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Abstract

Bivalves have colonized the interface between land and sea for the last 500 million
years. Although bivalves lack an adaptive immune system, they are extraordinarily well
adapted to adverse environmental conditions. Bivalves are valuable aquaculture
resources worldwide and are used as sentinels for monitoring pollution.

In this work, the immune transcriptomes of mussels (Mytilus galloprovincialis and
edulis) and clam (Ruditapes decussatus) were sequenced. For comparative purposes, an
already published transcriptome dataset of Ruditapes philippinarum was also included
in the analyses. The 454 pyrosequencing of stimulated hemocytes resulted in more than
400,000 reads for each transcriptome. The percentage of annotated sequences ranges
from 50% for mussels to 30-40% for clams. Considering the 28,061 non-redundant
sequences from the four transcriptomes, the four species share 785 genes.

Moreover, sequences related to different putative pathogens were found in the four
bivalves. A high number of bivalve herpesvirus ORFs were found, which confirms the
value of NGSs as tools to detect and quantify pathogen RNA.

Based on an examination of the immune-enriched transcriptomes of these four species,
we can conclude that bivalves present an immune system that differs from its
conventional characterization as a simple innate immune response against invading
pathogens. Enrichment analyses showed that species in the Mytilus genus, especially M.
galloprovincialis, possesses a significantly higher number of sequences related to
immune processes and killing molecules than species in the Ruditapes genus. This could
be related to the broader ecological niche occupied by mussels and the scarcity of
reported mussel mass mortalities compared to the high number of mass mortalities
reported for clams.

Keywords

Mytilus; Ruditapes; 454 pyrosequencing; transcriptome; hemocytes; Perkinsus; OsHV-1
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Introduction

The phylum Mollusca, comprising more than 200,000 living species, is the second
biggest group within invertebrates (Ponder and Lindber 2008). The majority of molluscs
of the Class Bivalvia are present in both marine and freshwater environments, where
they feed by filtering organic material from the water column. However, a huge
diversity of living forms have been characterized, and bivalves can be infaunal, attached
to substratum by byssus, cemented to substratum, wood-borers, rock-borers, and
predators (Morton 1981). They are extraordinarily well adapted to adverse
environmental conditions such as high and low temperatures, periods out of the water,
salinity changes and even pollution. This diversity is mainly due to the early evolutive
radiation in the late Cambrian era, which allowed bivalves to occupy different
ecological niches (Plazzi and Passamonti 2010).

Bivalves are a valuable food resource, and their aquaculture is experiencing a
continuous growth. The most important commercial bivalves are oysters, mussels,
clams, cockles and scallops. The culturing of bivalves also has applications in
ecosystem repopulation, obtaining pharmaceutical or industrial products, and
ornamentation (aquaria, nacre, pearls). In addition to their economic value, bivalves
have important roles in environmental energy fluxes, water quality maintenance (Dame
1993; Giles et al. 2006; Newel 2004) and the monitoring of environmental pollution
(Milan et al. 2013; Zorita et al. 2007).

As with all invertebrates, bivalves lack antibody-based adaptive immunity. However,
they possess well-adapted defense strategies to protect themselves against pathogens.
Bivalve cellular defenses rely on hemocytes, circulating cells in the hemolymph with
specialized immune functions and other roles in homeostasis (Fisher, 1986) or shell
repair (Mount et al. 2004).

The natural habitat of bivalves in the oceans implies an intimate contact with some of
the largest microorganism populations on the planet. In fact, the filtering bivalve
lifestyle implies that these animals interact with a much higher microorganism
concentration than that in the water column. Viral infections are also common in marine
environments. The abundance of viruses exceeds that of bacteria and archaea by
approximately 15-fold, and the estimated number of viral infections is 10?3 per second
(Suttle 2007). Still, knowledge about the antiviral response in bivalves, as in all
invertebrates, is scarce. The discussion about whether invertebrates possess antiviral
immunity is ongoing and further enhanced by recent works, such as the study presented
by Novoa et al. (2016). In this study, they confirmed that constitutively expressed
myticins in naive mussels made oyster hemocytes resistant to ostreid herpesvirus 1
(OsHV-1).

Among bivalves, Mytilus galloprovincialis has been recognized as a very successful and
robust species, able to survive pathogens that have caused massive mortalities in oysters
and clams cultured in the same area (Romero et al. 2014) and known to be extremely
resistant to environmentally adverse conditions (Kurelec and Pivéevi¢ 1991). One
reason attributed for this high resistance is the presence of a rich, high expression of
antimicrobial peptides and a very complex repertoire of many immune-related receptors
and effectors (Costa et al. 2009; Gerdol and Venier 2015; Moreira et al. 2015; Romero
et al. 2011; Rosani et al. 2015; Toubiana et al. 2013). However, it is often difficult to
uncover the immune potential of these animals because their defense repertoire is very
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often not expressed in normal conditions and needs to be induced (Moreira et al.
2012a). In this work, we focused on the transcriptome of bivalve hemocytes, the
specialized defense cells in bivalves, from three bivalve species of high commercial
interest, Mytilus galloprovincialis, Mytilus edulis and Ruditapes decussatus. After
immune stimulation, the hemocyte transcriptomes were produced by 454
pyrosequencing. Then, these three transcriptomes were compared during analyses that
included the transcriptome from Ruditapes philippinarum (Moreira et al. 2012b), which
was obtained following the same methodology. The objective of this work was to
compare the immune repertoires of four different bivalve species living in different
environments.

There are a few other recent transcriptomic studies on these bivalve species (Leite et al.
2013; Ren et al. 2017; Yarra et al. 2016), and a draft genome has been published for M.
galloprovincialis (Murgarella et al. 2016), but very little information is available on
hemocytes. In addition to all these efforts, this is the first time that a comparison among
2 species of infaunal clams and 2 species of epibenthic mussels has been carried out.

The raw data are accessible from the NCBI database under Bioproject PRINA377527
and the Short Read Archive under SRX2600750 for M. galloprovincialis; SRX2600751
for M. edulis and SRX2600755 for R. decussatus.



124
125

126
127
128
129
130

131
132
133
134
135
136
137

138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155

156

157
158
159
160
161
162
163
164
165
166
167
168

Materials and Methods
Animals

The Mediterranean mussel, M. galloprovincialis, is not considered as an endangered or
protected species in any international species catalogue, including the CITES list
(www.cites.org), and it is not included in the list of species regulated by the EC
Directive 2010/63/EU. Therefore, no specific authorization is required to work on
mussel samples.

Mediterranean mussels (M. galloprovincialis, average size 9 cm) and carpet shell clams
(R. decussatus, average size 4 cm) were obtained from a commercial shellfish farm
(Vigo, Galicia, Spain), while blue mussels (M. edulis, average size 6 cm) were kindly
supplied by Ainhoa Blanco (Yerseke, Netherlands). Animals were maintained in open-
circuit filtered sea water tanks at 34 ppt, pH 8 and 15°C with aeration. They were fed
daily with Phaeodactylum tricornutum and Isochrysis galbana (10-15 x 10° cells/mL).
Prior to the experiments, animals were acclimatized to these conditions for one week.

