with an AUG codon at

position 254 and ended at a UAA stop codon at nucleotide 6403.

The predicted product was 2049 amino acid long with a  theoretic

molecular mass of 227 kDa. It encoded a picornavirus-like H-P-Rep

cassette, which included in this order a RNA helicase (pfam00910),

a  3C cystein protease (pfam00548) and RNA-dependent RNA poly-

merase (RdRP) (cd1699) as described for Picornaviridae (Koonin

and Dolja, 1993). A search for conserved domains in NCBI database

revealed the presence of both helicase and polymerase domains

but not of protease domain. However, manual analysis of the

sequence allowed the identification of a protease domain spanning

from amino acid position 1227–1427, with the conserved cysteine

protease motif 1399GxCG1402 and the putative substrate binding

residues 1418GxHxxG1423 (Gorbalenya et al., 1989). In addition,

we also found the amino acids that could constitute the protease

catalytic triad previously described by  (Ryan and Flint, 1997) at

position H1279,  D1331 and C1401, confirming the presence of the pro-

tease domain. The best hit after protein blast analysis was for a Nora

virus replication polyprotein (GenBank accession no. KP970079),

with 26% identity over 653 residues (e-value: 8−42). Nora virus is

a  recently characterized positive single strand RNA virus, which

is still unclassified among the picorna-like viruses (Habayeb et al.,

2006).

The  3′ proximal ORF (ORF2) started at nucleotide position 6564

with an AUG codon and ended at position 9362 with a  UAA stop

codon. It encoded a predicted product of 932 amino acids with a

theoretical molecular mass of 103 kDa. BLAST analysis against NCBI

database didn’t retrieve any homologous sequences. Neverthe-

less, CD search analysis revealed the presence of two picornavirus

capsid protein domain-like (cd 00205), typical of picorna-like non-

structural virus proteins.

The genome organization of BV1 suggests that it could be a  new

species in the picorna-like virus superfamily, considering that it

possesses all the typical domain of structural and non-structural

proteins of these viruses. More precisely, its di-cistronic genome

organization suggests that it might be a  candidate species for the

Dicistroviridae family.

The BV1 genome has been sequenced in all Biomphalaria strains

and compared at the nucleic acid level (Table 1). BV1 nucleotide

sequences were highly similar between most snail strains, with

99–100% identity for BV1 sequences from BgVEN, BgGUA and
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Table  1

Identity percentages between BV1 nucleic sequences.

GUA OMAN VEN BRE BAR

GUA 100

OMAN 99.79 100

VEN  99.25 99.39 100

BRE 97.12 97.32 97.32 100

BAR 86.7 86.75 86.75 86.56 100

Pairwise sequence alignment between nucleic sequences of BV1 from  the four B.

glabrata strain and the B.  pfeifferi one was performed using EMBOSS Needle tools

from the EBI server (https://www.ebi.ac.uk/).

BpOMAN, and more than 97% identity with the one from BgBRE.

Interestingly, the BV1 sequence from BgBAR strain was the most

different, as it only shared 87% identity with the BV1 genome

sequences from the four other Biomphalaria strains. In addition,

BV1 sequence from BgBAR strain presented a longer 5′UTR (261 nt

instead of 167 nt in the other strains), a single codon insertion in the

ORF1 sequence, and an insertion of 8 codons in  the ORF2, which thus

encoded a 940 residues product. The polyprotein from ORF1 and

ORF2 presented respectively 89% and 93% identity and 95% and 96%

similarity with the ones of BV1 from the four other Biomphalaria

strains, respectively (Table 1). Additional studies based on mor-

phological and biochemical data, as well as host range and tropism

specificities will be necessary to determine if BV1 from BgBAR is

a distinct species or simply a variant of BV1 identified in  the four

other Biomphalaria species.

3.1.3. Biomphalaria glabrata Virus 2 (BV2)

BV2 virus was identified thanks to a  long contig located in the

middle of the genome sequence of the virus (Fig. 1). RACE-PCRs

allowed to fully sequence the 3′ end but only  partially the 5′ part of

the virus genome. The partial genome sequence obtained for BV2

virus was 7 958 nt  long. Only one ORF was predicted by in silico

nucleotide sequence translation with a  partial length of 7 749 nt

lacking the initial start codon. The 3′ UTR was 209 nt  long and ended

by a poly(A) tail.

