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Bivalves are a diverse mollusc group of economic and ecological importance.
An evident resilience to pollution, parasites and extreme environments
makes some bivalve species important models for studying adaptation
and immunity. Despite substantial progress in sequencing projects of
bivalves, information on non-coding genes and gene-regulatory aspects is
still lacking. Here, we review the current repertoire of bivalve microRNAs
(miRNAs), important regulators of gene expression in Metazoa. We
exploited available short non-coding RNA (sncRNA) data for Pinctada mar-
tensii, Crassostrea gigas, Corbicula fluminea, Tegillarca granosa and Ruditapes
philippinarum, and we produced new sncRNA data for two additional
bivalves, the Mediterranean mussel Mytilus galloprovincialis and the blood
clam Scapharca broughtonii. We found substantial heterogeneity and incorrect
annotations of miRNAs; hence, we reannotated conserved miRNA families
using recently established criteria for bona fide microRNA annotation. We
found 106 miRNA families missing in the previously published bivalve
datasets and 89 and 87 miRNA complements were identified in the two
additional species. The overall results provide a homogeneous and evolutio-
narily consistent picture of miRNAs in bivalves and enable future
comparative studies. The identification of two bivalve-specific miRNA
families sheds further light on the complexity of transcription and its regu-
lation in bivalve molluscs.

This article is part of the Theo Murphy meeting issue ‘Molluscan
genomics: broad insights and future directions for a neglected phylum’.

1. Introduction

The Bivalvia include approximately 10000 described species, mostly adapted
to the marine environment and relevant for human nutrition as low-carbon-
footprint meat [1-3]. Owing to their sessile and filter-feeding behaviour,
some bivalves represent interesting models for studying biological adaptations
to extreme environments, innate immune responses and host-pathogen
interactions following a genomic approach [4]. The current advancements in
sequencing technologies have resulted in a significant increase of genomic
and transcriptomic datasets and, although limited to relatively few species,
they are revealing fascinating aspects of the bivalve resilience to pathogens,
such as the expansion of immune-related genes and an amazing gene
presence—absence variation [5,6]. In this enlarging bubble of bivalve sequence
data, small non-coding RNAs (sncRNAs) have gained attention as they are
expected to act as gene regulators of many essential processes, including biomi-
neralization [7,8]. Non-coding (nc) RNAs are RNA molecules not translated
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into protein products but contributing to the complexity of
gene expression processes [9]. Despite initially being
regarded as a part of the ‘junk’ matter [10], thousands of
functional ncRNAs participate in physiological and patho-
logical processes [11,12]. Currently, deep sequencing is
contributing to enlarge our view of different types of
ncRNAs, and it progressively reveals their importance in
gene silencing and in the control of viruses and transposons
[13]. Among ncRNAs, microRNAs (miRNAs) are of para-
mount importance in various cellular and developmental
processes, such as immunity, cell behaviour and host-
microorganism interactions [14-16]. miRNAs have also been
proposed as diagnostic markers of a condition in various
diseases [17]. Mature miRNAs are short sequences (approx.
22 nt), which originate from hairpin precursor RNAs (pre-
miRNAs) and, different from other ncRNAs such as the
silencing RNAs, they commonly act as post-transcriptional
repressors by targeting 3’ untranslated regions (UTRs) of
messenger RNAs (mRNAs). After the first discovery of lin-4
in Caenorhabditis elegans [18], miRNAs have been traced in
animals, plants and viruses, and at least four independent
origins have been suggested and debated [19,20]. Evolution-
ary studies showed how miRNA families have been
continuously added along with the bilaterian evolution,
whereas loss events seem to be uncommon and mature
miRNA sequences are retained under strict negative selection
[21,22]. Therefore, given the evolutionary conservation of the
miRNA biogenesis mechanism and the small probability of
homoplasy, miRNAs have also been proposed as powerful
phylogenetics markers in Metazoa [23]. Nevertheless, the
available knowledge on bivalve miRNAs is fragmentary
and miRNA annotations are often completely missing in
bivalve genomes and sequence databases, such as miRBase.
Indeed, only three molluscs (Haliotis rufescens, Lottia gigantea
and Melibe leonina) are represented in the last miRBase
release, which includes 48 860 mature miRNAs from 271
different organisms [24]. In addition, peculiar evolutionary
patterns of mollusc miRNAs, like the presence of typical
vertebrate miRNA families in the gastropod Patella vulgata,
have been reported [25]. The incomplete and error-prone
annotations of many miRNAs present in miRBase have
stalled progress in comparative analyses, leading to severe
misinterpretations of putative loss patterns and to an undue
devaluation of miRNAs in phylogenetic studies [21,26].
New databases, covering underrepresented species and
implementing the miRNA annotation with up-to-date cri-
teria, were in fact necessary and have been established [27].
The example of a curated miRNA gene database is MirGen-
eDB, initially developed from miRBase to provide reliable
datasets of miRNAs and then substantially extended to
species not present in miRBase [28], such as the Pacific
oyster Crassostrea gigas, the brachiopod Lingula anatina and
another five non-mollusc species. It is this kind of database
that opens comparative miRNA analyses to non-model
organisms of interest.

