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Liquid biopsy (LB) is a concept that is rapidly gaining ground in the biomedical field. Its concept is largely based on the detection of
circulating cell-free DNA (ccfDNA) fragments that are mostly released as small fragments following cell death in various tissues. A
small percentage of these fragments are from foreign (nonself) tissues or organisms. In the present work, we applied this concept to
mussels, a sentinel species known for its high filtration capacity of seawater. We exploited the capacity of mussels to be used as
natural filters to capture environmental DNA fragments of different origins to provide information on the biodiversity of marine
coastal ecosystems. Our results showed that hemolymph of mussels contains DNA fragments that varied considerably in size,
ranging from 1 to 5 kb. Shotgun sequencing revealed that a significant amount of DNA fragments had a nonself microbial origin.
Among these, we found DNA fragments derived from bacteria, archaea, and viruses, including viruses known to infect a variety of
hosts that commonly populate coastal marine ecosystems. Taken together, our study shows that the concept of LB applied to
mussels provides a rich and yet unexplored source of knowledge regarding the microbial biodiversity of a marine coastal
ecosystem.

ISME Communications; https://doi.org/10.1038/s43705-022-00145-0

INTRODUCTION
Climate change (CC) impacts on the biodiversity of marine
ecosystems are a rapidly evolving field of research. Global warming
not only induces important physiological stress but also pushes the
evolutionary limit of thermal tolerance of marine organisms,
affecting the habitat of several species and pushing them to find
more favorable conditions [1, 2]. In addition to its impact on the
biodiversity of metazoans, CC also disrupts the delicate balance of
host-microbe interactions. Such microbial dysbiosis is a major
threat to marine ecosystems as it makes marine life more
susceptible to infectious pathogens [3, 4]. CC is believed to play
an important role in mass mortality events, a major concern for the
management of marine ecosystems worldwide [5, 6]. This is an
important issue given the economic, ecological, and nutritional
impacts of many marine species. This is particularly true for
bivalves found in polar regions where the effects of CC are more
immediate and severe [6, 7]. In fact, bivalves, such as Mytilus spp.,
have been extensively used for monitoring the impact of CC in
marine ecosystems. Not surprisingly, a relatively large number of
biomarkers have been developed to monitor their health status,
often using a two-tier approach that includes functional biomar-
kers based on enzymatic activities or cellular functions, such as cell
viability and phagocytic activity [8]. These approaches also include
measuring concentrations of specific stress indicators that
accumulate in their soft tissues following uptake of high amounts
of seawater. However, the high filtering capacities and the semi-
open circulatory system of bivalves offer an opportunity to develop
novel hemolymphatic biomarkers that exploit the concept of liquid

biopsy (LB), a simple and minimally invasive approach used by
clinicians for patient management based on a simple sample of
blood [9, 10]. Although several types of circulating molecules can
be detected in human LB, the concept is largely based on DNA
sequencing analysis of circulating cell-free DNA (ccfDNA) frag-
ments in plasma. In fact, the existence of DNA circulating in human
plasma has been known since the middle of the 20th century [11],
but it is only in recent years that the advent of high-throughput
sequencing methods has led to clinical diagnostics based on
ccfDNA. The presence of these circulating DNA fragments results in
part from a passive release of genomic DNA (nuclear and
mitochondrial) following cell death. In healthy individuals, the
concentration of ccfDNA is normally low (<10 ng/mL) but can be
increased by 5–10 times in patients suffering from various
pathologies or subjected to stress, resulting in tissue damage.
The size of ccfDNA fragments varies considerably but generally
range from 150 to 200 bp [12]. Analysis of ccfDNA of self-origin, i.e.,
derived from host normal or transformed cells can be used to
detect genetic and epigenetic alterations present in nuclear and/or
mitochondrial genomes, thereby helping clinicians choose among
specific molecularly targeted therapies [13]. However, ccfDNA can
be derived from a nonself origin, such as ccfDNA derived from fetal
cells during pregnancy or from transplanted organs [14–17].
ccfDNA is also an important source of information for detecting the
presence of nucleic acids from infectious agents (nonself), thus
making it possible to noninvasively detect a wide range of
infections that are not identified by blood culture, avoiding
invasive biopsy of infected tissues [18]. Recent studies have indeed
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shown that human blood contains a rich source of information for
the identification of viral and bacterial pathogens and that ~1% of
ccfDNA found in human plasma has a nonself origin [19]. These
studies suggest that it is possible to assess the biodiversity of the
circulating microbiome of an organism from the analysis of
ccfDNA. Until very recently, however, this concept has exclusively
been applied and studied in humans and, to a lesser extent, to
other vertebrates [20, 21].
In the present work, we have taken advantage of the potential