Molluscs, 50 animals per species, were notched in the shell in the area adjacent to the
posterior adductor muscle. The size of the notch was the minimum required for the
passage of a 25G syringe. Hemolymph (1 ml) was withdrawn from the adductor muscle
of the bivalves with a 25G disposable syringe, pooled and distributed in 6-well plates,
with 7 ml per well. All the material used during the hemolymph extraction was placed
on ice to avoid hemocyte aggregation. Hemocytes were allowed to settle for 30 min at
15°C in the darkness. After settlement, hemocytes were washed with filtered sea water
(0.22 pm) and stimulated with different pathogen-associated molecular patterns
(PAMPs), with 1 PAMP per well. The PAMPs were 50 pg/ml of
polyinositic:polycytidylic acid (Poly I:C), CpG motifs, lipopolysaccharide (LPS),
lipoteichoic acid (LTA), peptidoglycans and zymosan for 3 h at 15°C in the dark. Non-
stimulated hemocytes were also included. All PAMPs were purchased from SIGMA,
except for the CpG motifs, which were obtained by extracting DNA from a Vibrio
anguillarum exponential culture. In addition, the in vivo stimulation of bivalves, 5
animals per species, was also carried out by injecting heat-inactivated V. anguillarum
(108 CFU) in the adductor muscle of the molluscs and recovering their hemocytes after
24 h. All samples were centrifuged at 3000 g for 10 minutes at 15°C, and the pellet was
resuspended in 500 pl of TRIzol (Invitrogen).

RNA isolation, cDNA production and pyrosequencing

Hemocyte RNA isolation was immediately carried out using TRIzol. Purification of
RNA after DNase | treatment was performed with the RNeasy mini (Qiagen). The
concentration and purity of RNA was calculated with a NanoDrop ND21000
spectrophotometer, and the quality was checked with a Bioanalyzer 2100 (Agilent
Technologies) (File S1). From each challenge, in vitro and in vivo, 1 pg of RNA was
pooled, and one sample from each species was used as the source of starting material for
full-length enriched double stranded cDNA synthesis using the MINT cDNA synthesis
kit (Evrogen, Moscow, Russia) according to manufacturer’s protocol and was
subsequently purified using the QIAquick PCR Purification Kit (Qiagen USA,
Valencia, CA). The amplified cDNA was normalized using the Trimmer kit (Evrogen,
Moscow, Russia) to minimize differences in the representation of transcripts. This
method involves a denaturation-reassociation of the cDNA, followed by a digestion
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with a duplex-specific nuclease (DSN) enzyme (Shagin et al. 2002; Zhulidov et al.
2004). The enzymatic degradation occurs primarily on the highly abundant cDNA
fraction. The single-stranded cDNA fraction was then amplified twice by sequential
PCRs according to the manufacturer’s protocol. The normalized cDNA was purified
using the QIAquick PCR Purification Kit (Qiagen USA, Valencia, CA).

To generate the 454 library, 500 ng of normalized cDNA was used. cDNA was
fractionated into small, 300- to 800-base pair (bp) fragments, and specific A and B
adaptors were ligated to both the 3’ and 5’ ends of the fragments. The A and B adaptors
were used for the purification, amplification, and sequencing steps. The sequencing runs
were performed on the GS-FLX using Titanium chemistry. All reagents and protocols
used for the 454 sequencing were from Roche 454 Life Sciences, USA. The RNA was
normalized, processed and sequenced by the Unitat de Genomica (CCiT-UB, Barcelona,
Spain).

Assembly and functional annotation

Raw data obtained from the 454 GS FLX pyrosequencing were processed with Cutadapt
(Martin 2011) to remove adapter sequences, Prinseq (Schmieder and Edwards 2011) to
filter reads based on their Phred score (Phred20: 99% base call accuracy) and FastQC
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc) to check the quality of the
selected reads prior to assembly. The clean, high-quality raw sequences were classified
as type A or B singletons depending on their length; type A singletons were raw
sequences shorter than 600 bp, while type B singletons were equal or longer than 600
bp.

Type A singletons were de novo assembled using the Newbler gsAssembler software
(Roche). There are three levels of clustering in the Newbler pipeline: putative gene
domains that are not represented in a higher level are named contigs, first level; gene
splicing variants are called isotigs, second level; and putative genes including at least
one isotig or contig are the isogroups. Five independent assemblies with different
parameters were implemented for each species, and the best conditions were selected
based on the transcriptome N50 and a BLASTXx search of sequences in public databases.
The parameters for the BLAST search were: seed step=21, seed length=16, seed
count=1, minimum overlap length=65%, minimum overlap identity=90, alignment
identity score=2 and alignment difference score=-3 for the three species. The standard
Newbler approach generates three different clustering levels: raw reads are grouped in
contigs; contigs are grouped into isotigs; and finally, isogroups are considered putative
genes including at least one isotig or contig. Since reads longer than 600 bp are not
expected using 454 technology, type B singletons were not assembled. Although long
reads can introduce biases in the assembly process, they contain valid information.
Therefore, Type B singletons were directly selected for annotation. Information on the
assembly of the transcriptomes is available in File S2.

In addition, the previously published immune transcriptome of R. philippinarum
(Moreira et al. 2012b), which was obtained following the same immune simulations and
molecular sequencing methodology reported in this work, was also subjected to the
described annotation pipeline.

Blast2GO software version 3.2 (Conesa et al. 2005) was primarily used for the
transcriptome annotations. An iterative BLAST workflow was used to annotate the
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sequences, using BLASTX, against the NCBI NR and NCBI Swissprot databases.
Isotigs were annotated with a cut-off value threshold of 10°. Type A singletons were
annotated with a cut-off e-value threshold of 10°. Type B singletons were annotated
with a threshold value of 10°. This conservative e-value threshold was chosen to select
only type B singletons of the highest quality (Fig S2). Note that, unlike the contigs and
isotigs, only singletons successfully annotated using this threshold were added to the
group of sequences selected for posterior analyses. The annotation of the transcriptomes
is available in File S3.

Following the BLAST annotation, gene ontology (GO) terms were assigned. An
annotation threshold of 55 and a GO weight of 5, with a default evidence code weight,
was implemented. All sequences were subjected to functional annotation using the
Blast2GO InterproScan analysis against Prosite, Prodom, PRINTS, SMART, PFAM,
PIR, PANTHER and CATH databases, which provide information about protein
families, domains and motifs, as well as cellular localization predictions. The obtained
GO terms were merged into the existent annotation. Finally, Annex was run to increase
the biological process and cellular component GO terms using the molecular function
terms. Lastly, sequences were also annotated with the enzyme codes of the KEGG
database to determine the pathways they belong to.

Comparative and enrichment analysis

Before the comparison of the four hemocyte transcriptomes, their completeness,
redundancy and fragmentation were analyzed with BUSCO v2 (Simao et al. 2015). The
application was used to compare the bivalve transcriptomes against the Metazoa odb9
database of single-copy orthologues.