In this review, to build an updated foundation for future
comparative studies on miRNAs, we have considered all
bivalve miRNA studies published so far and have searched
for conserved miRNA families using Pinctada fucata, Tegillarca
granosa, Corbicula  fluminea and Ruditapes philippinarum
datasets. To expand the available miRNAome data, we
investigated the miRNA repertoire of the mussel Mytilus gal-
loprovincialis and the blood clam Scapharca (Anadara)

broughtonii by sequencing small non-coding RNA (sncRNA-
seq) of haemocytes. Based on up-to-date annotation criteria,
we identified 80 mussel and 87 blood clam conserved
miRNAs, respectively, and we showed a strict conservation
of all the expected miRNA families across bivalves. Compar-
ing our findings with previous reports, we have substantially
improved miRNA annotations for bivalves, including the
identification of two miRNA families conserved in and
specific to bivalves.

2. Methods

(a) Retrieval and production of sncRNA-seq data

Short non-coding RNA datasets of bivalve species were retrieved
from the NCBI SRA database (https://www.ncbi.nlm.nih.gov/
sra, table 1). New sncRNA-seq data from M. galloprovincialis hae-
mocytes were produced as described in Moreira et al. [51] and
deposited in the NCBI SRA archive (SAMNO09104631
to SAMNO09104634). New sncRNA-seq data from S. broughtonii
haemocytes were produced as described in electronic supplemen-
tary material, file S1 and deposited in the SRA archive (Bioproject
ID PRJNA668611). A total of 29 bivalve genomes were retrieved
from public repositories (electronic supplementary material, file
52), whereas the M. galloprovincialis genome (version Mg3) was
obtained from Prof. A. Figueras [52]. The miRBase v. 22.1 entries
were retrieved from http://www.mirbase.org/ftp.shtml [24],
MirGeneDB 2.0 data were downloaded from http://mirgenedb.
org/ [53], and previously reported bivalve miRNAs were
retrieved from the electronic supplementary material files of a
number of papers [29,31,36,39].

(b) sncRNA-seq data analysis

All sncRNA data were converted into FASTQ format and cutadapt
v. 1.18 [54] was used to trim the raw reads, setting the minimal
quality threshold to PHRED25, removing adaptor sequences
and applying a size range of 18—40 nt. Bivalve miRNAs obtained
from published studies were BLASTed (blastn) against miRBase
and MirGeneDB databases. Limited to mussel and clam
sncRNA-seq data, miRTrace v.1.0.0 [55] was used to group similar
read sequences into clusters, to verify the quality of each dataset,
miRNA size distribution and the presence of possible contami-
nants, namely miRNAs of different lineages. MirMiner [22] was
applied to identify bona fide miRNAs and to provide a phylo-
genetic classification of known miRNAs following up-to-date
annotation criteria. In detail: (i) the presence of coverage for
both arms of the miRNA sequences, (ii) the distance between
the mature and star sequences being lower than 40 nt, (iii) the
absence of reads mapped in the surroundings of the annotated
miRNAs, (iv) 5 homogeneity of the mature miRNA, (v) 2 nt over-
hang and (vi) a reduced free energy. The genomic position of each
bona fide mussel and clam miRNA was localized using blastn.