of LB to analyze the ccfDNA of Aulacomya atra, a southern species
of mussels commonly found in the sub-Antarctic Kerguelen
Archipelago, a group of islands located at the top of a large
plateau that was built by volcanic eruptions 35 million years ago.
Using an in vitro experimental system, we found that DNA
fragments present in seawater are rapidly taken up by mussels
and gain access to the hemolymphatic compartments. Shotgun
sequencing showed that hemolymphatic ccfDNA of mussels
contains DNA fragments of both self and nonself origin and
included symbiotic bacteria as well as DNA fragments derived
from biological communities that are typical of cold volcanic
marine coastal ecosystems. Hemolymphatic ccfDNA also con-
tained viral sequences derived from viruses with distinct host
ranges. We also found DNA fragments derived from metazoans,
such as bony fish, anemones, algae, and insects. Taken together,
our study demonstrates that the concept of LB can be successfully
applied to marine invertebrates to access a rich genomic reservoir
within a marine ecosystem.

MATERIALS AND METHODS
Mussel collection
Adult specimens (55–70mm length) of Mytilus platensis (M. platensis) and
Aulacomya atra (A. atra) were collected on the intertidal rocky shore of
Port-aux-Français (049°21.235S, 070°13.490E) at Kerguelen Islands in
December 2018. Other adult blue mussels (Mytilus spp.) were obtained
from a commercial supplier (PEI Mussel King Inc., Prince Edward Islands,
Canada) and placed in a temperature-controlled (4 °C) aerated tank
containing 10–20 L of 32‰ artificial saline water (Reef Crystal artificial
marine salt, Instant Ocean, VA, USA). For each experiment, individual shell
lengths and weights were measured.

Circulating cell-free DNA extraction
A free and open access protocol for the procedure is available online
(https://doi.org/10.17504/protocols.io.81wgb6z9olpk/v1). Briefly, hemolym-
phatic LBs were collected from the abductor muscle as described [22]. The
hemolymph was clarified by centrifugation at 1200 × g for 3 min, and the
supernatant was frozen (−20 °C) until use. To isolate and purify ccfDNA,
samples (1.5–2.0 mL) were thawed and processed using the NucleoSnap
cfDNA kit (Macherey-Nagel, Bethlehen, PA) according to the manufac-
turer’s instructions. The ccfDNA was stored at −80 °C until further analysis.
In some experiments, ccfDNA was extracted and purified using the
QIAamp DNA Investigator Kit (QIAGEN, Toronto, ON, Canada). Purified DNA
was quantified by standard PicoGreen assay. The fragment distribution of
the extracted ccfDNA was analyzed by capillary electrophoresis with an
Agilent 2100 Bioanalyzer (Agilent Technologies Inc., Santa Clara, CA) using
a High Sensitivity DNA kit. The assay was performed according to the
manufacturer’s instructions using 1 μL of ccfDNA sample.

Sequence analysis pipeline
To sequence the hemolymphatic ccfDNA fragments, shotgun libraries were
prepared by Génome Québec (Montreal, Quebec, Canada) using the
Illumina DNA Mix set for Illumina MiSeq PE75. Standard adapters (BioO)
were used. Raw data files are available on the NCBI Sequence Read Archive
(SRR8924808 and SRR8924809). Basic read quality was assessed using
FastQC [23]. The adapters and low-quality reads were trimmed with
Trimmomatic [24]. The paired-end shotgun reads were merged into longer
single reads with FLASH with a minimum overlap of 20 bp to avoid
mismatches [25]. Merged reads were annotated with BLASTN using a
bivalve NCBI Taxonomy database (e value < 1e−3 and 90% homology), and
masking of low-complexity sequences was performed using DUST [26].
Reads were divided into two groups: those that were related to bivalve

sequences (here named self reads) and those not (nonself reads). Both
groups were assembled separately with MEGAHIT to generate contigs [27].
In parallel, the taxonomic distribution of microbiome nonself reads was
classified with Kraken2 [28] and represented graphically with a Krona pie
chart on Galaxy [29, 30]. Optimal kmers were determined from our
preliminary experiments as kmers-59. Self contigs were then identified by
alignment with BLASTN (bivalve NCBI database, e value < 1e−10 and 60%
homology) for a final annotation. In parallel, nonself group contigs were
annotated with BLASTN (nt NCBI database, e value < 1e−10 and 60%
homology). BLASTX was also conducted on nonself contigs using the nr
and RefSeq protein NCBI databases (e value < 1e−10 and 60% homology). A
pool of BLASTN and BLASTX from nonself contigs represented the final set
of contigs (see supplementary file).