To avoid redundancy of the potential discovered genes (contigs, isotigs and annotated
singletons) the best representative approach was selected. Briefly, the best
representative sequence was selected by considering both the e-value and similarity
score using the following algorithm: similarity®/(e-value+1e3%). A constant 1e-300 was
included to avoid indetermination when e-value=0. Only the best isoform for any
particular annotated gene accession number, selected using the algorithm, was used for
the following analyses.

A venn diagram based on these gene accession numbers was constructed using the
software Venny (http://bioinfogp.cnb.csic.es/tools/venny/index.html).

A two-tailed Fisher’s exact test was used for the enrichment analysis for each bivalve
non-redundant transcriptome (13,245 sequences for M. galloprovincialis, 12,867
sequences for M. edulis, 6,562 sequences for R. decussatus and 7,206 for R.
philippinarum), and the whole dataset of the non-redundant transcriptomes of the four
species was considered. GO terms were considered significantly differentially
represented at a false discovery rate (FDR) < 0.01, and a reduction was performed to
find the most specific terms with the same FDR.
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Results and discussion

Genomic research in non-model species has taken advantage of next-generation
sequencing methods (NGSs) (Carlsson et al. 2013; Riesgo et al. 2012; Vera et al. 2008).
Specifically, transcriptomic studies can be directed towards the discovery of genes and
splice variants expressed for relevant physiological processes (Sanchez-Pla et al. 2012;
Shi et al. 2013). Comparative studies among bivalve species are now gaining attention
in our field. They enrich our understanding of the remarkable bivalve immune system. It
is likely that other studies on different responses of bivalves to pathogens, adaptations
to environment or exposures to pollution will be published in the near future. These
studies will increase the knowledge on this interesting phylum of littoral communities
that has a high socioeconomic impact.

In the present study, immune system triggering was carried out using PAMPs
mimicking a broad range of pathogens from viruses to fungi. This approach has proven
successful in the past to find new genes related to responses of interest (Moreira et al.
2012Db).

454 pyrosequencing, assembly, and annotation

The M. galloprovincialis, M. edulis, and R. decussatus immune-enriched transcriptomes
were sequenced using 454 GS FLX and analyzed as shown in Fig. 1. Sequencing,
assembly, and annotation results are summarized in Table 1 and Fig S1. Raw read
statistics and quality measures are summarized in Fig S2. Briefly, the sequencing of the
stimulated hemocytes from M. galloprovincialis, M. edulis, and R. decussatus resulted
in a combined total of more than 400,000 reads, of which 86.5% for M.
galloprovincialis, 85.2% for M. edulis, and 78% for R. decussatus passed the first
filtering and quality control test. The number of reads obtained in these transcriptomes
was in agreement with numbers previously obtained for other molluscs using one-half
of a picotiter plate on the 454 GS FLX system (Coppe et al. 2012; Milan et al. 2011),
and it was even greater than the number obtained from high-throughput sequencing
approaches performed for other mollusc species (Galindo et al. 2010; Shi et al. 2013).

In total, 14,158, 13,560 and 7,318 unique contigs and isotigs from M. galloprovincialis,
M. edulis, and R. decussatus, were assembled, belonging to 9,256, 8,814, and 6,020
isogroups, respectively. The rest of the sequences remained as singletons: 231,672 for
M. galloprovincialis, 230,533 for M. edulis and 206,785 for R. decussatus.

The N50 was slightly higher for isotigs than for contigs, as expected. Present
sequencing works show higher N50s than those previously reported for similar species
(Moreira et al. 2012b; Philipp et al. 2012). The N50s from both Mytilus species were
higher than that obtained from R. decussatus. Unfortunately, although broadly used as
an indicator of the quality of the assembly, the N50 is not always provided and does not
directly correlate with sequence length in these two genera (Carneiro et al. 2012).
Consequently, N50 can only be of limited use, even when comparing transcriptomes
among closely related species.

As shown in Fig. 2, all the parameter distributions were consistently similar among the
mussel transcriptomes. In general, the clam sequences showed smaller sizes (Fig. 2B)
and less unique reads or contig clusters (Fig. 2A and 2C respectively) in the assembly
step.
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Previous work on M. galloprovincialis recovered 8,586 contigs from four different
tissues of adult mussels (Craft et al. 2010). In contrast, the combined use of different
stressors and immune stimulants allowed the detection of a higher number of sequences;
for instance, almost 75,000 contigs were detected from multiple tissues in adult blue
mussel (M. edulis) (Philipp et al. 2012), and more than 50,000 expressed contigs were
detected in clam hemocytes after the immune stimulation of Manila clam (R.
philippinarum) (Moreira et al. 2012b). The discovery of genes related to a specific
physiological process is improved by using biological material that has been stimulated
to trigger the physiological response of interest and by obtaining RNA from tissues
related to specific physiological processes, such as immune responses,
biomineralization and pearl formation, venom production and responses to variations in
water pH, temperature or salinity (Bai et al. 2013; Hu et al. 2011; Kinoshita et al. 2011;
Milan et al. 2011; Moreira et al. 2012b; Philipp et al. 2012; Shi et al. 2013; Werner et
al. 2013; Zhao et al. 2012). Furthermore, new or secondary functions of the studied
tissue can be detected after high-throughput sequencing. In the specific case of
hemocytes, their roles in shell repair and calcification could be detected in our results
(File S3) in accordance with previous works on other bivalves (Mount et al. 2004,
Jeffroy et al. 2013; Sillanpaa et al. 2016).

The annotation of the assembled sequences was performed using BLASTX, a process
directly dependent on the representation of related sequences in public databases. For
low-represented species in the databases, such as bivalves, only conserved sequences
can be annotated (Huan et al. 2012). However, we successfully annotated 7,031
(49.66%) sequences from M. galloprovincialis, 6,683 (49.28%) sequences from M.
edulis and 2,327 (31.8%) sequences from R. decussatus, which are similar values to
those previously reported for bivalve transcriptomes (Bettercourt et al. 2010; Craft et al.
2010; Huang et al. 2013; Milan et al. 2011). Moreover, we also annotated singletons
because they can represent low-expressed sequences and have been proven to increase
the gene discovery of sequences related to immune processes in bivalves (Ewen-
Campen et al. 2011; Meyer et al. 2009). Accordingly, a total of 19,431 singletons (type
A and B) from M. galloprovincialis, 18,299 singletons from M. edulis, and 7,138
singletons from R. decussatus were successfully annotated and added to the rest of the
sequences for functional annotation.

As expected, Crassostrea gigas was the main source of annotation for all three
transcriptomes (Fig. 3). Crassostrea gigas is the most represented bivalve species in
public databases, far from Mytilus genus (http://www.ncbi.nlm.nih.gov). The higher
percentage of hits in both Mytilus species compared to R. decussatus could be a
consequence of the ancient divergence between clams and the common antecessor of
mussels and oysters (Lemer et al. 2016).