3. Result and discussion

(a) Only few Bivalvia species are represented in

sncRNA-seq data currently available
Deep sequencing data of bivalve sncRNAs (sncRNA-seq)
currently have results from Pinctada martensii, Crassostrea
gigas, C. hongkongensis, Tegillarca granosa and Ruditapes philippi-
narum. Other studies reporting sncRNA-seq data for three
additional species, Chlamys farreri, Hyriopsis cumingii and
Muytilus galloprovincialis, have been published with no raw
data available (table 1). Altogether, these studies cover a
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Table 1. Summary of bivalve miRNA studies. Species, study target, number of produced samples, considered tissue, aim of the research and reference are n
reported. The underlined species refer to experiments with no available datasets.

S
no. %T
species target(s) samples sequenced tissue aim of the research reference %
Pinctada martensii sncRNA-seq - Solexa 1 multiple biomineralization Jiao et al., [29] %
Chlamys farreri sncRNA-seq - Solexa 2 haemocyfes host—pathogén Chen et al.,b [30] E
interactions :3
(rassostrea gigas sncRNA-seq — llumina 3 haemoéyfes ibmmunityb Zhou et al., [>31>] %
(rassostrea gigas sncRNA-seq — Illumina 21 multiple + developmental miRNA discovery Xu et al., [32] %
stages s
Tegillarca granosa sncRNA-seq — lllumina 2 haemocytes metal exposure Bao et al., [33] =
Ostrea edulis microafray ‘ \ haemocytes immunity Martin-Gomez et a/., g
[34] 2
(rassostrea gigas sncRNA-seq — lllumina 6 neuromodulation Chen et al., [35] ;
Pinctada martensii bioinformatic \ multiple biomineralization Zheng et al., [36] ;
Pinctada martensii Mir-2305 \ multiple biomineralization Jiao et‘ al., [37] ‘ ﬁ
Pinctada martensii Mir-29a \ multiple immunity Tian et al., [38] N
C. gigas + sncRNA-seq — lllumina 4 gills » osmotic stress Zhao et al.,>[39] %
C. hongkongensis &
(rassostrea gigas Mir-92d \ ibmmunityb Chén et al, [40]
(rassostrea gigas Mir-2d \ immunity Chen et al., [41]
(raﬁsostrea giga§ Mir-2d \ ‘ neuro‘modulation Chen et dl., [42]
(rassostrea gigas scaffold42648_5080 \ haemocytes immunity Chen et al., [43]
(rassostrea gigas Mir-365 \ haemocytes desiccation Chen et al., [44]
Ruditapes philippinarum sncRNA-seq — lllumina 6 cell regulation Pozzi et al., [45]
(rassostrea gigas sncRNA-seq — lllumina 1 gills host—pathogen Rosani et al., [46]
interactions
(rassostrea sncRNA-seq — lllumina 2 gonads gonad develdpment Wei et al, [47]
hongkongensis
Hyriopsis_cumingii sncRNA-seq — lllumina 2 mantle » biomineralizaﬁon >(bhen et al.,b [48]
Hyriopsis cumingii Mir-4504 \ mantle shell colour Chen et al., [48]
Mytil_us sncRNA-seq — Illumina 3 whole bddy B miRNA diécovery Ybubet al., [49] »
galloprovincialis
(rassostrea gigaﬁ sncRNA-seq — llumina 6 qills . ‘ hostQpathogen Rosani et al, >[50]
interactions
Mytilus sncRNA-seq — lllumina 5 haemocytes immunity Moreira et al., [51]
galloprovincialis
Scapharca broughtonii sncRNA-seq — lllumina 27 haemocytes immunity in preparation

small number of bivalve families, mainly Pteriomorphia, with
an evident bias towards a few species relevant in aquaculture.
A total of 51 sncRNA datasets, namely 963 million sncRNA
reads, were obtained from 12 different experiments using Illu-
mina or Solexa technologies. In particular, the Pacific oyster C.
gigas was the most represented species with 655 million reads,
followed by the clam R. philippinarum with 224 million reads
(electronic supplementary material, figure S1). The size pro-
files of total and genome-mapped sncRNA reads suggested
miRNA enrichment in most of the analysed datasets (elec-
tronic supplementary material, figure 52). Additional peaks
were evident at 26 nt in the sncRNA profiles from gonadal

