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A comprehensive RNA virome identified ety

in the oyster Magallana gigas reveals
the intricate network of virus sharing
between seawater and mollusks
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Abstract

Background As a globally farmed oyster species, Magallana gigas has garnered significant attention due to the con-
taminated RNA viruses that have caused illness in humans. However, limited knowledge is available on the bioac-
cumulation status and overall diversity of RNA virome in the M. gigas digestive tissues (DTs). Moreover, there is a lack
of understanding regarding the shared community of RNA virome among intertidal mollusks. To address these
knowledge gaps, we performed a comprehensive meta-transcriptomic analysis of 173 M. gigas samples from the East
China Sea and compared the viral sequences to the meta-transcriptomes of other mollusks and seawater (i.e, the oys-
ter Magallana hongkongensis, bivalves, gastropods, cephalopods, and Yangshan Harbor) through RARP identification
and reads mapping.

Results Our results indicate that 154 viral RARPs were confidently identified in the M. gigas DT, with 94% (144/154)
showing less than 90% amino acid identity. This indicates the presence of at least 144 putative novel RNA virus spe-
cies in M. gigas DT. All viruses belonged to the phyla Lenarviricota, Pisuviricota, and Kitrinoviricota, and the marna-like
viruses constituted the most diverse assemblage among these newly identified viruses. Furthermore, members

of marna-like, picobirna-like, and noda-like virus groups comprise the most prevalent viruses in the M. gigas meta-tran-
scriptome, with 14 RdRP-bearing sequences accounting for at least 1% of the overall aligned reads. M. hongkongensis
has been found to harbor the most diverse viruses found in M. gigas, while 37 and 25 newly identified RNA viruses

in oysters were discovered in an octopus meta-transcriptome and seawater virome, respectively.

Conclusions The findings provide insights into the cryptic and hitherto unstudied virus-sharing network

across the marine food web. Moreover, the viruses identified in oysters have the potential to serve as indicators
for identifying the circulation of marine RNA viruses.
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Background

RNA viruses play a significant role in marine environ-
ments [1], comprising up to 50% of total counts in ocean
virioplankton [2]. The diversity of the RNA virosphere has
expanded significantly in the age of metagenomics [3, 4],
including in the marine environments. As of this writing,
the International Committee on Taxonomy of Viruses
(ICTV) has documented 6712 viral species of Riboviria
belonging to 139 families with complete or complete
coding-region genomes (https://ictv.global/). The per-
sistence of specific RNA viruses in estuarine water has
been observed to reach up to 21 days [5], providing an
opportunity for further investigation into the circulation
of marine RNA viruses in natural environments.

Although the number of RNA-dependent RNA poly-
merases (RARPs) of invertebrate-associated RNA viruses
[6] is comparatively limited in comparison to those pre-
sent in subsurface ocean and polar environments [1], the
significance of the virome harbored by these organisms
should not be underestimated. Invertebrates are consid-
ered to be ancient lineages and represent the most diverse
ecological group in the ocean [7]. Moreover, RNA viruses
identified in invertebrates exhibit sufficient divergence
to support the classification of five major phyla within
the Riboviria realm [6, 8, 9], and novel lineages of inver-
tebrate RNA viruses have been ratified by ICTV [10].
Nevertheless, as the cupped oyster M. gigas (previously
known as Crassostrea gigas [29], https://www.marinespec
ies.org/aphia.php?p=taxdetails&id=138297) is one of the
most prevalent aquaculture species in bivalves, the phy-
logenetic diversity and the relatively abundance of RNA
viruses in these oysters remain poorly understood.

The oyster is capable of efficiently pumping seawater
through its gills at a rate of 5 L/h [11]. Previous studies
have demonstrated the presence of a diverse RNA virome
and replication-associated protein (Rep)-encoding sin-
gle-stranded (CRESS) DNA viruses in oysters [12, 13]. It
is noteworthy that oysters have been observed to toler-
ate a final concentration of 10'° of reovirus [14], which
demonstrates their capacity to accumulate virus particles
from marine environments. It has been documented that
oysters are frequently associated with human noroviruses
(NoVs) worldwide, as evidenced by studies conducted in
various locations, including [15-19]. Extensive research
efforts have confirmed that histo-blood group antigens
like (HBGAs-like) substances secreted by oysters and
bacteria residing in their guts actively bind with NoVs
[20-23]. Apart from active binding of RNA viruses, we
are intrigued by the potential benefits of oyster bioaccu-
mulation for passively enriched viruses such as the family
Marnaviridae, which target marine eukaryotic microal-
gae and fungoid protists [24—27]. Current investigations
into oyster-associated viromes are primarily focused on
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the identification of DNA viromes [13, 28]. The role of
oysters in the transmission or circulation of RNA viruses
and their ecological connections, as revealed by the
virus-sharing network among intertidal mollusks, may
provide insights into the potential exchanges of RNA
virome between oysters and their predators and prey.
Here, we present a comprehensive study involving the
analysis of a meta-transcriptomic dataset derived from
173 oyster digestive tissues collected in distinct batches
over the course of a year. By identifying RNA viruses
within the virome of M. gigas, we have established an
analytical description of the RNA viromes associated
with M. gigas, which we have compared to data publicly
available for marine mollusk species from the classes of
Bivalvia (e.g., M. hongkongensis [28]), Gastropoda, and
Cephalopoda [6], and for the seawater virome of Yang-
shan Harbor, Shanghai, China, which has documented
nearly 4500 novel marine RNA viruses [30]. The inves-
tigation yielded evidence indicating the existence of a
shared RNA virosphere between mollusks and their sur-
rounding aquatic environments. These findings signifi-
cantly contribute to our understanding of the diversity
of RNA viruses harbored by filter-feeding bivalves and
provide a foundation for investigating the circulation and
enrichment of the RNA viruses in intertidal mollusks.

