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ABSTRACT

The present study is devoted to a comparison of the structure and quantitative ratio of hetero-
geneous spermatozoa of native wild mussels Mytilus trossulus Gould, 1850, collected in four areas
of the Peter the Great Bay of the Sea of Japan (the northwestern part of the Pacific Ocean). The
mussels were identified as M. trossulus by shell appearance, and the species was confirmed by
sequencing the mitochondrial cytochrome ¢ oxidase subunit | gene (COI). Heteromorphic sperma-
tozoa were found; namely, a total of eight morphs (SPERM1-SPERMS8) in M. trossulus. Surprisingly,
some of the detected sperm morphs overlap morphologically with the sperms of other mytilids

ARTICLE HISTORY
Received 10 May 2023
Accepted 12 December 2023

KEYWORDS

Sea of Japan; Mytilus
trossulus; COl DNA
barcoding; shells; sperm
heteromorphism

such as M. edulis, Crenomytilus (M.) grayanus and M. coruscus. Possible reasons for this phenom-
enon are discussed. In each geographic area, the ‘quantitative proportions of heterogeneous
spermatozoa’ (QPHS) were unique. It has been suggested that the QPHS score can be considered
in the context of its applicability as a biological marker for finding optimal mussel rearing sites.

Introduction

The mytilid bivalve Mytilus trossulus (Gould, 1850) is widely
distributed in the northern hemisphere, where it is
a common member of benthic communities in the north-
ern part of the Pacific Ocean, the northern part of the
Atlantic Ocean, and the Baltic Sea (Gosling 1992;
Chichvarkhin et al. 2000; Evseev et al. 2011; Vainola and
Strelkov 2011; Keiji et al. 2017). In various regions of the
world, M. trossulus is being developed through aquaculture
(Pring-Ham 2018; Sokotowski et al. 2022). To carry out
effective aquaculture, it is necessary to identify the regions
most favourable for mussels with the help of biomarkers
(Buer et al. 2020).

Recently, ‘quantitative proportions of heterogeneous
spermatozoa’ (QPHS) have begun to be considered in the
context of the applicability of this parameter in the search
for areas representing favourable habitat for bivalves. The
principle of operation of this criterion is demonstrated by
the example of the Pacific oyster Crassostrea gigas
(Thunberg, 1793), which has six sperm morphs (Reunov
et al. 2018), the mactrid bivalve Mactra chinensis (Philippi,
1846), which has four sperm morphs (Reunov et al. 2021),
and the venerid bivalve Ruditapes philippinarum (Adams,
Reeve, 1850), the heterogeneous sperm set of which
includes six morphs (Reunov et al. 2023). For these three

species, sperm plasticity has been suggested to be an
adaptation to the unpredictable environment in the con-
text of external fertilization, which can be influenced by
wave intensity, water turbulence, temperature and salinity
variability, and anthropogenic pollution. It has been pro-
posed that the expression of additional sperm types is
induced epigenetically to increase the likelihood of repro-
ductive success, the chance of which increases if there is
a sperm type most suitable for certain fertilization condi-
tions. The number of possible sperm variants is not always
represented in a set, and the largest number of sperm
samples is usually found in molluscs living in the most
stressful conditions, while in populations living in optimal
conditions the number of morphs is small. At the same
time, in different habitats, different variants of sperm may
dominate, corresponding to the main environmental fac-
tors. Considering that the types of sperms and their quan-
tity correlate with the environmental conditions of
collection sites, it is proposed to use the QPHS as marker
to determine the geographical origin of bivalves, as well as
to identify both environmentally stressful and favourable
sites (Reunov et al. 2018, 2021, 2023).

Plasticity in the shape of spermatozoa was noted in
M. trossulus (Vekhova et al. 2013). However, it is still
unclear whether the proportions of sperm morphs of
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this species can vary across different areas and, there-
fore, it is unclear whether QPHS can be used to more
accurately identify aquaculture sites for this species.

The aim of the present study was to test whether
spermatozoa are heterogeneous and whether the pro-
portions of heterogeneous spermatozoa can be specific
in the Pacific mussel M. trossulus living in different areas
of the Peter the Great Bay of the Sea of Japan (North
Pacific Ocean). To do this, samples of M. trossulus were
collected from four different areas. Genetic verification
of the samples was carried out using the analysis of
subunit | of the cytochrome ¢ oxidase (COIl) gene. The
ultrastructure and external morphology of spermatozoa
were studied, and the proportions of spermatozoa were
calculated. The results were discussed in the context of
the idea of using QPHS to select optimal sites for mussel
aquaculture.