PCR amplification
The primers used for PCR are listed in Table S1. Taq DNA polymerase (Bio
Basic Canada, Markham, ON) was used to amplify ccfDNA targeted genes.
The following reaction conditions were employed: denaturation at 95 °C
for 3 min; 35 cycles of 95 °C for 1 min, the prescribed annealing
temperature for 1 min and elongation at 72 °C for 1 min; and a final
72 °C for 10min. PCR products were separated by electrophoresis in
agarose gels (1.5%) containing SYBRTM Safe DNA Gel Stain (Invitrogen,
Burlington, ON, Canada) at 95 V.

DNA uptake by mussels
Mussels (Mytilus spp.) were acclimated in 500mL of oxygenated seawater
(32 PSU) at 4 °C for 24 h. Plasmidic DNA containing an insert encoding the
cDNA sequence of the human galectin-7 gene (NCBI Accession number
L07769) was added to the tank at a final concentration of 190 pg/µL.
Controls included mussels incubated under the same conditions without
the addition of DNA. A third control tank contained DNA without mussels.
To track the quality of DNA in seawater, samples (20 µL; triplicates) of
seawater were withdrawn from each tank at the indicated times. To track
plasmid DNA in mussels, LBs were collected at the indicated times and
analyzed by qPCR and ddPCR. Given the high salt levels in seawater, the
aliquots were diluted in PCR quality water (1:10) before all PCR analyses.

Digital droplet PCR
Digital droplet PCR (ddPCR) was performed using the QX200 BioRad
(Mississaugua, ON, Canada) protocol. Optimal temperatures were estab-
lished using temperature curves (Table S1). Droplets were generated with a
QX200 droplet generator (BioRad). ddPCR was performed as follows: 95 °C
for 5 min; 50 cycles of 95 °C for 30 s and the indicated annealing
temperature for 1 min and 72 °C for 30 s; 4 °C for 5 min; and 90 °C for 5 min.
Droplet number and positive reactions (copies/µL) were measured with a
QX200 droplet reader (BioRad). Samples with fewer than 10,000 droplets
were rejected. No template control was carried out on each run of ddPCR.

Real-time qPCR
qPCR was performed using Rotor-Gene® 3000 (Corbett Research, Sydney,
Australia) with LGALS7-specific primers. All qPCRs were performed in 20 μL
with the QuantiFast SYBR Green PCR Kit (QIAGEN). The qPCRs were
initiated with a 15-min incubation at 95 °C followed by 40 cycles of 95 °C
for 10 s and 60 °C for 60 s with a single acquisition. A melting curve was
generated at the end of the qPCR using 95 °C for 5 s, 65 °C for 60 s and 97
°C with continuous acquisition. Each qPCR was performed in triplicate, and
no template controls were included.

RESULTS
Uptake of DNA by mussels
Because mussels are known for their high filtration rate capacity,
we first studied whether they can filter and retain DNA fragments
present in seawater. We were also interested in whether these
fragments accumulate in their semi-open hemolymphatic system.
We addressed this issue experimentally by tracking the fate of
soluble DNA fragments added to aquariums containing blue
mussels. To facilitate the tracking of the DNA fragments, we used
foreign (nonself) plasmid DNA containing the human galectin-7
gene. Tracking of plasmidic DNA fragments in seawater and
mussels was followed by ddPCR. Our results showed that although
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the amount of DNA fragments remained relatively stable over
time (up to 7 days) in seawater in the absence of mussels, the
levels almost completely disappeared within 8 h in the presence
of mussels (Fig. 1a, b). Exogenous DNA fragments were readily
detectable within 15 min in both intravalvular fluids and
hemolymph (Fig. 1c). These fragments were still detected up to
4 h postexposure. Such filtering activity for DNA fragments is
comparable to that reported for filtration of bacteria and algae
[31]. These results suggest that mussels can filter and accumulate
exogenous DNA in their fluidic compartments.