Even once the 454-sequenced libraries had been normalized to increase the presence of
low-expression genes, the appearance frequency of the sequences could be used as a
rough indication of the expression of each transcript. The top 35 BLAST hits are
detailed in Fig. 3; there is a high abundance of sequences directly related to immune
responses in the three studied species, including recognition proteins (e.g., lectins),
stress-related proteins (e.g., HSPs), apoptosis-related proteins (e.g., caspases, IAPS),
proteins of the complement cascade (e.g., C1q, C3, Factor B), and other effectors of the
immune response such as lysozyme and mussel myticins.
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Myticins are key antimicrobial peptides (AMPS) in the mussel immune response (Mitta
et al. 2000a; Novoa et al. 2016; Pallavicini et al. 2008; Rosani et al. 2011). Myticin-
related sequences have been reported as the most abundant sequences in hemocyte
transcriptomes (Pallavicini et al. 2008) and were also found to be highly represented in
our results; they are the 2" (myticin C) and 18™ (myticin A) most abundant type of
sequence in the M. galloprovincialis transcriptome, and they are the 20™" most abundant
type of sequence in the M. edulis transcriptome. Other pore-forming molecules, such as
apextrin or bactericidal permeability increasing protein (BPI), are very abundant in the
mussel transcriptomes compared to the clam transcriptome. Apextrin is the most
represented sequence in the M. edulis transcriptome, and it is the third most represented
sequence in the M. galloprovincialis transcriptome (Fig. 3). Pore-forming molecules are
important to fight against bacteria (Estévez-Calvar et al. 2011; Huang et al. 2014), and
recent studies have described that BP1 and some AMPs, such as myticin C, have activity
against viruses as well (Novoa et al. 2016; Pinkenburg et al. 2016).

The most represented transcript in the M. galloprovincialis transcriptome was annotated
as a cholecystokinin receptor; it was the 8" most abundant transcript in M. edulis (Fig.
3). This molecule, whose primary function in mammals is related to digestion,
associates with G proteins to activate a phosphatidylinositol-calcium second messenger
system, and it is related to cell proliferation, inflammation and cancer (Dufresne et al.
2006; Fino et al. 2012). It is not irrational to think that this protein may have a role in
signal transduction in the mussel defense response.

Moreover, we found other abundant sequences for specialized immune responses in the
Mytilus genus that are rare or absent in the clam transcriptome. A possible explanation
for this, beyond a lack of expression, could be that the R. decussatus sequences are too
divergent to be recognized by BLAST. The immune-related sequences found only in the
Mytilus transcriptomes were predominantly FREPSs, ferric-chelate reductase, GIMAP4,
and TRIM proteins. FREPs are non-self-recognition molecules in invertebrates
previously characterized in bivalves (Romero et al. 2011). Ferric-chelate reductase is
part of an innate defense mechanism conserved from plants to mammals that reduces
the circulating iron concentration, an essential nutrient for bacteria, therefore limiting
bacterial proliferation (Cassat et al. 2013; Dellagi et al. 2009; Nairz et al. 2014; Sun et
al. 2014). The GIMAP4 function in mammals is related to T-cell and B-cell
development and apoptosis, and it was recently associated with the regulation of
interferon-y secretion (Heinonen et al. 2015). This is one of the few times that GIMAP4
has been documented in bivalves (Gerdol et al. 2014; McDowell et al. 2016). Finally,
different antiviral TRIM proteins are highly represented in the mussel transcriptomes:
TRIM 2, 33, 45 and 56 were found in the top 35 transcripts for both mussel species. The
first mollusc orthologue of TRIM-2/3 was reported by van Diepen et al. (2005), but this
gene family has not been further studied in molluscs. Invertebrates have 10-20 forms of
TRIM proteins, while mammals have approximately 60-70 forms, and, although the
functions of all specific TRIM proteins have not been completely identified, it is known
that they are involved in the regulation of TLR and RIG-I-like signaling pathways
(McNab et al. 2011; Kawai and Akira 2011).

On the other hand, we also found common immune-related sequences expressed by both
mussel and clam, proteins with a growing importance in the study of innate immune
responses, such as interferon-induced protein 44 (IF144). IF144 is one of hundreds of
interferon stimulated genes (ISGs), and it is associated with viral infection. IF144 is
known to be a cytosolic protein that causes the arrest of cell division until successful

10
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virus defense (Hallen et al. 2007). Recent studies have revealed new mechanisms of
action; after viral infection, IFI44 spreads into the nucleus to suppress viral
transcription, promoting its latency (Powe et al. 2015).

Put into context, all this information reveals the importance of the direct defense against
pathogens for a fast and efficient immune response action in mussels compared to
carpet shell clam.

Interspecies immune transcriptome comparison

To complement the interspecies immune transcriptome comparative analysis in this
study, we also used the previously published R. philippinarum transcriptome (Moreira
et al. 2012b). The four transcriptomes have been carried out using 454 pyrosequencing
after the same hemocyte immune stimulation. To take into account the possible new
information in the databases R. philippinarum transcriptome annotation was repeated
using the same methods as the new transcriptomes.

BUSCO v2 was used to assess the completeness, redundancy and fragmentation of the
transcriptomes. The results (Fig. 4a) show that the two Mytilus species are very similar,
and R. decussatus has the most different profile (although the methodological approach
was exactly the same as that for Mytilus). On the other hand, R. philippinarum, with its
particular assembly, has a profile in-between Mytilus and R. decussatus. R.
philippinarum also shows the least fragmented transcriptome, due to the singletons
included in the other three species, as shown in Fig. 4b. Hemocytes are a particular
tissue with a specific expression repertoire, and their transcriptional efforts are focused
on the synthesis of a limited number of mMRNAs from key genes. This could be the
explanation of the missing orthologues in the BUSCO results, i.e., these genes are not
expressed in the hemocytes. This characteristic was shared by all the studied species and
has been previously reported in mussels and clams (Moreira et al. 2012b; Moreira et al.
2015). The fragmentation rates, without the singletons (Fig. 4b), are quite similar
among all the species. This indicates that the assemblies nearly have the same quality.
The slightly higher duplication rate for mussels could indicate the presence of more
paralogs or more allelic variants compared to clams.

Even with these results, the clam immune transcriptomes are quite different. Fig. 4b
shows that the completeness of the R. philippinarum transcriptome is higher than that of
the R. decussatus transcriptome. We hypothesize that this could be due to biological and
technical factors. Both species are known to have different immune responses to the
same pathogenic stimuli; some key immune genes studied by gPCR were not detected
or showed a delayed transcription pattern in R. decussatus compared to R.
philippinarum (Moreira et el. 2012a). This could be indicative of a higher
transcriptomic richness in R. philippinarum. Additionally, the sequencing depth of the
454 approach could bias the completeness of the results; the sequencing depth for R.
philippinarum was approximately double that for R. decussatus, as Table 1 notes
(number of reads, contigs and annotated sequences).