Materials and methods
Sample collection

Samples of the Pacific mussel M. trossulus Gould, 1850
were collected during the spawning season, which usually
occurs in May for this species. In May 2019, samples were
taken at a depth of 0.5-2 m by the diving service of the
A. V. Zhirmunsky National Scientific Center of Marine
Biology (Vladivostok, Russia) from four areas of Peter the
Great Bay (the Sea of Japan): collection site 1, Amursky Bay
(43°10'07.05”N, 131°53'49.33"E), collection site 2, Eastern
Bosphorus Strait (43°04'39.9"N, 131°51'10.74"E), collection
site 3, Ussuriisky Bay (43°18'83.65"N, 132°11'23.44"E), and
collection site 4, Vostok Bay (42°53'37.22°N, 132°
43'33.14"E) (Figure 1).
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Upon arrival at the laboratory, the males were identi-
fied by observing the spermatozoa under a light micro-
scope. The collected samples were immediately
processed by fixing in alcohol for genetic analysis, as
well as fixing in glutaraldehyde for both transmission
electron microscopy and scanning electron microscopy.
The shells were dried and photographed. Dry shell
valves of each specimen are stored in the personal col-
lection of Dr. E. Vekhova at the A. V. Zhirmunsky National
Scientific Center of Marine Biology (Vladivostok, Russia).

Genetic analyses

Three male M. trossulus from each of four collection sites
were processed for genetic analysis at the Biotechnology
Laboratory of the Federal Scientific Center of the East Asia
Terrestrial Biodiversity FEB RAS (Vladivostok, Russia). Total
DNA was isolated from mantle pieces (3-5 mm?) accord-
ing to a published protocol (Kiselev et al. 2015). Partial
sequences of mitochondrial cytochrome ¢ oxidase subu-
nit | gene (COI) were amplified and sequenced using the
universal invertebrate primer pairs: LCO1490: 5'GGT CAA
CAA ATC ATA AAG ATA TTG G and HCO2198: 5'TAA ACT
TCA GGG TGA CCA AAA AAT CA (Folmer et al. 1994). PCR
amplification was performed in a 25 ul reaction volume.
Amplification products were applied as templates for
sequencing, using the same primers as for PCR and ‘Big
Dye Terminator Cycle Sequencing Kit' v. 3.1 (Applied
Biosystems, USA) following the manufacturer’s protocol.
Sequencing reaction products were purified by ethanol
precipitation and analysed using an ABI-3130 Genetic
Analyzer (Applied Biosystems, ABI, USA). The 12 COI
sequences were deposited in GenBank.
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Figure 1. Map of collection sites for the Pacific mussel Mytilus trossulus in Peter the Great Bay (the Sea of Japan, Russia). 1 — Amursky
Bay; 2 — Eastern Bosphorus Strait; 3 — Ussuriisky Bay; 4 — Vostok Bay.



Transmission electron microscopy (TEM)

The male gonads were dissected, cut into small
pieces (1-2 mm) and fixed overnight in primary fixa-
tor containing 2.5% glutaraldehyde in a 0.1 M caco-
dylate buffer (pH 7.4) with osmolarity 1100 mOsm
adjusted by sodium chloride. Fixed tissues were
washed in the same buffer, postfixed in a 2% OsO4
in sea water, rinsed in a 0.1 M cacodylate buffer and
distilled water, dehydrated in an ethanol series, infil-
trated and embedded in Spurr’s resin. Ultra-thin sec-
tions were mounted on slot grids that were coated
with formvar film stabilized with carbon. Sections
were stained with 2% alcoholic uranyl acetate and
Reynolds lead citrate and were examined with
a transmission electron microscope Zeiss Libra 120
(A Carl Zeiss SMT AG Company, Oberkochen,
Germany) and Philips 410 Transmission Electron
Microscope (Philips 123 Electronics, Eindhoven, The
Netherlands).

Scanning electron microscopy (SEM)

The male gonads were dissected, cut into small
pieces (1-2 mm) and fixed overnight in primary fixa-
tor containing 2.5% glutaraldehyde in a 0.1 M caco-
dylate buffer (pH 7.4) with osmolarity 1100 mOsm
adjusted by sodium chloride. Fixed tissues were
washed in the same buffer and postfixed in a 2%
OsO4 in sea water. Fixed samples were rinsed in
buffer. Sperm suspension was prepared by crushing
pieces of fixed materials. The sperm suspension was
pipetted onto a Termanox Plastic Coverslips (Cat. N°
174942, USA) and allowed to settle for 30 min. It was
then washed for 15 min in the cacodylate buffer, and
dehydrated in a series of alcohol solutions with
increasing concentrations, gradually bringing to
pure acetone. Coverslips with attached sperm cells
were transferred to acetone and were finally critical-
point dried in carbon dioxide in a Bal-Tec 030 critical
point dryer, then placed on the surface of aluminium
stubs, and sputter-coated with chromium using a Q
150T ES vacuum sputter coater for thin membranes.
Then the morphological features of the obtained
spermatozoa of M. trossulus were examined under
a Zeiss Sigma 300 VP scanning electron microscope.