Hemolymphatic ccfDNA in mussels
We next studied the origin of ccfDNA in mussels collected in a
mussel bed at Kerguelen Islands, a remote group of islands with
limited anthropogenic impact. For this purpose, hemolymphatic
ccfDNA from mussels was isolated and purified using methods
that are commonly employed for purification of human ccfDNA
[32, 33]. We found that the mean hemolymphatic ccfDNA
concentrations in mussels were in the range of low micrograms
per mL of hemolymph (see Table S2, supplementary information).
Such a range of concentrations is significantly greater than that
found in healthy humans (low nanograms per mL); however,

ccfDNA levels in cancer patients can reach several micrograms per
mL in rare cases [34, 35]. Analysis of the size distribution of
hemolymphatic ccfDNA showed that these fragments varied
considerably in size, ranging from 1000 bp to 5000 bp (Fig. 2).
Similar results were obtained using the silica-based QIAamp
Investigator kit, a method commonly used in forensic science to
rapidly isolate and purify genomic DNA from samples at low DNA
concentrations, including ccfDNA [36].

Shotgun sequencing of hemolymphatic ccfDNA
In humans and primates, ~1% of ccfDNA has a nonself origin
[21, 37]. Given the semi-open circulatory system of bivalves, the
microorganism-rich seawater, and the size profile of mussel
ccfDNA, we hypothesized that hemolymphatic ccfDNA of mussels
is likely to contain a rich and diverse reservoir of microbial DNA. To
test this hypothesis, we performed shotgun sequencing of
hemolymphatic ccfDNA of Aulacomya atra specimens collected
at Kerguelen Islands, generating more than 10 million reads, of
which 97.6% passed quality control. Reads were then classified
based on self and nonself origins using BLASTN and the NCBI
bivalve database (Fig. S1, supplementary information).

ccfDNA of self-origin
In humans, both nuclear and mitochondrial DNA can be released
in circulation [38]. In the present study, however, it was not
possible to characterize in detail the nuclear genomic DNA of
mussels given that the genome of A. atra has not yet been
sequenced and reported. However, we were able to identify a
number of ccfDNA fragments of self-origin using bivalve libraries
(Fig. S2, supplementary information). We also confirmed the
presence of DNA fragments of self-origin using targeted PCR
amplification of those A. atra genes that have been sequenced
(Fig. 3). Similarly, given that the mitochondrial genome of A. atra
was available in public databases, it was possible to find evidence
of mitochondrial ccfDNA fragments in the hemolymph of A. atra.
The presence of mitochondrial DNA fragments was confirmed by
PCR amplification (Fig. 3).

Bacterial microbiome analysis of ccfDNA using Kraken2
Given the rich microbial content of marine seawater, we initially
focused on the characterization of hemolymphatic microbial DNA
sequences. For this, we used two distinct strategies. The first
strategy employed Kraken2, an algorithm-based sequence classi-
fication program, which allows identification of microbial
sequences with an accuracy comparable to BLAST and other
tools [28]. Greater than 6719 reads were identified to be of
bacterial origin, whereas 124 and 64 were of archaeal and viral
origins, respectively (Fig. 4). The most prevalent bacterial DNA
fragments originated from Firmicutes (46%), Proteobacteria (27%),
and Bacteroides (17%) (Fig. 4a). This distribution was consistent
with previous microbiome studies in marine blue mussels [39, 40].
Gammaproteobacteria were the dominant class of Proteobacteria
(44%) and included many Vibrionales (Fig. 4b). The presence of
DNA fragments of the Vibrio genus in hemolymphatic ccfDNA of A.
atra was confirmed by ddPCR (Fig. 4c) [41]. To obtain more
information on the bacterial origin of ccfDNA, a complementary
approach was used (Figure S2, supplementary information). In this
case, reads that overlapped were assembled as paired-end reads
and were classified as of self (bivalves) or nonself origin using
BLASTN and an e value of 1e−3 and a cutoff with >90% homology.
Because the genome of A. atra has not yet been sequenced, we
used a de novo assembly strategy with the MEGAHIT next-
generation sequencing (NGS) assembler. A total of 147 188
contigs were identified as being of nonself (bivalve) origin. These
contigs were then blasted using BLASTN and BLASTX using an e
value of 1e−10. This strategy allowed us to identify 482 non-bivalve
fragments present within the ccfDNA of A. atra. Greater than half
(57%) of these DNA fragments were of bacterial origin with a

Fig. 1 Experimental accumulation of nonself in mussels. Relative
concentration of plasmidic DNA in seawater in presence (A) or
absence (B) of mussels as measured by ddPCR. In A, the results are
expressed as percentages and the limits of the box represent the
75th and 25th percentiles. A fitted logarithmic curve is represented
in red with a gray shade area that represents the 95% confidence
interval. In B, the red line indicates the mean value and blue lines
represent the 95% confidence interval of the concentrations.
C Accumulation of the plasmidic DNA in the hemolymph and
intravalvular fluid of mussels at different time post-addition of
plasmidic DNA. The results are shown as absolute number of copies/
mL detected (±SE).
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majority from gill symbionts that included thiotrophic symbionts
and from Solemya velum gill symbionts (Fig. 5).