The partial ORF encoded a 2 582 amino acid product and

included several conserved motifs; at the 5′ end of the ORF,

typical domains from picorna-like viruses were identified includ-

ing non-structural proteins, such as the RNA helicase domain

(pfam00910), two mingled protease domains, the 3C cystein pro-

tease (pfam00548) and the peptidase C3G (pfam12381) domains,

and a RdRP (cd1699) domain. At  the 3′ end, the unique ORF of BV2

encoded two Picornavirus capsid protein-like domains (cd00205)

followed by a CRPV capsid protein-like domain (pfam08762), which

are all typical domains from picorna-like non-structural virus pro-

teins. It is noteworthy that such genome organization comprising

one ORF coding for non-structural proteins at the 5′ end  and

structural proteins at the 3′ end was only characterized for the

Marnaviridae family inside the picorna-like virus supergroup, and it

comprises only one species so far. Nevertheless, protein blast anal-

ysis provided the highest similarity for the non-structural protein

of Solenopsis invicta virus-1, a Dicistrovirus, with 26% identity over

797 residues (e-value: 7−56).

3.1.4. Biomphalaria glabrata Virus 3 (BV3)

The RNAseq contig coverage of BV3 genome sequence was com-

posed of multiple small overlapping fragments from the 5′ side to

the two-thirds of the sequence, separated by a gap from two over-

lapping fragments at the 3′ side (Fig. 1). The sequence of the gap

was completed by PCR and the two ends were obtained by RACE-

PCR. The near full-length viral  genome sequence generated was

constituted of 9 982 nt comprising one ORF of 8 556 nt, a 5′ UTR

and a 3′ UTR of 619 and 807 nt, respectively. A  poly(A) tail was also

recovered at the 3′ end of the genome.

The unique BV3 ORF encoded a 2 852 amino acids product. Two

picornavirus capsid protein domain-like (cd00205) were found at

the 5′ side of BV3 and non-structural protein domains for RNA

helicase (pfam00910) and RdRP (cd1699) at the 3′ side, which

is the reverse organization as compared to the one of BV2. Cys-

teine protease domain was not detected as it probably differed

from already known sequences; however, the cysteine protease

motif 1910GxCG1913 was retrieved as well as the potential catalytic

triad constituted by H1804,  E1846 and C1912. Inside the Picornavi-

rales order, only Secoviridae, Picornaviridae and Iflaviridae families

have the replication block in the C-terminal region of the polypro-

tein, while the structural proteins are found in  the N-terminal

region. Protein BLAST analysis provided the best hit for mouse

Encephalomyocarditis virus, a  member of the mammalian Picor-

naviridae family, with 28% identity over 297 residues (e-value:

1e−17).

3.1.5. Biomphalaria pfeifferi Virus 4 (BV4)

The contig coverage of BV4 was the weakest of the five viruses

identified in  Biomphalaria species (Fig. 1). The many gaps within

the sequence were successfully filled by PCR but RACE-PCR failed

to amplify both genome ends. The partial genome sequence of BV4

that we obtained was 7 264 nt long, which is constituted of a  unique

ORF, incomplete at its 5′ side, and of a fragment of the 3′UTR (103

nt).

Partial sequence of BV4 ORF coded for a  2 386 residues prod-

uct. CD search analysis revealed the same domain organization as

BV2, with non-structural proteins at the 5′ end and structural pro-

teins at the 3′ end (Fig. 1). The 5′ end of the ORF started inside the

RNA helicase domain (pfam00910) and was followed by the RdRP

domain (cd1699). No protease domain was detected and its manual

identification was less obvious than for other viruses. The cysteine

protease motif 1003GxCG1006 was clearly identifiable but the puta-

tive substrate binding site 1022GxMxxG1027 was divergent from the

conserved one (GxHxxG). In addition, the first H898 and last C1005

residues of the catalytic triad were found, but several candidate

residues were found for the second one (E930,  D941, E949,  E951 and

D954). In the structural protein part at the 3′ side of the ORF, two

picornavirus capsid protein-like domains (cd00205) were identi-

fied. Protein BLAST analysis provided the best hit  for the polyprotein

of Fisavirus 1 (GenBank accession NC 025836), with 32% identity

over 1 350 residues (e-value: 3e−179). Fisavirus 1 has been recently

described as an unclassified Picornavirales isolated form fresh water

carp feces (Reuter et al., 2015), with a 8 712 nt long genome bearing

the same genome organization as BV4.

3.1.6. Biomphalaria pfeifferi Virus 5 (BV5)

The last virus BV5 was identified by  the presence of a few non-

overlapping contigs corresponding to the RdRP gene. Sequence

gaps were fulfilled by PCR, but only a partial 1013 nt  long sequence

of the unique ORF of its genome was obtained (Fig. 1).