tissues and from early developmental stages of C. gigas (elec-
tronic supplementary material, figure S2, panel C) and at
30 nt in the sncRNA profiles from R. philippinarum gonads
(electronic supplementary material, figure S2, panel B). As
regards, the unusual size distribution of sncRNAs from
C. gigas developmental stages, it can arise from piwi-
interacting RNAs (piRNAs). Although not limited to germ
line [56], a high transcription of piRNAs in both the germ
line and in early embryo stages was also reported for molluscs,
consistent with a possible role in the control of transposable
elements and maintenance of genomic stability [57]. The
atypical distribution observed for R. philippinarum sncRNAs,
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Figure 1. miRNA families conserved in bivalves. For the analysed species, the presence of Eumetazoa (Eu.), Bilateria, Protosomia, Lophotrochozoa (Lop.), Neotro-
chozoa (Neo.) and Mollusca (Moll.) conserved miRNA families is reported with different colours, if already mentioned (white) or newly reported (green, orange or
blue). For the species with a sequenced genome, the number of paralogs for each miRNA family is also indicated.

with the main peak shifted to 30 nt, derived from highly
transcribed small mitochondrial RN As, which could modulate
the expression of coding genes through RNA interference
(RNAI) [45].

Given the evident enrichment in miRNAs of most of the
analysed bivalve samples, we proceeded with the grouping
of similar sequences into clusters, their classification using
available databases (e.g. miRBase/MirGeneDB) and the
identification of novel putative miRNAs using dedicated
tools (e.g. miRDeep2 and miRPara). Overall, the available
studies have reported 30-258 miRNAs per species and
suggested that a considerable fraction of bivalve miRNAs is
different from available database entries and, as such, it can
only be classified as ‘unknown’. Considering all the resulting
bivalve miRNAs, we showed that they encompass 840 con-
served and 437 novel miRNAs and, after removing
redundancy because of similar sequences of different species,
we obtained 717 different mature miRNA sequences. Only a
small fraction of these miRNAs (15.8%) matched to at least
one miRBase entry, mostly referring to gastropod molluscs
(Lottia gigantea, Melibe leonina and Haliotis rufescens) and to
miRNAs of the sponge Amphimedon queenslandica. Conver-
sely, the percentage of annotated bivalve miRNAs increased
to 31.8% when considering MirGeneDB, mostly because
of the inclusion of C. gigas miRNA complements in this data-
base. Altogether, the data regarding bivalve miRNAs remain
fragmentary and not all the expected miRNA families have
been identified in the considered species (figure 1). While at
least 1 miRNA complement per family was identified in
C. gigas (MirGeneDB) and 50 out of 53 in P. fucata, only
39 miRNA families have been identified in T. granosa.
Although data are available, miRNAs have not previously
been classified for R. philippinarum and C. fluminea.

(b) The miRNAomes of the Mediterranean mussel and
the blood clam in comparison with other bivalves

To increase the current knowledge on bivalve miRNAomes,
we performed sncRNA sequencing of haemocyte samples
from two species belonging to distantly related families and
having poor miRNA information, namely the Mediterranean
mussel Mytilus galloprovincialis and the blood clam Scapharca
(Anadara) broughtonii. The genomes of both species have been
recently sequenced [52,58] and can be used for the identifi-
cation of bona fidle miRNAs. We analysed in total 138.4
million sncRNA reads for M. galloprovincialis and 452.7
million sncRNA reads for S. broughtonii (electronic sup-
plementary material, figure S1). miRTrace [55] showed high-
quality values for most of the reads, typical size profiles indi-
cating enrichment of miRNA reads and low levels of possible

contamination (electronic supplementary material, figure S3).
The evidence of some contaminating miRNAs, especially in
the clam reads, might arise from the filter-feeder behaviour
of bivalves or from their open circulatory system, possibly
contributing to the inclusion of water column microorgan-
isms. Although miRTrace identified non-lophotrochozoan
hits, most of the reads (99.99 and 96.2% for mussel and
clam, respectively) referred to lophotrochozoan miRNAs,
indicating a minimal impact of possible biological contami-
nants on the analysis. MirMiner was then applied to
identify bona fide miRNAs for conserved families. To com-
plete the fragmented patchwork of miRNAs obtained from
the literature, we also reanalysed with MirMiner the datasets
of P. fucata, T. granosa, C. fluminea and R. philippinarum using
the reference genome when available or only the sncRNA
reads for species without a high-quality sequenced genome
(C. fluminea). Following a taxonomic classification of
miRNAs, 80 known and 76 unknown hits resulted from M.
galloprovincialis, whereas 87 known miRNAs and 135
unknown hits resulted from S. broughtonii. In both datasets,
we could identify miRNA belonging to a total of 48 and 47
conserved families for mussel and clam, respectively. While
the Eumetazoa-conserved MIR-10 is present in both species,
28 out of 31 Bilateria-conserved miRNA families were
retrieved from mussel, compared to 30 from clam (figure 1).
The protostome-conserved MIR-36 was absent in the mussel
sncRNA data and the lophotrochozoan-conserved MIR-1992
was absent in the clam data. MIR-1986, the representative
of a neotrochozoa-conserved miRNA family, was absent
from both datasets and MIR-2722, a Mollusca-conserved
miRNA, was absent in the clam reads. The lack of some
miRNA families in the sncRNA data suggested that either
they were not expressed in our samples or, if absent also
from the genome, that they might have been lost. However,
we showed that at least one member of all the miRNA
families absent from our sncRNA-seq data is still present in
the mussel and clam genomes, which is expected given that
hemocytes are quite a specific tissue and miRNAs often
show cell- and tissue-specific expression.