Archeal microbiome
Kraken2 analysis also showed that ccfDNA from mussels
contained DNA fragments derived from Archaea, including from
Euryarchaeota (65%), Crenarchaeota (24%), and Thaurmarcheota

(11%) (Fig. 6a). The presence of DNA fragments derived from
Euryarchaeota and Crenarchaeota, which have previously been
found in the microbe assemblage of Mytilus californicus, may not
be surprising [42]. Although Euryarchaeota have been com-
monly associated with extreme environments, it is now
recognized that both Euryarcheota and Crenarcheota are among
the most abundant prokaryotes in oceanic low-temperature
environments [43, 44]. The presence of methanothopic micro-
organisms in mussels is not unexpected given recent reports of
widespread methane seeps escaping from the seafloor
of the Kerguelen Plateau [45] and the potential microbial
methane production observed in coastal areas of Kerguelen
Islands [46].

Circulating virome
Our attention was then turned to reads derived from DNA viruses.
To our knowledge, this is the first untargeted study of the viral
content in mussels. As expected, we found DNA fragments
derived from bacteriophages (Caudovirales) (Fig. 6b). However, the
most prevalent viral DNA originated from the phylum Nucleocy-
toviricota, which is also known as nucleocytoplasmic large DNA
viruses (NCLDVs) and harbors the largest genomes among any
viruses. Among this phylum, a majority of DNA sequences were
derived from Mimiviridae (58%) and Poxviridae (21%), the natural
hosts of which include vertebrates and arthropods, and a lesser
extent of these DNA sequences were derived from Phycodnavir-
idae, which are known to infect marine eukaryotic algae.
Sequences from Pandoravirus, a genus of giant virus with the
largest genome size of any known viral genus, were also obtained.
Interestingly, the range of hosts known to be infected by viruses
that we identified through sequencing of hemolymphatic ccfDNA
was relatively large (Figure S3, supplementary information). It
includes viruses known to infect insects, such as Baculoviridae and
Iridoviridae, as well as those known to infect amoebae, algae, and
vertebrates. We also found sequences that matched genomic
sequences of Pithovirus sibericum. Pithoviruses (aka “Zombie
viruses”) were first isolated from a 30,000-year-old permafrost
layer in Siberia [47]. Our findings are thus consistent with a
previous report showing that modern species of these viruses
have not gone all extinct [48], and these viruses may be found in
distant subarctic marine ecosystems.

Fig. 2 Fragment size distribution of hemolymphatic ccfDNA in mussels. A Representative electropherograms of the hemolymphatic ccfDNA
of Mytilus sp. extracted with NucleoSnap Plasma Kit (above) and QIAamp DNA Investigator Kit. B Violin plots showing the distribution of the
hemolymphatic ccfDNA concentrations (±SE) in mussels. Black and red lines represent the median and the first and third quartiles
respectively.

Fig. 3 Validation of DNA fragments of self-origin. A Presence of
different mitochondrial genes in the hemolymph of A. atra (red
points – Accession: SRX5705969) and M. platensis (blue points –
Accession: SRX5705968) amplified by PCR. Figure was adapted from
Breton et al., 2011 B Amplifications of hemolymph supernatant from
A. atra stored on FTA papers. PCR amplifications of HKG 18S rRNA,
Elongation factor 1α (EF1α) and mitochondrial genes Cytochrome b
(CYTB), Cytochrome c oxidase subunit 1 (COX1), and NADH
dehydrogenase subunit 5 (Nd5) were carried out with a 3mm
punch directly added into the PCR tube containing the PCR mix.
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Detection of metazoan-derived nonself ccfDNA sequences
We finally examined whether we could find DNA fragments
originating from other metazoans. A total of 482 nonself contigs
were identified using BLASTN and BLASTX performed with nt, nr

and RefSeq libraries (genomes and proteins). Our results showed
that metazoan nonself ccfDNA fragments were dominated by
DNA from bony fish (Fig. 5). DNA fragments from insects and other
species were also found. A relatively large percentage of DNA

Fig. 4 ccfDNA of bacterial origin. A Relative abundance at the phylum-level. B Microbial diversity of the two top phyla (Firmicutes and
Proteobacteria). C Representative ddPCR amplification of Vibrio spp. 16S rRNA gene fragment (blue color) in three hemolymphs of A. atra.
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fragments were not identified possibly because a large number of
marine species are underrepresented in genomic databases
compared to terrestrial species [49].