Methods

Collection and processing of oyster samples

A total of 173 oysters of farmed origin (M. gigas, approxi-
mately 150 g each) were purchased from a seafood mar-
ket in Luchao Port, Shanghai, China, between June 2016
and July 2017. Following the harvesting process, the
oysters were stored at 5 to 10 °C for 1 to 2 weeks prior
to their transportation to the market. Further details
regarding the oysters sampled in each batch are provided
in Table S1. Given the nature of filter-feeding behavior
observed in oysters, the digestive tissues (DTs), which
exclusively encompass the digestive gland, were consid-
ered to represent a reservoir for viruses [31, 32]. The dis-
section of the DTs was completed within a 2-h window
following the initial sampling. Following this, the sam-
ples were preserved in RNA stabilizer (RNAlater, Ther-
moFisher, USA) and stored at — 80 °C until use.

RNA extraction and sequencing

Before RNA extraction, the DTs of M. gigas collected
over the course of 1 year were combined and processed in
a FastPrep-24 (MP, USA) homogenizer with two rounds
of homogenization (6 m/s, 30 s). Subsequently, total RNA
was extracted using TRIzol (Invitrogen, USA) and puri-
fied with a total RNA rapid extraction kit (cat. GK3015,
Generay, China). The NEBNext Ultra Directional RNA
Library Prep Kit (cat. E7420, Illumina, USA) was utilized


https://ictv.global/
https://www.marinespecies.org/aphia.php?p=taxdetails&id=138297
https://www.marinespecies.org/aphia.php?p=taxdetails&id=138297

Wau et al. Microbiome (2024) 12:263

for the construction of library with a preference for
positive-sense RNA, employing a random primer. The
prokaryotic ribosomal RNA (rRNA) was removed using
the Ribo-Zero rRNA Removal Kit (cat. MRZMB126, Illu-
mina, USA). Subsequently, three repetitive libraries were
established and subjected to sequencing on the Illumina
HiSeq platform (Illumina, USA), resulting in three data-
sets with 150-bp paired-end reads.

Contig assembly and ORF annotation

Adapters and low-quality reads were trimmed using
Fastp (v0.23.2) [33] in default parameters, with the
exception that the Phred quality threshold was set to
20. The M. gigas reference genome (10 chromosomes,
NC_047559.1 to NC_047568.1) was downloaded from
GenBank. Opyster-related reads were then removed by
using an alignment-based tool, HoCoRT (v1.0.0) [34],
with bowtie2 (v.2.5.1) [35] mode enabled. The qualified
reads were then assembled by MEGAHIT (v1.2.9) [36],
with contigs>1000 nt retained (option —min-contig-len
1000). Prodigal (v2.6.3) [37] was employed for open read-
ing frame (ORF) prediction with the standard genetic
code (parameters: -n -p meta).

RNA virus identification

The recently published identification methods, param-
eters, and pre-compiled hidden Markov model (HMM)
of the viral RARP domain profiles [1] were applied to
RdRP identification in the oyster meta-transcriptomes
in order to detect homologs of the kingdom Orthorna-
virae. The first-round of identification was conducted
using HMMsearch (HMMER v3.1) [38], with ORFs that
covered at least 70% of the target HMM profiles and a bit
score>30 considered as candidates for nearly complete
RARP. ORFs with a bit score of < 30 were then subjected to
a second round of verification by Palmscan [39] (options:
-rt -rdrp -hiconf), during which the reverse transcriptase
(RT), RARP palm-domain-based identification [40], was
performed separately. Subsequently, species-level rep-
resentatives were subjected to further filtration through
clustering with CD-HIT (v4.8.1) [41], with a 90% amino
acid identity threshold and 75% alignment coverage for
shorter sequences (options: -¢ 0.9 -aS 0.75 -n 5) [40].

Virus clustering network construction

For the identified RARP-bearing contigs, the closest rela-
tives of which were retrieved through local BLASTp
(v2.13.0) [42] against the NCBI nonredundant (nr) data-
base (downloaded in 2023.04.16) with specified param-
eters (-evalue le-10, -max_target_seqs 5). To eliminate
redundancies, shorter sequences with over 90% amino
acid identity and 75% alignment coverage were removed
by CD-HIT [41] as previously described (see the “RNA
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virus identification”). The combined RdRP representa-
tives were subjected to an all-versus-all BLAST (evalue:
le-5) analysis using the FASTA option provided in EFI
web (https://efi.igb.illinois.edu/efi-est/) [43], resulting in
the generation of a representative family-based cluster-
ing network, which was subsequently visualized using
CytoScape (v3.9.1) (https://cytoscape.org/).

Taxonomic classification based on phylogenetic analysis

In order to infer the phylogenetic lineages of oyster
RNA virome, eight order-to-family-level trees were con-
structed. First, the close relatives in the nr database (see
the “Virus clustering network construction”) were incor-
porated into the inbuilt reference databases. Second, to
enhance the reliability of the tree structure, an online
BLASTp search was conducted against the NCBI refer-
ence protein database (refseq_protein, e-value<le-10).
The top 10 hits (if available) were retrieved as supple-
mentary data for the reference databases. Third, the RNA
viruses were initially clustered based on the clustering
network, and the RARP sequences were extracted based
on the identification of conserved domains in the con-
served domain database (CDD) [44].

The RdRP footprints were aligned using MAFFT
(v7.520) [45] with the sensitive option (—maxiterate 1000
—localpair —thread 1). The gaps were trimmed through
the “automatedl” mode, which was supplemented by
the use of trimAl (v1.4) [46]. The IQ-TREE 2 software
[47] was employed for the establishment of unrooted
maximum-likelihood phylogenetic trees, with the ultra-
fast bootstrap method [48] utilized for the estimation
of bootstrap values. The optimal model was identified
through the application of the ModelFinder algorithm
[49], which is integrated into the IQ-TREE 2 software
(option: -m MFP -B 1000 -bnni). The phylogenetic trees
were subsequently visualized in iToL v6 [50].