The ORF encoded a  337 residues product. This comprised the

RdRP domain (cd1699) and a RdRP 4 domain (pfam02123), which is

a RdRP protein found in Luteovirus, Totivirus and Rotavirus. The best

BLAST hit was for the RdRP of Golden shiner totivirus, with 54% iden-

tity over 319 amino acids (e-value: 3e−111). This virus was recently

characterized from a  fresh water fish from a North American lake

and it presented a double-stranded RNA genome (Mor and Phelps,

2016). Moreover, all the other BLAST hits also corresponded to RdRP

from other Totivirus, suggesting that BV5 could be a  new candidate

species for this family.

3.2. Taxonomic position of  viruses

Both phylogenetic analyses performed using the RdRP domain

(Fig. 2)  and helicase domain sequences (Supp. Fig. Helicase) clus-
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Fig. 2. Phylogenetic analysis of  the RdRP protein sequence domains from 81 different viruses belonging to the  Iflaviridae (13; purple), Dicistroviridae (12; orange), Secoviridae

(8;  green), Unclassified ssRNA(+) virus (4; light blue), Marnaviridae (1; grey), Picornaviridae (17; yellow), Unclassified Picornavirales isolated from feces  (10; dark blue),

Totiviridae (8; light red) and Chrysoviridae (3; dark red) families in addition to the five viruses isolated from Biomphalaria. Viruses from Biomphalaria (BV1 to BV5) are

indicated in bold and are highlighted in the color of the family if they were clearly included in or they are hatched with  the color of the closest family. A bootstrap analysis of

2000  replications was carried out on the trees inferred from the neighbor joining method. Bootstrap values are shown at each branch of the trees. The accession number of

each  protein sequence used is listed in Supplementary Table S1. (For interpretation of the references to colour in this figure legend, the  reader is  referred to the web version

of  this article.)
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tered BV1 with a group of unclassified Picornaviridae supported

with high bootstrap values for RdRP sequences.

This group of  unclassified Picornaviridae comprised an isolate

from Spodoptera exigua and several Nora viruses from different

Drosophila species. In addition to structural and non-structural

proteins, each encoded by  a  specific ORF, Nora viruses possess 2

additional ORFs; one is coding for a  RNAi suppressor protein, and

the other one encodes a protein of unknown function. The S. exigua

virus possesses 5 ORFs, one that encodes non-structural proteins

and the four others that encode proteins without any conserved

motif sequence. Therefore, the clustering of BV1 on the basis of

RdRP and helicase protein sequence similarity is not consistent

with the genome organization of viruses from this cluster. BV1

presents the typical dicistrovirus organization with its dicistronic

genome structure comprising the 2 ORFs coding from 5′ to 3′ end for

non-structural and structural proteins, respectively. This phyloge-

netic relationship of BV1 with Nora viruses is surprising as it  did not

have the same genomic structure. As Nora viruses have been previ-

ously described to be enteric viruses transmitted by feces (Habayeb

et al., 2009); it could be interesting to investigate in the future the

tropism of BV1 for snail tissues.

Analysis of RdRP sequences led to the clustering of BV2 with the

Secoviridae, which is a family of viruses known to infect plants. But

on one hand, this taxonomic position is weakly supported by the

bootstrap analysis, and on the other hand, its genomic organization

is not that of Secoviridae, but rather the one of Marnaviridae. A  com-

plementary phylogenetic analysis based on  the helicase domain

(Fig. S1) positioned BV2 between BV1 and the Marnaviridae, but

again supported by a low bootstrap value. To  be noted, the heli-

case sequence used for this analysis was truncated, which could

have biased the phylogenetic analysis due to the treatment of the

missing amino-acids in the neighbor-joining model used (gap treat-

ment: pairwise deletion). It  is obvious that BV2 is a picorna-like

virus as it possesses all their typical domains, but to date we were

not able to clearly classify it among the already known families by

phylogenetic analyses.

The two phylogenetic analyses positioned BV3 with high boot-

strap values inside the Picornaviridae family, which groups the

mammalian picornaviruses. Moreover, the genome organization of

BV3 is in accordance with that of the Picornaviridae family. This

family comprises several genus and BV3 is clustered together with

several unclassified Picornaviridae identified from different bird

species. The discovery of other viruses phylogenetically closer to

BV3 may help to give more insights into its exact position within

this family.