Fig. 5 shows a Venn diagram comparing the best annotated sequences for a single gene
accession code (to avoid redundancy) in the four immune transcriptomes. The number
of exclusive genes for M. galloprovincialis was 6,006 (45.34%), for M. edulis was
5,694 (44.25%), for R. decussatus was 3,469 (52.72%) and for R. philippinarum was
4,461 (61.91%).
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In total, we found a higher percentage of exclusive sequences in clams than mussels,
although the two mussel transcriptomes share a higher number of exclusive sequences,
suggesting a larger immune repertoire than clams. This could be related to the broader
ecological niche of mussels and the higher mussel resistance to pathogens, with fewer
reported cases of mass mortalities, compared to clams (Gomez-Leon et al. 2005).

Functional annotation and enrichment analysis

We carried out a functional annotation using Gene Ontology terms following the
BLASTXx annotation. Table 1 summarizes the results of the functional annotation of the
two mussel transcriptomes and the clam transcriptome. To maximize the GO term
assignment, a protein domain search with InterproScan (IPS) was performed. Based on
the search results, 70.42% of the M. galloprovincialis sequences, 70.80% of the M.
edulis sequences and 67.22% of the R. decussatus sequences had at least one IPS result.
This additional step improved GO annotation by approximately 15%. The results of the
GO annotation for the mussel transcriptomes are very similar (Table 1), showing GO
terms assigned to 61% of the sequences, while only 54% of the R. decussatus sequences
were assigned a GO term. In any case, the functional annotation results that we
obtained, with annotation percentages well over 50% for the transcriptomes of all three
species, is higher than other annotations previously reported in bivalves (Coppe et al.
2012; Bai et al. 2013; Bettencourt et al. 2010; Huang et al. 2013), which supports our
annotation pipeline.

The differential enrichment analysis of the Gene Ontology annotations revealed that R.
philippinarum had 221 biological processes (BPs) significantly overrepresented
compared to the rest of the bivalves studied. It is noteworthy that almost 40% of the
overrepresented BPs were related to immunity and inflammation. In contrast, R.
decussatus had only 21 enriched BPs, of which none had a direct relation to the immune
system. M. edulis presented 28 significantly overrepresented BPs, and only 2 of them
were directly related to the immune defense. The M. galloprovincialis enrichment
analysis showed 30 BPs, with key defense processes overrepresented. The high amount
(almost 10 times more) of enriched GO terms in R. philippinarum compared to the other
species, could be explained by the higher sequencing depth of this species. Most likely,
R. philippinarum immune transcriptome is enriched for GO terms associated with genes
expressed at rather low levels in hemocytes. Therefore, these genes could be only
detected in the transcriptome of R. philippinarum.

Fig. 6 shows a summary of the 20 top BPs for the 4 bivalve species arranged by their
representation in each transcriptome. Strikingly, the majority of the most enriched BPs
in R. decussatus are metabolism-related, and none are related to immunity. However,
there is a clear link between nutrient sensing and immune response processes, which co-
evolved and are evolutionarily conserved. In fact, several studies have demonstrated
that the balance between metabolic and inflammatory responses can be easily disrupted
in highly susceptible species, as continuous contact with pathogens compromises
metabolic homeostasis in a range of species from lower invertebrates to mammals
(Hostamisligil and Erbay 2008; lyer et al. 2015; Tornatore et al. 2012). This fact is
exacerbated in bivalves, which live in permanent contact with pathogens as a result of
their lifestyle. R. decussatus has been reported to be highly susceptible to diseases,
which, with the immunological challenges of the experiment, may have caused the
observed imbalance in the defense and metabolism processes. In contrast, R.
philippinarum shows a strong immune profile; for example, it has an overrepresentation

12



485
486
487
488
489
490
491
492

493
494
495
496
497
498
499
500
501
502
503
504
505
506
507

508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527

528
529
530
531
532

of transcripts annotated with the BP “defense response to Gram-negative and Gram-
positive bacterium”. M. galloprovincialis showed a more balanced and broad-spectrum
response against pathogens than the other species, e.g., AMPs clearly represented with
the term “killing of cells of other organism”. Indeed, if we look for the “antimicrobial”
term in the NCBI database (19/10/2017), only 131 protein and nucleotide sequences are
found for the Ruditapes/Venerupis genus, and all of them are R. philippinarum
defensins, while the Mytilus genus presents 397 sequences. More than 290 of these
belong to M. galloprovincialis and cover all the AMP spectrum.

In clams, AMPs with similarities to mussel myticin, mytilin and defensin have already
been described (Gestal et al. 2007; Moreira et al. 2012b; Zhao et al. 2010). In this R.
decussatus transcriptome, we found just one sequence with homology to the putative
defense protein 3, and no sequence with homology to defensins, myticin or mytilin was
found. Antimicrobial sequences have been deposited in the NCBI database for 6
different Mytilus species (M. galloprovincialis, M. edulis, M. trossulus, M.
californianus, M. chilensis and M. coruscus) and a diverse range of AMPs (defensins,
myticins, mytilins, mytichitin, myticusin and miticalins), some described almost two
decades ago and others very recently discovered (Costa et al. 2009; Mitta et al. 2000a;
Liao et al. 2013; Qin et al. 2014; Leoni et al. 2017). In our results, there are more than
200 and 700 AMPs in the M. edulis and M. galloprovincialis transcriptomes,
respectively. Myticins are, by far, the most represented AMP, representing more than
60% of M. edulis AMPs and almost 80% of M. galloprovincialis AMPs. This is an
indicator, again, of the extreme variability (Costa et al. 2009) and high expression
(Pallavicini et al. 2008) of myticins in mussels, especially in M. galloprovincialis.

Mussels and clams had a total of 126 and 192 significantly enriched biological
processes, respectively (File S4). In mussels, some overrepresented processes were cell
proliferation and migration, apoptosis and the killing of cells of other organisms (due to
the extremely high quantity of M. galloprovincialis AMPs). On the other hand, the
terms “negative regulation of defense response” and ‘“negative regulation of immune
system process” were also overrepresented. These results probably mean that the
efficient migration of hemocytes to the site of infection, to release AMPs and eliminate
the pathogen (Balseiro et al. 2011; Mitta et al. 2000b), especially in M.
galloprovincialis, is enough to overcome an infection without an inflammatory
response. Previous studies support this theory; for example, M. galloprovincialis does
not increment its bactericidal response after a -glucan challenge, as observed in clams
(Costa et al. 2008) and vertebrates (van der Meer et al. 2015). In addition, in all other
transcriptomic studies on bivalves other than mussels, there are few AMPs compared to
mussels, as previously described. In contrast, inflammatory processes are more
represented in the other studied bivalves compared to M. galloprovincialis. Among the
enriched processes in M. edulis, the “regulation of interferon-gamma-mediated
signaling pathway” and “mast cell degranulation” processes were found; for R.
philippinarum, many inflammatory pathways were activated, such as the TLR, NF-kB,
EGF and TNF signaling pathways, the complement cascade, the acute phase response or
the respiratory burst, among others.