Estimation of the relative abundance of RNA viruses

To assess the prevalence of RNA viruses identified in oys-
ter, qualified reads (see the “Contig assembly and ORF
annotation”) were aligned to RdRP-bearing contigs using
Bowtie2 (v 2.5.1) [35] with the modified “very sensitive”
option (-local -D 20 -R 3 -N 0 -L 16 -i S,1,0.50 -1 0 -X
2000 —non-deterministic) [1]. To eliminate the potential
overrepresented polyA stretches in abundance estima-
tion, all reads and viral sequences with polyA or polyT
ends were trimmed using BBDuk (v 39.01) (https://jgi.
doe.gov/data-and-tools/bbtools/) as described by Zayed
et al. [1], with the only exception that no iterative trims
were performed since no further polyA/polyT reads were
removed in the second run. Files containing mapped
reads were transformed to sorted BAM in SAMtools (v
1.17) [51], which could be recognized for the calculation
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of overall genomic coverage and abundance estimation.
The files were then filtered with 90% nucleotide identity
and 75% read length coverage using CoverM (v 0.6.1)
(https://github.com/wwood/CoverM). Transcripts per
million (TPM) were employed as an indicator for relative
abundance estimation (with the “-m tpm” option enabled
in CoverM).

Identification of M. gigas-associated RNA viruses

in the meta-transcriptomes of other mollusks

and the virome of Yangshan Harbor

To investigate the potential circulation of RNA viruses
among seawater-oyster-other intertidal mollusks, we
collected a series of meta-transcriptomic datasets from
mollusks belonging to the three classes of Bivalvia, Gas-
tropoda, and Cephalopoda [6]. The class Bivalvia includes
the following species: M. hongkongensis [28], bivalvia mix
Wenzhou (Barbatia virescens, Sinonovacula constricta,
Tegillarca granosa, M. ariakensis, Mpytilus coruscus),
Paphia shell mix Beihai (Paphia undulata and Veneridae
sp.), razor shell mix Beihai (Solen strictus), and fresh-
water shellfish mix Wuhan (Unio douglasiae). The class
Gastropoda encompasses a diverse array of gastropod
species, including Gastropoda mix Wenzhou (Neverita
didyma, Chlorostoma turbinatum, Turritella bacillum,
Reishia bronni), murex snail Beihai (Chicoreus asianus),
Turritella sea snails mix Beihai (Turritella sp.), and chan-
neled apple snail mix Wenzhou (Pomacea canaliculata).
Octopodidae sp. is included in the class Cephalopoda.
Furthermore, a coastal-water RNA virome from the East
China Sea was included in the analysis [30]. This ena-
bled us to analyze the distribution of RNA viruses among
these organisms and their respective environments. To
ensure the comparability of the data, we established the
following selection criteria for the mollusk transcrip-
tomes. First, the meta-transcriptomes pertain to the
RNA viromes. Second, only intestinal samples or mixed
samples of whole tissues are selected. Third, samples
must be collected from naturally occurring environments
and from healthy organisms (e.g., not in a state of dying
or subjected to chemical or physical treatments). Follow-
ing these criteria, a total of 29 datasets were retrieved
from public databases (Table S2).

In the context of RNA viruses identified in oyster
meta-transcriptome, it is important to note that a rela-
tively high read mapping threshold (option: CoverM -m
covered_fraction, 90% nucleotide identity and 75% read
coverage) has been applied [1]. Contigs with at least
30% of their length covered by reads will be considered
potentially present in either M. hongkongensis or other
organisms belonging to the phylum Mollusca. The 30%
coverage threshold for the determination of presence
was justified by the observation that in 98.5% of mapped
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contigs with 30% or higher read mapping coverage,
reads were mapped to locations within the RARP-coding
region or RARP polyprotein region. Moreover, among the
mapped contigs, 72.4% exhibited at least 50% coverage in
the aforementioned region, which is capable of providing
identification information (see Figure S1 for the mapping
statistics). Moreover, a viral sequence with a minimum
of 90% read coverage in publicly available meta-tran-
scriptomes will be considered as a genus- to species-level
member shared by M. gigas and specific mollusks [40].
The virome sharing network was visualized using Gephi
(v0.10.1).

Results

Quality assessment and statistics of the M. gigas DT
meta-transcriptome

To generate high-quality data, three repetitive RNA
libraries were sequenced, resulting in raw read counts
of 71,910,296, 74,811,948, and 82,238,218 for each data-
set, respectively. Following the removal of low-quality
bases, the trimming of adapters, and the exclusion of
M. gigas-sourced reads, the number of qualified reads
obtained was 42,275,528, 44,612,314, and 48,238,492 for
the respective datasets, with 40.4 to 41.3% of the total
reads discarded. A total of 80,765 contigs (N50=1150,
L50=62,831, N90=579, L90=194,625, rRNA propor-
tion=0.32%o) were co-assembled from the three data-
sets. The longest contig is 31,464 nt in length.

The identification of RARP based on HMM profiles
yielded 236 putative RARP-bearing contigs. The length
of these contigs ranged from 1071 to 9291 nt, with six
contigs exceeding 5000 nt in length. A total of 154 of the
236 putative viral contigs contain the palm domain (i.e.,
motifs A, B, and C). No reverse transcriptases (RTs) were
identified. In addition, a total of 144 contigs exhibited
less than 90% amino acid identity for the RARP, suggest-
ing that at least 144 RNA viral species were newly identi-
fied in the oyster virome.

Diverse RNA viral lineages identified in M. gigas

For contigs carrying the RARP domain, the clustering
similarity matrix with hits in nr indicated the identifi-
cation of at least 14 families/assemblages, represent-
ing three major phyla (Lenarviricota, Pisuviricota, and
Kitrinoviricota) within the kingdom Orthornavirae
(Fig. 1). The lack of members of the phyla Negarna-
viricota, Ambiviricota, and Duplornaviricota is likely
attributable to the library construction kit employed
being biased towards positive-sense RNA. The largest
assemblage was that of the Picornavirales order, which
accounted for approximately half (78 out of 144) of the
M. gigas DT-associated RNA viruses identified. The
majority of viruses within this cluster were identified as
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Oyster RNA virome
Leviviricetes
Caliciviridae
Dicistroviridae
Marnaviridae
Narnaviridae
Partitiviridae
Picobirnaviridae
Picornaviridae
Solemoviridae
® Hepeviridae
Nodaviridae
@® Tombusviridae
® Weivirus-like
® Yanvirus-like