DISCUSSION
In the present work, we applied the concept of LB to mussels,
arguing that shotgun sequencing of hemolymphatic ccfDNA could

provide insights into the constituents of a marine coastal ecosystem.
More specifically, we showed that 1) the hemolymph of mussels
contains a relatively high concentration (at the microgram level) of
relatively large (~1–5 kb) circulating DNA fragments; 2) these DNA
fragments are of both a self and nonself origin; 3) among the
nonself origins of these DNA fragments, we found bacterial, archaeal
and viral DNA as well as DNA from other metazoans; and 4) the
accumulation of these hemolymphatic nonself ccfDNA fragments in
the hemolymph is rapid and favored by the intrinsic filtration activity
of mussels. Taken together, our study shows that the concept of LB,
which has mostly been applied in the biomedical field to date,
encodes a rich and yet unexplored source of knowledge that could
be used to better understand the interactions between sentinel
species and their environment.
In addition to primates, isolation of ccfDNA has been reported

in mammals, including mice, dogs, cats, and horses [50–52]. To our
knowledge, however, our study is the first to report the detection
and sequencing of ccfDNA of a marine species with an open
circulatory system. This anatomical feature and the filtering
capacity of mussels probably explains, at least in part, the distinct
size profile of circulating DNA fragments when compared to other
species. In humans, most DNA fragments that circulate into the
bloodstream are small fragments ranging between 150 and
200 bp with a maximum peak at 167 bp [34, 53]. A smaller but
significant proportion of DNA fragments falls between 300 and
500 bp, and ~5% of DNA fragments are longer than 900 bp [54].
This size distribution is explained by the fact that the major source
of ccfDNA in plasma originates from cell death, either due to
apoptosis or following necrosis of circulating hematopoietic cells
in healthy individuals or tumor cell apoptosis in cancer patients
(referred to as circulating tumor DNA, ctDNA). The size distribution
of hemolymphatic ccfDNA we found in mussels, which ranges
from 1000 to 5000 bp, suggests that the ccfDNA of mussels has a
different origin. This is a logical hypothesis given that mussels
have a semi-open vascular system and live in a marine aquatic
environment that contains high concentrations of genomic DNA
derived from microorganisms. In fact, our laboratory experiments
using foreign DNA suggest that mussels accumulate DNA
fragments present in seawater, at least for several hours after
which they are either degraded, and/or released, and/or stored in
different tissues following cellular uptake. Using the intravalvular
compartment would reduce the ccfDNA from self origin, but also
from nonself origin considering the rarity of (prokaryotic and
eukaryotic) cells. Considering the importance of innate immunity
in bivalves and the high numbers of circulating phagocytes, we

Fig. 5 ccfDNA of various origins as identified using BLASTN and BLASTX. A total of 482 assembled contigs were analyzed. A Overall
taxonomic distribution profile of metagenomic contig annotation (prokaryotes and eukaryotes). B Detailed distribution of bacterial DNA
fragments identified using BLASTN and BLASTX.

Fig. 6 ccfDNA fragments of archaeal and viral origins. Classifica-
tion of nonself reads using the Kraken taxonomic classification
system.

S. Ferchiou et al.

6

ISME Communications



further hypothesize that even nonself ccfDNA is enriched by the
circulating phagocytes which accumulate foreign DNA upon
phagocytosis of microorganisms and/or cell debris. Taken
together, our findings suggest that hemolymphatic ccfDNA in
bivalves are a unique reservoir of molecular information and
reinforces their status as sentinel species.
Our data showed that sequencing and analysis of bacterial-derived

hemolymphatic ccfDNA fragments can provide critical information on
the bacterial flora of the host and bacteria present in the surrounding
marine ecosystem. The shotgun sequencing approach revealed
sequences from the gill symbiont bacteria of A. atra that would
otherwise have been missed if the common 16S rRNA identification
method was employed partly due to a bias in the reference library. In
fact, our data using LB collected fromM. platensis in the same mussel
bed at Kerguelen showed that both mussel species had a similar
composition of their gill-associated bacterial symbiont (Figure S4,
supplementary information). Such similarity for both genetically
distinct mussels possibly reflects the composition of the bacterial
community in the cold, sulfidic and volcanic sediment of Kerguelen
[55–58]. A higher proportion of sulfur-reducing microorganisms is
well described in bioturbated coastal zones [59], such as the coast of
Port-aux-Français, where mussels were collected. Another possibility
is that the mussel symbiont flora can be influenced by horizontal
transmission [60, 61]. More studies will be required to determine the
correlation between the marine environment, the ocean floor surface
and the mussel symbiotic bacterial composition. These studies are
currently underway.
The length and concentration of hemolymphatic ccfDNA, the