Extending the MirMiner analysis to other bivalve species,
we could identify previously unreported miRNAs, namely 44
for C. fluminea, 45 for R. philippinarum, 14 for T. granosa and 3
for P. fucata, whose families overall showed a good conserva-
tion (electronic supplementary material, file S3). Notably,
MIR-210 and MIR-2722 were absent from the sncRNA
reads of all these four species and from the blood clam
(MIR-2722), whereas MIR-1986 was absent from mussel and
from the two species belonging to the Arcidae family.
Although repetitive absence might suggest a gene lost, we
should carefully interpret this data, making additional
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Figure 2. Conservation among bivalves of miRNA complements previously reported as oyster novelties. The conservation of the 23 novel oyster miRNAs retrieved
from MirGeneDB was investigated in the genomes of 28 bivalve species. Four C. gigas genome assemblies have been considered, (1) oyster_v9, (2) ASM29789v2, (3)

ASM1103280v1 and (4) cgigas_uk_roslin_v1.

studies on genome assembly completeness in order to
ascertain this point.

Both mussel and clam presented an expanded number
of MIR-184, MIR-2, MIR-92, MIR-96, MIR-22, MIR-10,
MIR-67, MIR-242, MIR-375 and MIR-1994, although some
differences in the
comparison with the other analysed bivalves (electronic

in their number were noticed also

supplementary material, figure S4). Interestingly, only
R. philippinarum (the only Palaeoheterodonta analysed)
possesses 5 MIR-375 copies.

(c) Bivalve-specific miRNA families are few

Crassostrea gigas was the unique bivalve species for which the
miRNA genomic landscape was investigated [32], taking
advantage of the early availability of the genome [59]. This
revealed the conservation of the MIR-17-92 cluster, the pres-
ence of duplicated MIR-2 and MIR-9 clusters, as well as the
MIR-1991 cluster (MIR-10 family) [32]. A dataset of 153
manually curated oyster miRNAs is available in MirGeneDB
[28] and includes at least one complement for each of
the conserved miRNA families expected in agreement with
the phylogenetic position of molluscs. Twenty-three miRNA
complements represent oyster novelties and most of them

are characterized by a very narrowed expression. One excep-
tion is represented by Cgi-novel-16, which showed broader
expression levels in the analysed oyster samples whereas
sequence reanalysis revealed a match with the MIR-96
family. The next MirGeneDB release will fix this issue,
demonstrating the importance of manually curated and
updated databases. We further tested if any of these novel
miRNAs were conserved in the genomes of 28 bivalve species
(electronic supplementary material, file S2). As a result,
Cgi-novel-2 was found conserved in all the analysed bivalve
genomes, and therefore it should be considered as a new
bivalve-specific miRNA family (figure 2). Similarly, Cgi-
novel-1 appeared to be conserved in all Pteriomorphia
species, except in Margaritifera margaritifera, probably because
of incomplete genome sequencing. Cgi-novel-3, Cgi-novel-10,
Cgi-novel-14 and Cgi-novel-16 (Cgi-Mir-96) appeared to be
conserved at the family level, while Cgi-novel-12 was con-
served among Crassostrea species. All the other miRNAs
(except for Cgi-novel-4 and Cgi-novel-13) were shared between
C. gigas and C. hongkonkiensis, supporting the similarity
between these two oyster species (figure 2). Notably, a few
differences were also detected among different genome
assemblies of C. gigas.
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(d) About the functional roles of bivalve miRNAs