Lenaviricota | Pisuviricota

Kitrinoviricota

Fig. 1 A mega-taxonomy cluster constructed based on the pairwise identity of the viral RARP sequences from Magallana gigas. The nodes
represent the viruses identified in this study or reference sequences from GenBank. Edges indicate pairs of connected nodes that have passed
the pairwise BLASTp filter (e-value 1e-10). The color of nodes indicates the origin of the viruses. The corresponding phyla of the different clusters are

indicated on the right

marna-like viruses. It is noteworthy that Durnavirales
constituted another substantial assemblage identified
in the oyster. This assemblage included the picobirna-
like and partiti-like viruses, which were interspersed
with viruses belonging to the families of Marnaviri-
dae, Narnaviridae, Nodaviridae, and Picornaviridae.
Four taxonomic groups, namely Fiersviridae (formerly
known as Leviviridae), Solemoviridae, Hepeviridae, and
Yanvirus, formed distinct clusters, with no close rela-
tives connected to other taxonomic groups. This would
suggest that oysters may have played a role in the selec-
tion of factors that facilitated the divergent evolution of
these RNA viruses.

Phylogenetic analysis of the RARP-bearing contigs
revealed the presence of at least eight orders, includ-
ing Norzivirales, Wolframvirales, Durnavirales, Picor-
navirales, Sobelivirales, Hepelivirales, Nodamuvirales,
and Tolivirales. The phylogenetic tree (Fig. 2) was con-
structed based on order to family scale as part of the
clades, such as Weivirus and Yanvirus, were not fully
resolved at the family level and have not yet been rati-
fied by the ICTV.

The phylum Pisuviricota

With regard to the 144 newly identified putative RNA
viruses, the largest clade is the Marnaviridae, where
65 viruses are situated and cover all 7 ICTV-approved
genera [24] (Fig. 2a). It is noteworthy that with the
exception of marna-like viruses, no RNA virus fam-
ily is shared across bivalves, gastropods, cephalopods,
and sea water. Four viral sequences (k141_480947,
k141_179532, k141_59248, and k141_443730) were fully
covered (>90%) by meta-transcriptomes of various mol-
lusks. In addition, there are 10 more marna-like viruses
that are shared specifically within bivalves. Nine of the
viral sequences are at least 90% mapped in M. hongkon-
gensis datasets alone. Two viruses (k141_480947 and
k141_179532) form a distinct branch at the base of the
Marnaviridae clade and cluster with Beihai mollusks
virus 2 and Macrobrachium rosenbergii virus 4. The virus
k141_59248, which is a close relative of Beihai mollusks
virus 1, forms an interleaved branch in the Kusarnavirus
and Locarnavirus, filling the gaps between these two gen-
era. Only the virus k141_443730 exhibits a clear phyloge-
netic affiliation with salisha-like virus.
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The second largest clade was mainly comprised of
members affiliated with the families Picobirnaviri-
dae and Partitiviridae (Fig. 2b). Of these, the virus
k141_356777 exhibited the closest phylogenetic rela-
tionship to the subclade of vertebrate-associated pico-
birnaviruses, with a 44% amino acid identity and the
highest alignment score with the RARP of Beihai pico-
birna-like virus 7 (Table S3). It was also identified in a
meta-transcriptome of the peanut worm, a Sipunculida
species found in the intertidal zone of southern China.
Additionally, close relatives of the virus k141_356777
were identified in freshwater macrophytes and river
sediments. Adjacent to the vertebrate-sourced Pico-
birnavirus branch, six newly identified RNA viruses
in oyster (k141_508154, k141_496647, k141_13296,
k141_466580, k141_309251, and k141_454727) formed
a distinct clade (Fig. 2b). Their close relatives were pre-
sent in various environments or organisms, including
mudflats, sediment, farmland, freshwater mussels, pea-
nut worms, and freshwater Isoptera [52]. Of note, four
picobirna-like viruses (k141_478039, k141_147375,
k141_435056, and k141_33296) had at least 90% of their
sequences covered by the M. hongkongensis meta-tran-
scriptome, suggesting a potential association between
these viruses and the genus Magallana. However, these
RNA viruses are not shared between M. gigas and gas-
tropods, suggesting that they are highly specific to
bivalves as carriers or hosts. Conversely, two of the four
viruses (k141_478039 and k141_435056) were detected
in cephalopods, which may be attributed to the poten-
tial for oysters to serve as a food source for octopuses.

A further distinctive virus (k141_166510) is observed
in a deep branch of the Partitiviridae family (Fig. 2b).
Its close relative was identified as belonging to the Par-
titiviridae family (USE08392.1), with 57% identity and
98% query coverage. This clade was positioned in close
proximity to the plant-targeting genus Deltapartiti-
virus. K141_166510 could not be read-mapped by any
other mollusk meta-transcriptomes, due to the fact that
partitiviruses typically lack a lytic phase in their life
cycle and have strictly limited target host ranges (i.e,,
plants, fungi, and protozoa) [53], which suggests that
the source of the partiti-like virus could not have origi-
nated from a M. gigas-related culture environment.

(See figure on next page.)
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Viruses belonging to the Dicistroviridae and Picorna-
viridae exhibited a lower tendency to be found among
mollusks. The natural hosts of these viral families are
predominantly arthropods and vertebrates [54, 55],
which rarely interact with mollusks. Two viruses were
shared by bivalves (Fig. 2c). One of these (k141_5361)
was a dicistro-like virus, which had genus-level relatives
identified in some M. hongkongensis and other bivalves
(Table S2). The other virus k141_343322 was identified
in the meta-transcriptome of the razor shell and exhib-
ited characteristics consistent with those of picorna-like
viruses. It is noteworthy that one of the Caliciviridae
(k141_128612) was identified with high confidence (99%
nucleotide identity and 96% coverage to norovirus GI).
The source of this virus appeared to be wastewater drain-
age in an urban area. However, a total of 28 molluscan
meta-transcriptomes yielded no reads that could be
mapped to k141_128612.