Diverse mechanisms have evolved to prevent immune reactions and inflammation rather
than accentuate the immune defense (Flajnik 2010). An example of these mechanisms is
the enhancement of the mucosal response to prevent an infection, and our results (high
presence of AMPs and inflammatory processes barely detected) support that M.
galloprovincialis is highly efficient at this enhancement (Allam and Pales Espinosa
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2016). Many bivalves present recognition and effector proteins (lectins, peptidoglycan-
recognition proteins, Dscam proteins, thioester bearing proteins, FREPs or AMPS) in
their extracellular fluids, such as hemolymph and mucus. Of note, very high amounts of
FREPs and other highly diversified gene families, such as the myticin family (Costa et
al. 2009), have been found in mussel transcriptomes. These results suggest a possible
high degree of pathogen specificity and immune priming (Wang et al. 2013).

Taxonomic analysis of pathogen sequences

Historically, microbial culture, histology and electron microscopy were the reference
methods to detect pathogens in animal tissues. These methods are especially useful for
protozoan parasites. Protozoans and their associated lesions are easier to detect than
bacterial or viral processes. Still, histopathology is time consuming and difficult to
analyze quantitatively. In addition, the early stages of infection are difficult to detect by
these methods.

The diagnosis of animal diseases has experienced dramatic advances in the last few
decades. Currently, molecular techniques can rapidly detect pathogens in animal tissue
samples. In situ hybridization or PCR can identify a known gene or DNA of pathogenic
origin. This genomic information alone can give information about the presence or
absence of the pathogen, but it cannot indicate its viability and infectivity. To overcome
this issue, gPCR or microarrays are used to detect pathogen replication through RNA
expression. With transcriptomics, pathogen presence and activity can be assessed, even
in the early phase of an infection, due to the sensitivity of the actual sequencing
techniques (Westermann et al. 2016), a goal difficult to achieve with traditional
pathology approaches. Furthermore, the information obtained by this tool could be used
not only in aquaculture facilities, to prevent outbreaks of disease but also in the wild, to
find possible reservoirs of pathogens prior to the expansion of the disease.

We found sequences of potential putative pathogens in all the transcriptomes. The non-
redundant sequences with a BLASTx match with e-value under 10 are summarized in
Table 2.

Eukaryotic pathogens

Fungal sequences were highly present in all the studied species. Although it is known
that bivalves are sensitive to fungal diseases (Bower et al. 2010; Davis et al. 1954), this
field has barely been explored. Fungi are not important causes of bivalve mortality, and,
as far as we know, there have not been many studies on fungal pathogenic species for
bivalves. In fact, the most represented species in the annotation was Capsaspora
owczarzaki, which is not pathogenic for molluscs. It was found to be a symbiont in the
hemolymph of the tropical freshwater snail Biomphalaria glabrata (Hertel et al. 2002).
Consequently, the sequences with a fungal origin found in the immune-stimulated
transcriptomes are not necessarily from bivalve pathogens.

The fact that Perkinsus marinus is one of the most represented species in the R.
decussatus annotation, with a representation level exceeding that of the Ruditapes
genus, deserves special attention (Fig. 3). Perkinsus parasites are frequently detected in
clams from South Galicia (Ruano et al., 2015; Villalba et al., 2004). Although R.
philippinarum was obtained from the same site and in the same conditions as R.
decussatus, the number of Perkinsus sequences in R. philippinarum (3) was much lower
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than that in R. decussatus (131). This suggests that Perkinsus lives in and actively
colonizes R. decussatus tissues. As Perkinsus does not easily kill its hosts (unless there
are stressful environmental conditions for clams), the sampled individuals (over 50)
could be heavily infected without external signs of the infection. This is in agreement
with previous observations noting the higher susceptibility of R. decussatus than R.
philippinarum (Moreira et al. 2012a).

Bacteria

As expected, the Vibrio genus represents the main group of pathogens detected in
mussels (Romero et al. 2014). The genus Vibrio is ubiquitous in aquatic ecosystems.
Mussel species are highly resistant to bacteria, but Vibrio species are among the main
causes of disease in cultured bivalves, especially in the early life stages (Beaz-Hidalgo
et al. 2010; Le Roux et al. 2015).

It is surprising that the carpet shell clam showed so few hits to Vibrio species compared
to R. philippinarum, which presented the highest amount of bacterial sequences of the
four studied species. The enrichment analysis showed that Manila clam had a very
specialized response to bacteria, and it seems that this animal can cope with that load of
bacteria, surviving and responding properly.

Viral genomes in bivalve transcriptomes

Viral diseases are a recurrent and severe problem for bivalve aquaculture. For instance,
in France, Crassostrea angulata and Crassostrea gigas almost vanished from the
European Atlantic coast because of serious viral outbreaks (Dégremont et al. 2015;
Marteil 1976; Segarra et al. 2010).

The specific study and replication of viruses in controlled conditions requires the
existence of proper cell lines. This is a huge handicap in regard to mollusc viral
infections because there are no cell lines belonging to molluscs. This fact complicates
the virus isolation and study with in vitro cultures. Consequently, NGSs have become a
valuable tool to evaluate viral infections.

While few sequences of bivalve pathogenic viruses were successfully annotated in the
mussels, R. decussatus presented 36 hits for Ostreid herpesvirus 1 (OsHV1), 11 hits for
Chlamys acute viral necrosis virus (AVNV) and 2 hits for Abalone herpesvirus (AbHV).

We detected and analyzed in detail all the viral sequences found in the four
transcriptomes. The pathogenic viruses for molluscs were OsHV1, AVNV and AbHV,
as highlighted in Table 3 and Supporting File S5. OsHV1 is a well-known virus in the
aquaculture industry (Batista et al. 2007; Green et al. 2015), and AVNYV is a recently
characterized virus (Ren et al. 2013) known to be a variant of OsHV-1 (the AVNV
genome is 97% identical to the OsHV-1 genome). Regarding AbHYV, it has been the
causative agent of very high mortalities in abalone in Taiwan and Australia since the
early 2000s (Chang et al. 2005; Corbeil et al. 2016). A sequence related to the white
spot syndrome virus (WSSV), a virus with great importance in aquaculture, was found
in the M. galloprovincialis transcriptome. WSSV has a remarkably broad host range,
but it is known to be highly pathogenic and virulent only in shrimp (Dang et al. 2010).
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We manually reblasted all the viral sequences in the transcriptomes and found a small
percentage (less than 8% in total) that were not true viral sequences. They showed high
homology to proteins with domains of viral origin, such as the baculovirus inhibitor of
apoptosis protein repeat, the BIR domain of the apoptosis-related I1APs. Some other
reannotated sequences, especially those with homology to AVNV, were indeed OsHV-1
sequences, as expected due to the high homology of both virus genomes.

Supporting File S5 has information about all the studied sequences, with their respective
nucleotide sequences and BLASTX results (November 2016). Table 3 is a summary
presenting the sequence with the best hit to each protein. These results show that, for all
the 88 studied viral sequences, 49 (55.68%) belong to OsHV-1, covering 27 of the 124
ORFs in its genome. Almost all of them, 26 OsHV-1 ORFs, were found only in the R.
decussatus transcriptome.

