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Graphical abstract

Five RNA viruses were identified
from four strains of Biomphalaria
glabrata and one strain of
Biomphalaria pfeifferi from
different geographical areas.
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Highlights

e Five RNA viruses were isolated from five Biomphalaria strains

e Four on five viruses may belong to Picorna-like virus superfamily
e One virus presents similarity with Totiviridae family

e Viruses are differentially represented between snail strains



Abstract:

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 presented 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. Phylogenetic 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 different 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.
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1. Introduction

Schistosomiasis is the second most widespread human parasitic 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 factors, 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) 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 fitness 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 infection 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 behavior 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
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their own development (Christiaansen et al., 2015), but also for the defense of their host against
other pathogens (Bettarel et al., 2015).

In this context, RNAseq data were used to perform the first identification 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 identification 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 analysis 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 investigated herein.

2. Material and methods

2.1 Biological material

The experiments were conducted using four strains of Biomphalaria 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 Biomphalaria
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
generally 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
transcriptomes 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 transcripts 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 polyprotein 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 manufacturer’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 template 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 alignments were performed with ClustalwW
using the BLOSUMG62 substitution matrix model. The neighbor-joining method (Poisson
substitution model; uniform substitution rate; gaps/missing data treatment: pairwise deletion) was
used to generate the phylogenetic 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 RARP protein sequences, the other one using
the helicase protein sequences. In addition to the 5 RARP 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 1). These different
phylogenetic groups of viruses were chosen based on the closest domain organization of the virus
genome to the Biomphalaria 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 created 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 transcriptome 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
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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 to 5, respectively (Figure 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 followed 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
(Figure 1). The obtained viral sequences were deposited in GenBank under the following accession
numbers: KY024317-KY 024321 for BV1, KY024322 for BV2, KY024323 for BV3, KY024324 for
BV4 and KY024325 for BV5. Rearing 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 (Figure 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 different 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 (Figure 1). No large ORF was found in reverse
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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
polymerase (RARP) (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 to 1427, with the
conserved cysteine protease motif B*°GxCG!%? and the putative substrate binding residues
1418GxHxxG?® (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
H27% D31 and C¥0, confirming the presence of the protease 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#2). 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. Nevertheless, 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.
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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
to 100% identity for BV1 sequences from BgVEN, BgGUA and 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 morphological 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 (Figure 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 including non-
structural proteins, such as the RNA helicase domain (pfam00910), two mingled protease domains,
the 3C cystein protease (pfam00548) and the peptidase C3G (pfam12381) domains, and a RARP

(cd1699) domain. At the 3' end, the unique ORF of BV2 encoded two Picornavirus capsid protein-
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like domains (cd00205) followed by a CRPV capsid protein-like domain (pfam08762), which are
all typical domains from picorna-like non-structural virus proteins. 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
analysis 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-°).

3.1.4 Biomphalaria glabrata Virus 3 (BV3)

The RNAseq contig coverage of BV3 genome sequence was composed of multiple small
overlapping fragments from the 5' side to the two-thirds of the sequence, separated by a gap from
two overlapping fragments at the 3' side (Figure 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, a5 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 RARP (cd1699) at the 3' side, which is the reverse organization as
compared to the one of BV2. Cysteine protease domain was not detected as it probably differed
from already known sequences; however, the cysteine protease motif %1°GxCG*°!3 was retrieved as
well as the potential catalytic triad constituted by H®%, E86 and C'°'2, Inside the Picornavirales
order, only Secoviridae, Picornaviridae and Iflaviridae families have the replication block in the C-
terminal region of the polyprotein, 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 Picornaviridae family, with 28% identity over 297 residues (e-value: 1e*').
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3.1.5 Biomphalaria pfeifferi Virus 4 (BV4)

The contig coverage of BV4 was the weakest of the five viruses identified in Biomphalaria
species (Figure 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 product. CD search analysis revealed the
same domain organization as BV2, with non-structural proteins at the 5' end and structural proteins
at the 3' end (Figure 1). The 5' end of the ORF started inside the RNA helicase domain (pfam00910)
and was followed by the RARP domain (cd1699). No protease domain was detected and its manual
identification was less obvious than for other viruses. The cysteine protease motif 1°°GxCG% was
clearly identifiable but the putative substrate binding site 1°2GxMxxG%%" was divergent from the
conserved one (GxHxxG). In addition, the first H8® and last C% residues of the catalytic triad
were found, but several candidate residues were found for the second one (E®, D%, B9 E%! and
D%4). In the structural protein part at the 3' side of the ORF, two picornavirus capsid protein-like
domains (cd00205) were identified. 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: 3e1”®). 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 RARP gene. Sequence gaps were fulfilled by PCR, but only a partial 1013 nt
long sequence of the unique ORF of its genome was obtained (Figure 1).

The ORF encoded a 337 residues product. This comprised the RdRP domain (cd1699) and a RARP
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4 domain (pfam02123), which is a RARP protein found in Luteovirus, Totivirus and Rotavirus. The
best BLAST hit was for the RARP of Golden shiner totivirus, with 54% identity over 319 amino
acids (e-value: 3e'%). 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 RARP 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 (Figure 2) and helicase domain
sequences (Supp. Fig. Helicase) clustered BV1 with a group of unclassified Picornaviridae

supported with high bootstrap values for RARP 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 RARP 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 phylogenetic relationship of BV1 with Nora viruses is surprising as it did not
have the same genomic structure. As Nora viruses have been previously 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 RARP sequences led to the clustering of BV2 with the Secoviridae, which is a family of

-13-



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 complementary phylogenetic analysis based on the helicase
domain (Figure S1) positioned BV2 between BV1 and the Marnaviridae, but again supported by a
low bootstrap value. To be noted, the helicase 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 treatment: 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 bootstrap 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 analyses 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 RARP 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
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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.

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 (Figure 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 transmissions 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 samples. 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 BQVEN, BgBRE, BgGUA and BpOMAN (between 5.2 and 6.1 normalized hit counts) but it
was 2.4 to 2.9 times lower in BgBAR. Proportion of the five viruses varied between the different
Biomphalaria strains studied (Figure 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 represented only 46.2% of total viral load in
BgBAR strain. Interestingly, genome sequence of BV1 from BgBAR strain was slightly different
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
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the different species.

In B. glabrata, BV2 and/or BV3 were also recovered. Their abundance 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 corresponding to BV3 was recovered
from BgVEN. We could hypothesize that viral load might be extremely low in this snail strain that
could partly explain why PCR-based approaches failed. Another possibility 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 (Figure
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. pfeifferi 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 origin 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.
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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, several 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). Unfortunately, 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 lacterosporus 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 bacterial 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 pathogenicity against other
schistosome intermediate host species as well as its safety toward other local endemic species is still
to be determined. 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 during 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 strategy to

control vector snail populations in the field.
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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 associated 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 RARP 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 transmission, 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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Figure 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.
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Figure 2. Phylogenetic analysis of the RARP 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 1.
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Figure 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 purple
for BV5).
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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/).
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