A total of six solemo-like viruses were identified in
the M. gigas DT RNA virome, five of which clustered
with previously discovered aquatic solemo-like viruses
(Fig. 2d). Of note, genus-level relatives of the virus
k141_19360 were identified in several specimens, includ-
ing M. hongkongensis, the Paphia shell, the Octopus, and
even in Turritella sea snails (with 86% sequence cover-
age). k141_204896 is present in the Yangshan Harbor
virome (Table S2). The solenoviruses are known to infect
fire ants [56]. One lineage (Varroa destructor virus) in
the phylogenetic clade containing the virus k141 19360
replicates in mite parasite of bees. It is therefore possible
that the distribution of specific solenoviruses from ter-
restrial to aquatic habitats may be facilitated by parasites.

The phylum Lenarviricota

Among the identified viruses, those belonging to the
phylum Lenarviricota exhibited a lower degree of diver-
sity than those in Pisuviricota. One potential candidate,
the virus k141_98645, was grouped with fiers-like viruses
previously identified in pond sediment and barnacles
(Fig. 2e) [52].

The family Narnaviridae, which lacks a capsid, has
been observed to specifically target fungi, plants, and
potentially algae [57-59]. Consequently, the presence
of the narna-like virus in oysters is very likely similar to

Fig. 2 Phylogenetic analysis of the viruses (RdRPs) from M. gigas DT and related viruses from the NCBI nonredundant (nr) database. Unrooted
phylogenetic trees are constructed using maximum-likelihood estimation and 1000 iterative refinements. Only bootstrap values greater than 0.7
are displayed in the tree. Green lines indicate the RNA viruses identified in this study. The scale bar indicates the average number of amino acid
substitutions per site. If a specific virus is identified as the dominant virus in other meta-transcriptomes, it will be represented by a differently
colored square on theright. a, b, ¢, d, e, f, g, h, i The phylogenetic tree of the following viral lineages: Marnaviridae, Durnavirales, Picornavirales,
Sobelivirales, Fiersviridae, Wolframvirales, Tolivirales, Hepelivirales, and Nodaviridae, respectively
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that of Marnaviridae, occurring via the ingestion of fungi
and algae by mollusks. Of note, among the eight newly
identified narna-like viruses, one was shared between
Magallana species, indicating that the circulation of Nar-
naviridae and their putative hosts in mollusks is limited
(Fig. 2f).

The phylum Kitrinoviricota

A total of 20 newly identified viruses were associated
with the order Tolivirales. These viruses could be further
divided into four assemblages: eight weivirus-like viruses,
two yanvirus-like viruses, seven tombus-like viruses, and
three viruses belonging to a potentially new clade that
interleaves between the Weivirus and Yanvirus assem-
blages (Fig. 2g). The virus k141_105782 was derived from
Weivirus, which has been found in invertebrates [6]. It
is closely related to the Beihai weivirus-like viruses and
the Barns Ness breadcrumb sponge weivirus-like viruses.
However, our understanding of the host and environ-
mental distribution of this virus is incomplete. In the case
of the tombus-like virus k141_130289, no plant-related
tombusviruses were identified within the same clade. In
contrast, all members of this branch are aquatic-related
viruses. The virus k141_130289 was also identified in gas-
tropods and cephalopods, indicating the potential for a
shared viral lineage among molluscan species.

The closest relatives to the Hepelivirales RNA virus
identified in M. gigas are not those of vertebrate
hosts (Fig. 2h and Table S3), indicating that the virus
k141 521148 likely originated from aquatic invertebrates
and was not a result of contamination (e.g., the norovi-
rus found in oyster). The presence of a hepe-like virus
(k141_521148) exclusively in oysters, without detection
in other mollusks, suggests that the oyster M. gigas is
likely the primary host for this virus.

The Nodaviridae family of viruses is known to infect
insects and fish [60]. No Betanodavirus-like viruses
were identified in the M. gigas. The virus k141_99838
represents a quasi-species of Beihai noda-like virus 5
(99% amino acid identity, 100% query coverage) (Fig. 2i),
the source of which is the horseshoeing crab [6]. Nota-
bly, the viral sequence could be mapped to a significant
extent (99% coverage) in the razor shell meta-transcrip-
tome (Table S2). Additionally, the virus k141_248919 is
closely related to Beihai noda-like virus 9 (95% amino
acid identity, 100% coverage) (Fig. 2i) (Table S3), which
was initially identified in razor shell [6] but subsequently
found in M. hongkongensis as well. Meanwhile, the close
relatives of these viruses have yet to be identified in
bivalves (Fig. 2i). These results strongly indicate that dif-
ferent aquatic invertebrates harbor the same quasi-spe-
cies of nodaviruses, therefore rendering bivalves (e.g.,
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Fig. 3 The relative abundance of viruses identified in the M. gigas DT
determined based on the log;, transformed TPM. Box plot depicts
the relative abundance of the viruses at the family level. The dashed
line represents the threshold of 1% overall aligned reads in the M.
gigas DT meta-transcriptome

Magallana) a potential intermediate carrier for these
nodaviruses. Consequently, the nodavirus in M. gigas
may serve as a viral signature for evaluating the extent of
virus circulation among intertidal bivalves.

Relative abundance of RNA viruses in M. gigas

The relative abundance of RNA viruses in the oysters
exhibits considerable variability. The log-transformed
TPM values indicated that 18 viruses exceeded the
threshold of 4 (Fig. 3). This indicates that the reads cor-
responding to these viruses comprise at least 1% of the
total aligned reads. The 18 viruses belong to three fami-
lies: Marnaviridae, Picobirnaviridae, and Nodaviridae.
Among the remaining 11 viral lineages, the abundance
estimation of the sole member of the hepe-like virus
k141_521148 was the highest at 3.71 (Table S2). This find-
ing provides further evidence that M. gigas may serve as a
potential reservoir for this specific aquatic hepevirus. In
comparison to the /hepe-like virus, the other families that
are uniquely identified in M. gigas appear to have a lower
dominance. For example, calici-like viruses (2.91), fiers-
like (3.01), partiti-like (2.73), and yan-like (ranging from
2.98 to 3.07) accounted for less than 0.1% of all aligned
reads. This suggests that these viral families may have
limited distribution capacity in the aquatic environment
or may have a lower persistence level within the digestive
tissue of M. gigas. The solemo-like and narna-like viruses
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exhibited the lowest abundance estimations (2.52-2.56)
and were found not only in M. gigas but also in other
molluscan species.