The role of bivalve miRNAs has mostly been investigated in
relation to biomineralization and immunity (table 1). The
validation of miRNAs putatively identified by sncRNA
sequencing is often based on stem-loop RT-qPCR or on the
dual-luciferase assay, the latter aimed at verifying the
miRNA interactions with their putative target genes. Below,
we provide a comparative overview of the bivalve miRNA
functions investigated so far (figure 3). Specific miRNAs
have been demonstrated to play a role during the immune
response of C. gigas against Vibrio splendidus. Following
bacterial infection, the invertebrate-specific miRNA Cgi-
Mir-2d is upregulated and leads to the enhancement of
Nf-kB-mediated gene transcription. Consequently, the
phagocytosis rate and apoptosis rate of haemocytes are signifi-
cantly increased and reduced, respectively [41]. The same
Cgi-Mir-2d was reported to play a role in the repression of
acetylcholine  synthesis/release by targeting Choline
Transporter-Like proteins (CgCTL1) and by reducing the
coline uptake in hemocytes, thus promoting their defense
activity [42]. Conversely, Cgi-Mir-92d and scaffold42648-5080
(renamed Cgi-Mir-96-P2i in MirGeneDB) are both downregu-
lated after oyster injection with V. splendidus. Members of
the MIR-17-92 family are able to modulate the expression of
cytokines [60]. In detail, Cgi-Mir-92 can indirectly regulate
the expression of CgTNF by interacting with the lipopolysac-
charide induced TNF-a factor (CgLITAF3) CDS region [40].
Cgi-Mir-96-P2i plays a regulatory role in the integrin pathway

and its under-expression has the effect of increasing
hemocyte migration, allowing a more effective immune reac-
tion [43]. Several miRNAs whose functional role has been
confirmed, participate in the biomineralization of P. fucata. Bio-
mineralization is a sophisticated process, finely tuned by many
cellular molecules in turn acting in different pathways. In the
pearl oyster, miRNAs, such as novel-Mir-1 and Pma-Mir-2305,
target mRNAs for shell matrix proteins (SMPs) which are con-
sidered key components in the shell and pearl formation
[37,61,62]. Also, the expression of SMPs can be indirectly
modulated by the interaction of miRNAs with components
located upstream in the biomineralization-related pathways,
such as pmRUNT-1 (by Pma-Mir-183 [63]) or the neuropeptide
receptor Y2R (by Pma-Mir-29a [38]). As regards Hyriopsis
cumingii, a peculiar miRNA (Hcu-Mir-4504) participates in
the regulation of pigment biosynthesis. Intriguingly, the bind-
ing of such a miRNA to the melanocyte inducing transcription
factor (HcMITF) can impair melanin production. In fact, MITF
regulates genes involved in melanin biogenesis, interacting via
a typical basic helix-loop-helix leucine zipper (bHLH Zip) to
E-box promoters of genes such as tyrosinase (TYR),
tyrosinase-related protein 1 (TRP-1) and dopachrome tauto-
merase (DCT) [64]. Melanin is a key component in the nacre
and colour formation but at the same time it plays an impor-
tant role in encapsulation, a process blocking pathogens into
a melanin wall by the activation of biomineralization-like
pathways. So the regulation of melanin production could
impact both biomineralization and immunity.

$9100207 :9LE § 205 Y "subil iy qsy/[euinol/baobuiysiigndfianosiefos H



The available data on bivalve miRNAs made evident a biased
representation of only a few species, which impairs phylo-
genetic investigations on the distribution and conservation
of miRNA families. By re-evaluating and reannotating
conserved miRNAs reported in previous studies, and
expanding miRNAome data with two additional species,
we showed that previous annotations were incomplete, and
that there is a high conservation of miRNA families, consist-
ent with the taxonomic position of bivalves. While this
finding was not unexpected, it opens novel paths to study
the evolution of bivalves with miRNAs and, vice versa,
miRNA evolution in bivalves, as we have identified distinct
patterns of miRNA expansion, putative losses, and bivalve-
specific miRNA families. Beyond the scope of this review,
reannotation of novel or species-specific miRNAs could

help the understanding of how the regulatory role of

miRNAs contributes to the adaptation of individual species
to their habitats.

The datasets supporting this article have been
uploaded as part of the electronic supplementary material.
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