BV4 clustered with a group of unclassified Picornavirales in anal-

yses performed with RdRP and helicase sequences. It  also shared

a similar domain organization with viruses from this group. All

viruses from this group were isolated from feces and it comprises

viruses identified from farmed animal’s feces like swine and fish,

but also from human and fly feces. It  would be interesting in  the

future to study the tissue tropism of BV4 to determine if it  also

has an intestinal origin. It seems clear that a  new group of picorna-

like viruses, which includes BV4, is emerging and that it has to be

assigned to a new family or to a new group inside an existing family.

The phylogenetic analysis of the RdRP protein sequence of BV5

clustered it with the Totiviridae family. It  particularly positioned

it with Totiviruses from other invertebrates, including shrimp,

mosquito, and fly. Totiviruses are non-polyadenylated double-

stranded RNA viruses and they exhibit the same dicistronic genome

organization with a  large first ORF encoding structural proteins,

and non-structural proteins encoded by a shorter second ORF. BV5

presents a very strong bootstrap support in spite of a very short

protein fragment.

Fig. 3. Relative abundance of  virus into Biomphalaria strains. Cumulative expression

(Hit  count normalized by the upper-quartile) of  the Biomphalaria virus transcripts, in

the different Biomphalaria strains, determined by Bowtie2 analysis. Each histogram

corresponds to a Biomphalaria strain (BgGUA, BgVEN, BgBRE, BgBAR and  BpOMAN)

and  each color corresponds to a virus (green for BV1, blue for  BV2, yellow for  BV3,

orange for BV4 and dark blue for BV5). (For interpretation of the references to colour

in this  figure legend, the reader is  referred to the web version of  this article.)

3.3. Virus distribution and relative abundance in different

Biomphalaria strains and species

The five viruses identified in this study were not all present in

all snail strains studied (Fig. 3). This confirms that our snail rearing

process and facilities properly isolate the different snail strains with

their own virus community and do not allow inadvertent trans-

missions between all different snail strains. Previous studies have

already shown a correlation between viral reads number and viral

load (Valenzuela-Miranda et al., 2014; Wilk et al., 2015). Even if the

exact number of viral particles cannot be estimated by this way, it

gives a relative viral abundance between different biological sam-

ples. Therefore, we used our RNA-seq data to estimate the relative

abundances of each virus within the five Biompalaria strains. Total

viral load was similar in the Biomphalaria strains BgVEN, BgBRE,

BgGUA and BpOMAN (between 5.2 and 6.1 normalized hit counts)

but it was 2.4–2.9 times lower in  BgBAR. Proportion of the five

viruses varied between the different Biomphalaria strains studied

(Fig. 3).

BV1 was present in  all tested snail strains, including both B.

glabrata and B. pfeifferi species. It  was the most abundant virus

within three B. glabrata strains (81.0, 81.4 and 79.0% of total viral

load in BgVEN, BgBAR and BgGUA, respectively) whereas it repre-

sented only 46.2% of total viral load in  BgBAR strain. Interestingly,

genome sequence of BV1 from BgBAR strain was slightly differ-

ent from BV1 from other snail strains. In B. pfeifferi, BV1 was also

present but its abundance was very low (0.9% of total viral load),

which could explain why it was more difficult to amplify by PCR

from BpOMAN and why we only managed to get 8 732 nt  over

10 116 at the 3′ side. Such variation in the relative abundance of

this virus between the two snail species suggests that it might be

differently constrained by the presence of different other viruses

and potentially different other members of the microbiota but also

by differences in the metabolism, immunity and physiology of  the

different species.

In B. glabrata, BV2 and/or BV3 were also recovered. Their abun-

dance varied according to the snail strain. It is noteworthy that

Bowtie2 analysis revealed the presence of BV2 reads in BgVEN

transcriptome, whereas no  viral transcript nor PCR amplicon corre-

sponding to BV3 was recovered from BgVEN. We could hypothesize
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that viral load might be extremely low in this snail strain that could