As it occurs with protozoan infections, we detected more viral agents in R. decussatus
than in the other species. Similar to Perkinsus, OsHV-1 may be present in R. decussatus
tissues without killing its host. These results perfectly fit with the comparison of the
four transcriptomes and the enrichment analysis. Our results show that Mytilus is the
genus that presents the fewest pathogen-associated sequences. R. philippinarum showed
the highest amount of sequences of bacterial origin. Last, R. decussatus had the highest
amount of sequences belonging to important pathogens in the aquaculture industry,
OsHV-1 and Perkinsus.
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Conclusions

In this study, we complement the previously published immune-enriched transcriptome
of the clam R. philippinarum (Moreira et al. 2012b) with three additional immune-
enriched mollusc transcriptomes from the carpet-shell clam R. decussatus, and the
mussels M. galloprovincialis and M. edulis.

Our study increases the knowledge in the field of molluscan transcriptomics by NGSs,
in particular transcriptomics using 454 sequencing (Bettencourt et al. 2010; Craft et al.
2010; Hu et al. 2011; Huan et al. 2012; Jiang et al. 2011). Thus far, one of the most
interesting results obtained by bivalve transcriptomics and further confirmed in the
present work is that almost half of the genes expressed in mussel hemocytes are AMPs
and that myticin-related sequences are among most abundant genes (Costa et al. 2009;
Pallavicini et al. 2008).

After examining the hemocyte transcriptomes of these four bivalve species, we can
conclude that bivalves present a more complex immune system than previously known,
with an efficient innate immune response against invading pathogens.

Of the four studied species, R. decussatus was found to have the most pathogen-
associated sequences in its transcriptome, with an immune system that seems to be
easily imbalanced by stress and pathogens, as no putative defense genes or functions
were found in the enrichment analysis. Furthermore, the carpet shell clam presented a
very high amount of pathogen sequences, especially from Perkinsus and the virus
OsHV-1. Indeed, we found a great variety of ORFs of viral origin, covering
approximately 1/4 of the OsHV-1 genome. This finding highlights the usefulness of
NGSs to detect pathogen sequences in animal tissues and their particular importance for
identifying non-culturable microorganisms and studying the very early stages of an
infection.

M. galloprovincialis, when compared with the other species included in this study,
showed an immune system that was the most competent at overcoming infections.
Among all the studied species, it had the most powerful transcriptomic immune
response, with the highest amount and diversity of AMPs and the broadest gene
spectrum against pathogens. These results might help explain why there is little
literature reporting mass mortalities in mussels caused by pathogens or physiological
disorders, such as cancer.
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Figure legends
Figure 1. Schematic flow-through of the work tasks and data processing pipeline.

Figure 2. Assembly statistics per species. A. Contigs arranged by read mapping. B.
Contigs arranged by length in bp. C. Isotigs arranged by contig clustering. D. Number
of sequences that belong to a unique gene or isogroup.

Figure 3. Top 35 hit sequences identified by BLASTX. Graphs represent the top 35
hits against non-redundant and SwissProt databases. Pie charts represent the top hit
species in the BLASTX results.

Figure 4. BUSCO analysis per species. A. with singletons; B. without singletons.

Figure 5. Comparison among unique Gene Accession numbers of the immune
transcriptomes per species. Numbers refer to the number of sequences belonging to
each group: M. galloprovincialis, M. edulis, R. decussatus and R. philippinarum.

Figure 6. Blast2GO enrichment analysis showing the comparison of the four
bivalve species considered. Only the top 20 overrepresented GO terms for each species
are shown. Black bars (all) represent the whole dataset of the four transcriptomes.

28



1034 Tables
1035

1036  Table 1. Summary of sequencing data and assembly process.

M.galloprovincialis M. edulis R. decussatus R. philippinarum
Sequencing statistics Moreira et al., 2012b
Total number of reads 447,336 421,821 457,559 975,190
Filtered 386,838 (86.5%) 359,392 (85.2%) 356,896 (78%) 974,976
> 600 bp 33,648 39,822 47,682 -
Assembly statistics Moreira et al., 2012b
Reads assembled 215,664 (48.21%) 191,288 (45.35%) 250,774 (54.80%) 842,957 (86.44%)
Bases assembled (ba) 178,431,264 166,441,769 101,270,122 216,454,498
Contigs 9,273 9,016 4,280 51,265
Contig N50 1,034 1,034 946 677
Isotigs 14,098 13,285 7,305 -
Isotig N50 1,242 1,263 981 -
Estimated transcriptome size
(eTs) 24,684,842 23,834,877 9,894,038 29,856,736
Isogroups 9,256 8,814 6,020 29,679 clusters
Estlmageéj:ck;)a\;g%ge (eC) 7% 7x 10x 7%
Annotation statistics
BLASTX Present work
Total sequences™ to be 14,158 13,560 7,318 44,925
annotated
Annotated contigs and isotigs 7,031 (49.66%) 6,683 (49.28%) 2,327 (31.8%) 17,565 (39.09%)
Annotated singletons 19,431 18,299 7,138 -
Total annotated sequences 26,462 24,982 9,465 -
Blast2GO Present work
Total .sequences** to be 33,589 31,859 14,456 44,925
assigned GO terms
sequences with GO terms 20,382 (60.68%) 19,483 (61.15%) 7,815 (54.06%) 16,568 (36.87%)
sequences without GO terms 13,206 (39.32%) 12,376 (38.85%) 6,641 (45.94%) 28,357 (63.13%)

1037  * Contigs + isotigs

1038  ** Total contigs + isotigs and only annotated singletons

1039
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1040

Table 2. Putative pathogen sequences found in the four studied species.

Pathogen species

M.galloprovincialis

M. edulis

R. decussatus

R. philippinarum

n° sequences n° sequences n° sequences n° sequences
Virus
Ostreid herpesvirus 1 1 36 -
Chlamys acute necrosis virus - 11 2
Abalone herpesvirus - - 2 -
White spot syndrome virus 1 1 - -
Other viruses 9 11 4 8
Bacteria
Vibrio alginolyticus 2 1 - 1
Vibrio anguillarum 18 10 18
Vibrio harveyi - -
Vibrio parahemolyticus 2 1 -
Vibrio splendidus 16 16 - 10
Other Vibrio species 42 42 8 154
Genus Aeromonas 1 - - 3
Genus Pseudomomas - 2 3 10
Order Ricketsiales 1 - - 1
Protozoa
Perkinsus marinus - 4 131 3
Fungi
- 63 69 31 155
1041
1042
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1043  Table 3. Analysis of viral sequences found in the four bivalves transcriptomes.
1044  Cells highlighted in grey show viruses of special interest in aquaculture.