The relative abundance of marna-like viruses in M.
gigas is significantly higher than that of any other viral
family (Table S2). This suggests that the marna-like
viruses may serve as the primary “algae by-products”
that accumulate in oyster DT, given that the actual hosts
of these viruses, such as marine microalgae, are the
major prey consumed by oysters [61]. The most preva-
lent marna-like virus k141 292756 accounts for 16.43%
of the total reads aligned to its sequence. However, this
virus is neither a related virus on a genus rank found in
other molluscan species nor prevalent in the Yangshan
Harbor. It is plausible that the potential host for this virus
is closely associated with M. gigas, or that it is highly
specific to the surrounding environment, such as algal
habitants.

The family Picobirnaviridae represents the second larg-
est assemblage of oyster RNA virome (Fig. 3, Table S2).
Four picobirna-like viruses have reached an overall abun-
dance of at least 1% of aligned reads. The putative hosts
for the oyster-associated picobirnaviruses may be more
specific, potentially related to the dominant prokary-
otes inhabiting the DT of M. gigas [62, 63]. The virus
k141 147375 is the only common picobirnavirus that
is present in both mollusks and the surrounding water
environment.

The most prevalent viruses shared within the genus
Magallana, and other members of the phylum Mollusca,
do not represent the most abundant viruses identified
in M. gigas (Fig. 4A, B, Table S2). It suggests that virus-
sharing networks are likely characterized by free-living
viral particles rather than viruses specifically infecting
mollusks. This is further corroborated by the compari-
son of the relative abundance of viruses in the viromes
of M. gigas and Yangshan Harbor. Seven out of the 13
genus-level relatives exhibited higher TPM in seawater
(Fig. 4C).

Viruses in M. gigas present in other mollusks and seawater

Among the 154 viruses identified, 12% (18/154) were
found to be globally present in meta-transcriptomes of
M. hongkongensis, other mollusks, and the Yangshan
Harbor virome. In contrast, 49% (75/154) were identified
specifically in M. hongkongensis, while only 42% (65/154)
were found among other bivalves, gastropods, and ceph-
alopods. Additionally, 20% (31/154) were identified in the
Yangshan Harbor virome (Fig. 5A). For genus representa-
tives (sequences that have 90% coverage by reads in other
datasets), the number of shared members decreased to
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eight in M. hongkongensis, seven in other mollusks, and
four in seawater (Fig. 5B). A total of 52 viruses (34%)
exhibited <30% sequence coverage in either mollusk
meta-transcriptomes or the Yangshan Harbor virome.
These viruses may not be as frequently shared or present
as those previously mentioned.

The viruses present in each meta-transcriptome
were depicted through a virus-sharing network dia-
gram (Fig. 5C). It is evident that the meta-transcrip-
tomes of M. hongkongensis exhibit the most diverse
range of RNA viruses shared with M. gigas. Datasets
of CRR468170, CRR468165, and CRR468169 shared
38, 35, and 33 viruses with M. gigas, respectively. In
contrast, two meta-transcriptomes from freshwater
mollusks (SRR3401656, channeled apple snail, and
SRR3401658, U. douglasiae) share only two viruses with
the M. gigas virome, respectively. The disparate preva-
lence of shared viruses between marine and freshwater
mollusks indicates that the primary circulation pathway
of RNA viruses in oyster is likely to occur within coastal
regions, rather than being transported by river runoff.

In addition to the viruses identified in the Magallana
species, other bivalve RNA viromes analyzed (here-
after referred to as the datasets reported by Shi et al.
[6], see Table S2 “Mollusca”) have demonstrated that
a significant proportion of sequences are included by
the RNA virome of M. gigas. SRR3401916 (razor shell),
SRR3401648 (unknown bivalve), and SRR3401917 (Tur-
ritella sea snails) collectively contribute to nearly half
of the shared RNA viruses in oyster, with 32, 25, and
21 viruses, respectively. The meta-transcriptome of the
octopus (SRR3401912) exhibited a remarkable shared
diversity with the oyster-associated RNA viruses, with
37 viruses present in this dataset. It suggests a pivotal
role played by the food chain in the shunt of viruses
among mollusks. The collective findings highlight the
interconnectivity of virus distribution between differ-
ent species within the marine ecosystem.

Discussion

The circulation RNA viruses identified in both mollusks

and the surrounding environment

The oyster M. gigas is widely cultivated in the inter-
tidal zone [64], where its filter-feeding behavior allows
researchers to identify potentially harmful entities [65],
including viruses, in oysters from the surrounding waters
and in other farmed species [66]. Consequently, it is pos-
sible that the viromes of coastal invertebrates, particularly
mollusks, share certain characteristics. This is exempli-
fied by the discovery of ostreid herpesvirus-1 (OsHV-
1), which is responsible for the mass mortality of the M.
gigas worldwide [67]. Interestingly, OsHV-1 has been
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detected in the cephalopod Octopus vulgaris at a high
prevalence rate of 87.5% [68]. Moreover, the transmission
of OsHV-1 has been observed between the fast-moving
predator, the shore crab (Carcinus maenas), and M. gigas
at culture sites [69]. It would appear that an investigation
into the distribution of oyster-associated RNA viruses in
both mollusks and the coastal environment will serve to

highlight the significant yet often overlooked occurrence
of RNA viral circulation events.