ease of its purification and its high quality that allows for rapid
shotgun sequencing are among the many benefits of using
ccfDNA of mussels to assess the biodiversity of marine coastal
ecosystems. This approach is particularly effective for characteriz-
ing viral communities (virome) within a given ecosystem [62, 63].
In contrast to bacteria, archaea and eukaryotes, viral genomes do
not harbor phylogenetically conserved genes, such as the 16S
sequences. Our findings, showed that liquid biopsies from sentinel
species like mussels can be used to identify a relatively large
number of ccfDNA fragments of viruses known to infect hosts
which commonly populate coastal marine ecosystems. This
included viruses known to infect protists, arthropods, insects,
plants, and bacterial viruses (i.e., bacteriophages). A similar
distribution was found when we studied the virome of
hemolymphatic ccfDNA of blue mussels (M. platensis) collected
in the same mussel beds at Kerguelen (Table S2, supplementary
information). Shotgun sequencing of ccfDNA is indeed a new
approach that has gained momentum for studying the virome in
humans or other species [21, 37, 64]. This approach is particularly
useful for studying dsDNA viruses because not a single gene is
conserved in all dsDNA viruses, which represent the most diverse
and expansive Baltimore classes of viruses [65]. Although most of
these viruses remain unclassified and likely include viruses in
completely uncharted parts of the virus world [66], we found that
the virome of both mussel A. atra and M. platensis species and the
host range were similar between both species (see Fig. S3,
supplementary information). Such similarity is not surprising, as it
likely reflects the lack of selectivity during the uptake of DNA
present in the surrounding environment. Future studies using
purified RNA are currently needed to characterize the RNA virome.
In our study, we used a very stringent pipeline that was adapted

from the work of Kowarsky and colleagues [37] who used a two-
step removal of self ccfDNA before and after the assembly on its
merged reads and contigs, thereby generating a large proportion
of unmapped reads. Accordingly, we cannot rule out that a
proportion of these unmapped reads can still be of self origin,
most notably as we do not have a reference genome for this
mussel species. We also used this pipeline because we were
concerned by chimeras formed between self and nonself reads
and the length of the reads generated by the Illumina MiSeq

PE75s. Another reason for the large proportion of unmapped
reads is that a large proportion of marine microorganisms,
especially in such a remote area as Kerguelen, has not yet been
annotated. We used the Illumina MiSeq PE75, assuming that the
ccfDNA length fragments would be similar to human ccfDNA. For
future studies, given our results showing that hemolymphatic
ccfDNA has longer reads than that of humans and/or mammals,
we would recommend sequencing platforms that are more
adapted to longer ccfDNA fragments. This practice would greatly
facilitate the identification of a higher number of reads, allowing
deeper analyses. Obtaining a complete sequence of the nuclear
genome of A. atra, which is not currently available, would also
greatly facilitates the distinction between ccfDNA of self and
nonself origin. Considering that our study was focused on the
feasibility of applying the concept of liquid biopsy to mussels, we
are hopeful that as future studies exploit this concept, new tools
and pipelines will be developed to improve that potential of this
method to study the microbial biodiversity of marine ecosystems.
As a noninvasive clinical biomarker, elevated levels of human

plasmatic ccfDNA have been associated with several diseases, tissue
damage and stress conditions [67–69]. This increase is attributed to
the release of DNA fragments of self-origin upon tissue damage. We
examined this issue using acute thermal stress where mussels were
exposed for a short period of time at 30 °C. We performed this assay
with three different species of mussels in three independent
experiments. We did not however detect any variations in the
ccfDNA levels following acute thermal stress (see Fig. S5, supple-
mentary information). This finding is likely explained, at least in part,
to the fact that mussels have a semi-open circulatory system and
accumulate large concentrations of nonself DNA given their high
filtering activity. Alternatively, mussels, such as many invertebrates,
may be more tolerant to stress-induced tissue damage, limiting the
release of ccfDNA in their hemolymph [70, 71].
To date, DNA analysis of biodiversity in aquatic ecosystems has