BLASTX Virus e-value Acc n°
M. galloprovincialis
HIJVT2KGO01DOKNY ubiquitin/ribosomal protein Amsacta moorei entomopoxvirus 9.00E-25 NP_064949.1
HIVT2KGO01AHEST inhibitor of apoptosis protein 3 Anticarsia gemmatalis multiple nucleopolyhedrovirus 2.00E-12 ALR70562.1
HIJVT2KG01BZJ42  prostaglandin G/H synthase 2 Cercopithecine herpesvirus 5 7.00E-17 YP_004935976.1
HIJVT2KGO01B3SFE  replication-associated protein Columbid circovirus 2.00E-20 AID18515.1
HIJVT2KG01D3YL8 replication associated protein Dragonfly larvae associated circular virus-10 2.00E-38 ALE29830.1
HIVT2KGO01CP5K3  JP-B_gp2 Marine RNA virus JP-B 4.00E-10 YP_001429584.1
isotig07745 ORF MSV2438 Melanoplus sanguinipes entomopoxvirus 8.00E-07 NP_048319.1
isotig09592 hypothetical protein MpV1_050 Micromonas sp. RCC1109 virus MpV1 2.00E-10 YP_004061933.1
isotig09267 ORF87 Ostreid herpesvirus 1 7.00E-24 YP_024626.1
isotig05220 FIC protein White spot syndrome virus 3.00E-17 ABM92267.1
M. edulis
HIJVT2KG02HOVP6  inhibitor of apoptosis protein 3 Anticarsia gemmatalis nucleopolyhedrovirus 9.00E-11 YP_803428.1
HIJVT2KG02IXCNJ  poryprotein Bovine viral diarrhea virus 1 2,77E-16 BADO04937.1
HIJVT2KGO02HBTOR  replication associated protein Dragonfly larvae associated circular virus-10 1.00E-37 ALE29830.1
HIVT2KG02J2KAD  ORF99 Ostreid herpesvirus 1 1.00E-17 AKMZ21032.1
R. decussatus
HIUQ1KIO1BT4EW  putative methyltransferase Abalone herpesvirus Victoria/AUS/2009 8.00E-26 YP_006908738.1
HIUQ1KIOIEGWYH 19.5g1 protein Chelonus inanitus bracovirus 2.00E-12 CA098966.1
HIUQ1KI01D3L3C  putative replicase protein Dromedary stool-associated circular sSDNA virus 5.00E-18 AIlY31261.1
HIUQ1KIOIDCNOE  RNA-dependent DNA polymerase Lymphocystis disease virus Sa 5.00E-07 AOC55195.1
HIUQ1KI01BSHPU  putative serine_threonine protein kinase receptor Moumouvirus Monve 8.00E-11 AEX62336.1
isotig04097 ORF22 Ostreid herpesvirus 1 3.00E-30 YP_024567.1
HIUQ1KI01BI46K ORF24 Ostreid herpesvirus 1 1.00E-11 YP_024569.1
isotig06796 ORF25 Ostreid herpesvirus 1 2.00E-09 AKM20963.1
HIUQ1KI01IDLMDF ORF44 Ostreid herpesvirus 1 2.00E-22 AKM20983.1
HIUQ1KI01AM8YO ORF47 Ostreid herpesvirus 1 2.00E-30 YP_024591.1
HIUQ1KI0O1AXRA8 ORF54 Ostreid herpesvirus 1 3.00E-40 AKM20991.1
isotig02001 ORF57 Ostreid herpesvirus 1 8.00E-25 YP_024600.1
HIUQ1KI0O1CNG7E ORF61 Ostreid herpesvirus 1 9.00E-08 YP_024604.1
HIUQ1KI0O1BUFVO ORF66 Ostreid herpesvirus 1 5.00E-10 AKM21000.1
isotig03837 ORF67 Ostreid herpesvirus 1 2.00E-59 AKM21001.1
HIUQ1KIO1ETIOR ORF68 Ostreid herpesvirus 1 2.00E-52 AKM21002.1
HIUQ1KIO1EH4XM ORF69 Ostreid herpesvirus 1 7.00E-31 AKMZ21003.1
isotig04787 ORF71 Ostreid herpesvirus 1 2.00E-05 AKM21005.1
isotig04807 ORF82 Ostreid herpesvirus 1 6.00E-19 AKM21015.1
HIUQ1KIO1IEMT37  ORF87 Ostreid herpesvirus 1 5.00E-11 YP_024626.1
isotig06164 ORF88 Ostreid herpesvirus 1 3.00E-12 AKM21021.1
isotig05588 ORF89 Ostreid herpesvirus 1 5.00E-23 YP_024628.2
HIUQ1KI0O1C3VNN ORF95 Ostreid herpesvirus 1 4.00E-25 YP_024634.1
HIUQ1KI01DIBSQ ORF102 Ostreid herpesvirus 1 4.00E-14 YP_024641.1
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HIUQ1KI01CZSCN  ORF103 Ostreid herpesvirus 1 1.00E-11 AKMZ21036.1
isotig01947 ORF104 Ostreid herpesvirus 1 2.00E-25 YP_024643.1
HIUQ1KI01DWDXO ORF104 Ostreid herpesvirus 1 1.00E-07 AKMZ21037.1
HIUQ1KI0O1AXS3R  ORF111 Ostreid herpesvirus 1 7.00E-31 YP_024649.1
HIUQ1KI01BQLZY ORF112 Ostreid herpesvirus 1 9.00E-18 YP_024650.1
HIUQ1KIO1BM59F  ORF115 Ostreid herpesvirus 1 3.00E-16 YP_024657.1
HIUQ1KIO1ECIBG  ORF117 Ostreid herpesvirus 1 2.00E-18 YP_024659.1
R. philippinarum
€28532 large T and small t antigens Aves polyomavirus 1 2.00E-06 AAC33626.1
rep_c37545 putative helicase/proteas Bovine viral diarrhea virus 1 3.00E-26 AAA42855.1
rep_c36945 p125 protein Bovine viral diarrhea virus 1 3.00E-40 AAA53067.1
rep_c34991 membrane glycoprotein UL144 Cynomolgus macaque cytomegalovirus strain Ottawa 8.00E-06 AEQ32275.1
c13859 JM145 Macaca fuscata rhadinovirus 2.00E-11 AATO00122.1
€22684 ORF99 Ostreid herpesvirus 1 8.00E-16 AKM21032.1
c18828 polyprotein Posavirus 1 1.00E-11 BAV31554.1
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Supporting information

Figure S1. Read distribution per species. Raw data before (blue) and after (red and
green) filtering obtained for the 454 GS FLX platform for the three species.

Figure S2. Quality control per species. Quality score per base position in the filtered
reads under 600 bp (A, C and E) and over 600 bp (B, D, F).

File S1. Bioanalyzer results for the sequenced samples.

File S2 Nucleotidic sequences in fasta format of contigs and singletons of M. edulis,
M. galloprovincialis and R. decussatus.

File S3 List of annotated contigs of M. edulis, M. galloprovincialis and R.
decussatus. The file includes among other relevant information: sequence name, length,
subject mapping, e-value, GO.

File S4. Enrichment analysis between Mytilus and Ruditapes genus.

File S5. Viral sequences found in the four transcriptomes.
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1068  Figure 3
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BUSCO Assessment Results
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