Our findings indicate that the RNA viruses in M. gigas
disperse nonspecifically through seawater, particularly
those belonging to the Marnaviridae family. For exam-
ple, among the 13 genus-level relatives shared between
M. gigas and the Yangshan Harbor, 10 are associated with



Wu et al. Microbiome

(2024) 12:263

Page 11 of 16

Other mollusks C .
M. hongkongensis (Bivalva, Gastropoda, Cephalopoda) Oyster RNA virome ° &
Magallana hongkongensis ® e ®
M.gigas o © Seawater [] Bivalva (@) ° @
. @ Freshwater Bivalva © ° @) ° ®
Gastropoda o) 15
= 0 5 ([ J Freshwater Gastropoda O
[ J Cephalopoda 0 . °
o Seawater
: . @ i
©
o © @) @ °
5 [ ] e)
B ° G o
Contigs have >30% covered by other datasets (@) O (@) o @
(Family representatives)
o o & @o @ ©
Fi /ersvmc_fae-— mm M. hongkongensis| O (@) o
B Other mollusks o () o O
Seawater @ ) o (] o)
0 @) ® “¢%e o o °°
mbuswi ® O %0 00
Dicistroviridae—f=== O O @
Solemoviridae == O
Nodaviridae —j——— o O O @)
Picornaviridae -
L ° Qo o
e —————— % O O ®
0 2 4 6 815 20 25 30 35 @ o
Contigs have >90% covered by other datasets O O O O @
(Genus representatives) ) O
Fiersviridae-] ® (@) @
Yanvirus © O .
Partitiviridae——. (@)
Narnaviridae—— ®
Weivirus—.. O
Tombusviridag = @)
Dicistroviridae—= O @ { ]
Solemoviridae—= O
Nodaviridae =
Picomaviridae—=— 15 @ o
Picobirnaviridae - o O
LA ————— o o
0 5 10 15 20

Fig. 5 The RNA viruses shared among M. gigas, other mollusks, and seawater. A A Venn diagram illustrating the prevalence of viruses from M.
gigas DT in the phylum Mollusca and seawater. The names of the different ecological groups are indicated at the top of the diagram. B Bar plots
of identified RNA viruses from M. gigas present or dominant in other datasets based on family scale. C The network structure of the M. gigas

DT virome. The nodes represent shared viruses in oysters or meta-transcriptomes of other ecological groups. The edges of the graph represent
the viruses that have been identified in the M. gigas dataset and are present in subsequent datasets. The size of the dots represents the number

of viruses present in the respective datasets

Marnaviridae (Table S2). This is in contrast to norovi-
ruses of the Caliciviridae family, which are thought to
have been concentrated through potential ligand-spe-
cific binding [23]. In addition, a number of RNA viruses
from the Yangshan Harbor are among those that are fre-
quently found in bivalves, gastropods, and octopus, e.g.,
the virus k141_59248, k141_480497, k141_121534, and
k141_488207. Of note, these samples were collected from
a diverse array of geographical locations, encompass-
ing the Yellow Sea and the East China Sea and extend-
ing to the South China Sea. Accordingly, the seawater
harboring these cosmopolitan mollusks may serve as
a primary conduit for the spread of these RNA viruses.
In the East China Sea, harmful algae, including Alexan-
drium catenella and Dinophysis acuminata, periodically
form blooms [70]. These blooms not only present a risk
to humans through paralytic shellfish poisoning (PSP)
and diarrhetic shellfish poisoning (DSP) but also result in

mass mortality in shellfish [71]. The discovery of cosmo-
politan marnaviruses in M. gigas suggests the possibility
that marna-like viruses present in M. gigas may be tar-
geting algal residences or even those poisoning algae. In
light of the considerable research efforts devoted to the
discovery and analysis of RNA viruses in diatoms and
other algae [72-75] and research on the use of oysters to
mitigate eutrophication [76, 77], there is an opportunity
for further investigation to elucidate the complex inter-
actions between oysters, RNA viruses, and harmful algal
blooms.

A discrepancy is observed in the prevalence and abun-
dance of viruses from M. hongkongensis across different
meta-transcriptomes (Fig. 4a). The principal dissimilari-
ties between the M. hongkongensis datasets pertain to the
sampling periods and locations [28], with the sequencing
strategy and oyster health condition remaining consist-
ent. Among the most prevalent viruses identified in M.
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hongkongensis, only two RNA viruses were found in data-
sets of CRR468145 and CRR468146, respectively, while
the CRR468141, CRR468157, and CRR468158 accounted
for 90% (10/11) of the most prevalent RNA viruses in M.
hongkongensis (Fig. 4A). The fluctuations in the preva-
lence of viruses across datasets reflect the heterogene-
ity of the virome among individual oysters, suggesting
potential variations in viral populations within oyster
populations. Additionally, it is likely that the preferences
in amplification during sequencing may contribute to the
overrepresentation of specific viral populations, thereby
reinforcing these differences. This is exemplified by the
polyA-enriched meta-transcriptome observed in inverte-
brates (Fig. 4B). Datasets obtained using a polyA-based
approach in bivalves and gastropods only shared 1-2
viruses with the M. gigas virome. In contrast, random-
priming-based meta-transcriptomes from the same
samples exhibited a 2- to fivefold increase in the num-
ber of shared viruses (Table S2). Consequently, some
viral-related sequences may be overlooked, and the over-
all prevalence of the M. gigas-associated viruses may be
somewhat underestimated. These observations under-
score the necessity of considering the constraints and
potential distortions associated with disparate sequenc-
ing methodologies when interpreting viral prevalence
and diversity in oyster RNA viromes.

Protist viruses in M. gigas

The novel marna-like viruses identified in oysters appear
to be associated with marine protists. Firstly, since
bivalves and gastropods do not prey on each other, if the
viruses were species specific, they would not have been
shared among such a broad range of mollusks. This sug-
gests that these viruses may be part of the virioplankton
community. Secondly, all known hosts of marnaviruses
are protists, particularly marine microalgae [24]. Lastly,
the considerable number of shared RNA viruses indicates
the presence of a substantial viral population, which is
sufficient to enable the requisite sequencing depth and
coverage. The abundance of viruses observed in these
mollusks may be attributed to the daily prey consumed
by these mollusks.