mostly centered on environmental DNA (eDNA) metabarcoding.
This approach, however, is often limited in terms of biodiversity
analysis when using primers. The use of shotgun sequencing
bypasses the PCR limitations and a biased selection of primer sets. In
a sense, our approach is thus closer to the more recently used high-
throughput eDNA shotgun sequencing methods that enable direct
sequencing of fragmented DNA and analysis of basically all living
organisms [72, 73]. However, there are a number of fundamental
issues that distinguish LB from standard eDNA approaches. Of
course, the major difference between eDNA and LB is the use of a
natural filtering host. The use of marine species, such as sponges
and bivalves (Dresseina spp.), as natural filter to study eDNA has
been reported [74, 75]. The study on Dreissena, however, used
tissular biopsy from which DNA was extracted. Analysis of ccfDNA
from LB does not require tissular biopsy and specialized and
occasionally costly equipment and logistics associated with eDNA or
tissular biopsies. In fact, we have recently reported that ccfDNA from
LB can be stored and analyzed on FTA support, bypassing the need
for maintaining a cold chain, a major issue for studies in remote
regions [76]. Extraction of ccfDNA from liquid biopsies is also simple
and provides high-quality DNA for shotgun sequencing and PCR
analysis. This is a major advantage considering some of the
technical limitations associated with eDNA analysis [77]. The
simplicity and low cost of the sampling method is also particularly
well adapted for long-term monitoring surveillance programs.
Another well-known feature of bivalves, in addition to their high
filtering capacity, is the chemical mucopolysaccharidic composition
of their mucus, which favors the uptake of viruses [78, 79]. This
makes bivalves an ideal natural filter to characterize the biodiversity
of a given aquatic ecosystem and the impacts of CC. Although the
presence of DNA fragments from the host can be viewed as a limit
to the approach compared to eDNA, the cost associated by the
presence of such self ccfDNA is offset by the wealth of information
that can be simultaneously obtained to study on the health status of
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the host. This includes the presence of viral sequences integrated in
the host genome of the host. This is particularly important in the
case of mussels given the existence of horizontally-transmitted
leukemogenic retroviruses in bivalves [80, 81]. Another advantage
of LB compared to eDNA is that it exploits the phagocytic activity of
hemolymphatic circulating hemocytes which engulfed microorgan-
isms (and their genome). Phagocytosis is the most fundamental role
for hemocytes in bivalves [82]. Finally, the approach takes
advantage of the high filtration capacity of mussels (which pumps
an average of 1.5 L/h of seawater) and the bi-diurnal cycles, both of
which increases the mixing of different layers of seawater columns,
thereby allowing the capture of heterogenous eDNA [83, 84].
Analysis of ccfDNA from mussels is thus an interesting avenue
considering their nutritional, economic and ecological impact. In a
manner similar to the analysis of LB collected in humans, the
approach further opens up the possibility of measuring genetic and
epigenetic alterations of the host’s DNA in response to xenobiotics.
For example, it is possible to envisage third-generation sequencing
technologies to perform genome-wide analysis of methylation in
ccfDNA of self-origin using nanopore sequencing. This process
should be facilitated by the fact that the length of ccfDNA
fragments of mussels is ideally compatible with long-read sequen-
cing platforms that enable genome-wide analysis of DNA methyla-
tion from a single sequencing run without the need for chemical
conversion [85, 86]. This is an interesting possibility because DNA
methylation patterns have been shown to reflect responses to
environmental stress and persist for many generations. It could thus
provide valuable information on potential mechanisms regulating
responses following exposure to climate change or pollutants [87].
The use of LB, however, is not without limitations. Needless to say, it
requires the presence of sentinel species in the ecosystem. As
mentioned above, the use of LB to assess the biodiversity of a given
ecosystem also requires a stringent bioinformatic pipeline to take
into account the presence of DNA fragments of self-origin. The
other major challenge is the availability of reference genomes from
marine species. Hopefully, initiatives, such as the marine mammal
genome project and the recently established Fish10k project [88],
will facilitate such analysis in the future. The application of the LB
concept to marine filtering organisms is also compatible with recent
advances in sequencing technologies, rendering it fully suited for
the development of multiomics biomarkers to provide important
information on the health status of marine habitats in response to
environmental stress.

DATA AVAILABILITY
Genome sequencing data have been deposited in the NCBI Sequence Read Archive
https://www.ncbi.nlm.nih.gov/sra/SRR8924808 under the Bioprojects SRR8924808.
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