partly explain why PCR-based approaches failed. Another possibil-

ity is that mapped reads might belong to another uncharacterized

virus from BgVEN having sequence homology with BV3. In BgBRE,

BV2 was much more abundant than BV3, while in BgVEN it was the

opposite (Fig. 3). Interestingly, BV3 abundance within the different

B. glabrata strains seems to decrease from populations sampled in

Caribbean Island and Venezuela to Brazil (from BgGUA to BgVEN,

BgBRE and BgBAR) while BV2 load is increasing. This potential

trade-off in the geographical distribution of BV2 and BV3 needs

to be further investigated. In B.  pfeifferi, BV2 was as abundant as in

BgBRE and BgBAR. Consequently, this virus was able to infect both

Biomphalaria species, like BV1. The most abundant virus in  B.  pfeif-

feri was BV4 (78.4% of total viral load), which was only recovered

in this strain. Similarly, BV5 is specific to B.  pfeifferi but it exhibited

a  48-fold lower abundance than BV4. Again, this particular viral

distribution could be due to a  specific tropism of BV4 and BV5 to

B. pfeifferi species and/or could be linked to the geographical ori-

gin of the snail strain. Viral specificity should be  investigated by

performing viral transmission experiments.

Nevertheless, we have to keep in mind that RNAseq data were

obtained from pools of 30 animals. Therefore, it  provides a  global

overview of virus distribution and abundances within each strain

of snails but it fails in reaching the inter-individual plasticity of

virus abundance and diversity. Future studies are thus also needed

to  solve this question.

3.4. Biomphalaria resident viruses as potential new

schistosomiasis control agents?

The control of host snail population is one of the fighting

strategies proposed by the WHO for schistosomiasis eradication

(Rollinson et al., 2013). Limiting snail populations in endemic

areas could constrain parasite transmission. In this context, sev-

eral approaches have been developed or proposed. Molluscicides

have been developed (McCullough et al., 1980), but their toxicity

to the abiotic and biotic environments is a limit to their massive

use in the field. The management of snail habitat together with the

introduction of predators or  snail competitors for habitat have also

been used (Giboda et al., 1997; Guimaraes et al., 2001; Hofkin et al.,

1992; Pointier and Jourdane, 2000; Sokolow et al., 2014). Unfortu-

nately, snail population dynamics are highly variable depending on

environmental conditions and thus the efficacy of such strategies

is therefore difficult to predict.

The use of natural snail pathogens could also be considered for

controlling snail populations. However, only few studies have been

conducted using natural snail microbes. Two snail pathogens have

been reported to become potential control agents. Brevibacillus lac-

terosporus was shown to induce mortality in  some but not all B.

glabrata populations, and only on juvenile snails (3-12 days-old

post-eclosion) (de Oliveira et al., 2004). More recently, a new bacte-

rial strain of Paenibacillus, P. glabratella, was reported to be lethal for

B. glabrata snails, with a high  rate of mortality at all developmental

stages of the snail (Duval et al., 2015). Nevertheless, its pathogenic-

ity against other schistosome intermediate host species as well as

its safety toward other local endemic species is still to be deter-

mined. Our results open a  new field of research using Biomphalaria

viruses. Nowadays, the role of holobiont in the modulation of host

immune system is well known in other models (Gilbert et al., 2012).

Thus, it will be important to discover the role (positive or negative)

played by these viruses on the snail homeostasis, especially dur-

ing S. mansoni parasite infection. Without evident pathogenicity,

virus could affect snail life history traits potentially depending on

the viral tropism. Future work will investigate viral prevalence at

individual level and potential pathogenicity in reciprocal host/virus

crosses to investigate if these viruses could be used as a new strat-

egy to control vector snail populations in the field.

4. Conclusion

In this study, we report the identification and characterization

of viruses from five Biomphalaria snail strains from RNAseq data.

We discovered the presence of at least 5 new RNA viruses in both

B. glabrata and B. pfeifferi species. The analysis of their sequence

and genome organization revealed that four viruses were associ-

ated with the picorna-like virus superfamily, while the fifth one

is close to the Totiviridae family. These results are supported by

a  phylogenetic analysis based on the RdRP and helicase protein

sequences. The distribution analysis showed that BV1 was present

in  all the 5 snail strains while the four others were not equally

distributed. Some of them, such as BV2 and BV3, seem to have a

geographic-specific origin while others, such as BV4 and BV5, might

be species-specific as they were only recovered from B. pfeifferi. BV1

is clearly the most abundant virus in B. glabrata, while it is BV4 in

B. pfeifferi.

This work is  a  first step towards the identification of natural

biological agents able to infect several populations of Biomphalaria,

which is the intermediate host of the parasite S. mansoni. Future

work will investigate viral prevalence at individual level, but also

in field populations. The viral tropism, as well as the mode of trans-

mission, has to be studied to better understand the different steps

of the contamination process. The role played by  these viruses on

snail homeostasis also has to be investigated and more particularly

during S.  mansoni parasite infection to know if the presence of these

viruses would be adaptive for the host.
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