The marna-like (1), salisha-like (4), and unclassified
Marnaviridae viruses (4) are shared within the genus
Magallana. Tt is important to note that three of these
viruses are shared with intertidal gastropods or cephalo-
pods (Table S2), rather than bivalves. These three viruses
belong to the Salisharnavirus clade, indicating that their
primary host may not be the major prey for M. gigas, or
they may be less prevalent in the corresponding environ-
ment, such as the benthic algae habitat.

Oyster cultivation is dependent upon the use of algae
diets, particularly diatoms [78]. In this study, the presence
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of shared marna-like viruses among mollusks has permit-
ted the confident identification of the food webs within
the ecosystem, which involve seawater, oysters, and octo-
puses. However, the downstream life cycle of algal viruses
that aggregate in oyster DT remains unknown, as does
the likelihood of reintroduction to alga hosts. The discov-
ery of a high prevalence of marna-like viruses in mollusks
and coastal viromes raises questions about the role that
oysters play in protist-related viral bioaccumulation. One
may inquire whether marna-like viruses are passively
enriched from the surrounding seawater or whether they
actively exploit oyster bioaccumulation as a strategy for
their next round of infection. It is hypothesized that RNA
viruses may derive several benefits from oysters. Firstly,
the oyster’s passive filtration process allows it to process
seawater at a rate of 5 L/h [11]. During this process, viri-
ons, prokaryotes, and protists are efficiently absorbed
and well mixed within oyster DT. Secondly, the digestion
of algae in oyster digestive tracts may contribute to the
accelerated circulation of algal viruses. Finally, it can be
posited that RNA viruses may be influencing the bioac-
cumulation of oysters. It is well documented that noro-
viruses are specifically bound to oysters with the help of
HBGAs-like substances [20, 23, 79-81]. However, this
is not the only way RNA viruses could facilitate their
transmission. Recent reports have highlighted a unique
phenomenon, whereby oyster genes are interfered with
by alien RNA in a manner that is analogous to a “Trojan
Horse”” In this instance, an engineered double-stranded
RNA is introduced into the oyster through an alga vector.
Indeed, oyster gene expression is inhibited, including that
of the clock gene, which in turn regulates bioaccumula-
tion [82]. Despite the paucity of knowledge regarding the
effects of virus-sourced RNA interference on oysters, we
posit that investigating the common oyster-associated
RNA viruses shared among mollusks would provide valu-
able insights into validating these effects. It is of particu-
lar importance to direct attention to the most dominant
species, such as the marna-like and picobirna-like clades
found within oysters.

Human viruses in M. gigas

Norovirus has long been recognized as a food contami-
nant in shellfish worldwide [15, 83]. Moreover, other
viruses have been identified in oysters, including hepati-
tis A virus (HAV), enterovirus (EV), rotavirus (RV), and
astrovirus (AV). These viruses are known to be major
causes of human acute infectious gastroenteritis [84].
However, they were absent in our oyster RNA virome,
suggesting that either the virus particles or their genomic
fragments are not captured by the meta-transcriptome.
A number of potential explanations for this phenom-
enon have been put forth. Firstly, the prevalence of HAV,



Wau et al. Microbiome (2024) 12:263

EV, RV, and AV in oysters is not as high as that of NoV,
resulting from fewer viral particles in the environment.
For example, a quantitative-PCR-based study revealed
that HAV was not detected in 253 bivalves, while a higher
prevalence of noroviruses was confirmed, with at least six
genotypes identified in the same samples [85]. Another
study demonstrated that noroviruses were present in
much greater numbers than human adenovirus, human
bocavirus, and RV, with a ratio of over 100-fold [86].
Moreover, it has been reported that noroviruses exhibit a
high prevalence rate (96.6%) in oyster-associated human
gastroenteritis cases [87], indicating the advantages of
norovirus circulation in bivalves over the other human
enteric viruses. Indeed, amplicon-based sequencing
may be a more efficient method for monitoring enteric
RNA viruses than meta-transcriptome-based sequenc-
ing [88]. Furthermore, the specific absorptive activities
of noroviruses in oysters play a crucial role in facilitat-
ing their identification in meta-transcriptome analyses.
This notion is supported by several aspects. Firstly, car-
bohydrates present in oyster digestive ducts have been
demonstrated to specifically bind to viral particles [21,
22]. Secondly, certain bacteria present in the oyster DT
are capable of producing HBGA-like components, such
as extracellular polysaccharides, in the form of binding
ligands that could interact with noroviruses [20, 23]. This
binding mechanism probably enables the enrichment of
NoVs in the M. gigas DT, thereby increasing the likeli-
hood of their detection in meta-transcriptome analyses.
The recent pandemic of SARS-CoV-2 has prompted
interest in investigating the potential presence of this
virus in oysters as far back as 2016. It has been dem-
onstrated that the spike protein of SARS-CoV-2 can be
readily bioaccumulated in the oyster DT [31]. Meanwhile,
virus particles have been detected in the feces of patients
diagnosed with COVID-19 [89]. Moreover, experimental
evidence has demonstrated that SARS-CoV-2 can remain
viable in river and wastewater [90]. This suggests that the
virus is capable of persisting in an aquatic environment.
Consequently, during the SARS-CoV-2 outbreak, oysters
exposed to contaminated water through fecal contamina-
tion may readily accumulate the virus in their digestive
gland. It is, however, important to note that the absence
of Coronaviridae, including SARS-CoV-2, in the M. gigas
RNA virome throughout the entire year suggests that the
virus was not expected to be present during that time.

Conclusion

The identification of the RNA virome has enabled the
creation of a comprehensive catalog of over 140 viral
species within the digestive tissues of M. gigas. This
catalog establishes links to both abiotic and biotic envi-
ronments. Given the filter-feeding nature of the oyster,
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our findings indicate that it may serve as a reservoir for
virus accumulation and a conduit for potential virus
dispersal from the marine environment to mollusks.
Notably, we observe the predominance and diversity
of marna-like and picobirna-like assemblages, which
underscores their significance in the oyster virome.
Our research indicates that diverse networks of RNA
viruses are present in oysters, providing insight into
the circulation mechanisms of microbiomes and offer-
ing a valuable resource for monitoring potential human
pathogenic microorganisms in marine environments.
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