Quantitative analysis of sperm morph amounts

Three genetically identified male samples were taken
from each collection. Five hundred sperm cells of each
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samples were evaluated, for a total of 6000 sperm cells
altogether. Sperm phenotypes were identified by scan-
ning electron microscopy and frequency of each pheno-
type was calculated. All values are expressed as means
with standard error of the mean (SEM). Differences
between groups were assessed using Student’s t-test.
P-value < 0.05 was considered statistically significant.

Results

Species validity identification by analysis of the COI
gene

Samples collected at four collection sites (Figure 1) were
subjected to genetic testing. A phylogenetic tree was
constructed using sequences obtained from our samples
and sequences selected for the current study from the
GenBank database (NCBI) (Figure 2). This tree shows that
all M. trossulus sequences belong to the same clade.
Moreover, using BLAST (Basic Local Alignment Search
Tool, NCBI; http://blast.ncbi.nlm.nih.gov/Blast.cgi), we

compared sequences of MWO033214, MW033212,
MWO033220, MWO033209, MWO033210, MWO033213,
MWO033218, MWO033216, MWO033219, MWO033215,

MWO033217, MWO033211 with other sequences from
GenBank. These sequences matched previously depos-
ited sequences of M. trossulus (Identity 99.6—100%).
Geographically, the sequences are distributed as follows:
Amursky Bay (MW033209, MW033210, MW033211),
Eastern Bosphorus Strait (MWO033215, MWO033216,
MW033217), Ussuriisky Bay (MW033218, MW033219,
MW033220), Vostok Bay (MWO033212, MW033213,
MWO033214). Based on genetic analysis, all mussel speci-
mens belong to the species M. trossulus.

Shell appearance and geographic distribution of
genetically tested mussels

Geographically and genetically, mussel shells
(Figure 3) are distributed as follows: Amursky Bay
(MW033209, MW033210, MW033211) (Figure 3a—c),
Eastern Bosphorus Strait (MW033215, MW033216,
MWO033217)  (Figure  3d—f),  Ussuriisky  Bay
(MW033218, MW033219, MW033220) (Figure 3g-i),
Vostok Bay (MW033212, MWO033213, MW033214)
(Figure 3j—I). In each of the four collection sites, the
shells of mussels have a typical triangular-oval shape.
The periostracum on the outer surface of the shells is
black-brown. The anterior and ventral parts of the
shell are usually brown. No clear geographical speci-
ficity of shell parameters was found.
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Figure 2. Neighbor-joining (NJ) phylogram generated from COI data for the Pacific mussel Mytilus trossulus. Note: the length of
sequences in the first dataset (1) is 661 bp. The branches are bootstrap values of the NJ analysis. Note that all tested specimens marked
with an asterisk belong to the same clade M. trossulus.

Figure 3. Right shell valves of the genetically identified Pacific mussel Mytilus trossulus, corresponding to the samples collected in
Amursky Bay (MW033209, MW033210, MW033211) (a—c), Eastern Bosphorus Strait (MW033215, MW033216, MW033217) (d—f),
Ussuriisky Bay (MW033218, MW033219, MW033220) (G—I), Vostok Bay (MW033212, MW033213, MW033214) (j-I). Scale —1 cm.



Figure 4. Low magnification SEM images showing spermatozoa
of the Pacific mussel Mytilus trossulus collected at four locations
in Peter the Great Bay, such as Amursky Bay (a), Eastern
Bosphorus Strait (b), Ussuriisky Bay (c) and Vostok Bay (d).
Scale —30 pm.

General sperm morphology by SEM

At low magnification, spermatozoa of mussels col-
lected in four different areas appear similar, with
compact heads surmounted by pointed acrosomes
and thin flagella on the other side of the spermato-
zoa (Figure 4a—d).

Sperm ultrastructure using TEM

The sperm head consists of a barrel-shaped nucleus
filled with electron-dense chromatin (Figure 5a). The
acrosome is funnel-shaped and contacts the nucleus
with its wide base. The acrosome cavity contains an
axial rod (Figure 5a). The axial rod passes through
the nuclear channel down to the septum formed by
the nuclear membrane (not shown). The two cen-
trioles are perpendicular to each other and are
located under the basal part of the nucleus. The
distal centriole serves as the basal body of the fla-
gellum, which has a typical arrangement of axone-
mal microtubules (9 +2) (not shown). The centriolar
apparatus is surrounded by round mitochondria
(Figure 5a), which form a ring of five organelles
(not shown). It was possible to identify four models
of spermatozoa according to their acrosome types.
These were spermatozoa with a long acrosome
(Figure 5b), spermatozoa with medium length acro-
somes, which could be relatively straight (Figure 5c)
or strongly curved (Figure 5d). Spermatozoa with
a short acrosome were also found (Figure 5e).
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Figure 5. Spermatozoa of the Pacific mussel Mytilus trossulus by
the TEM. General view of the sperm head (a); sperm head with
long acrosome (b); sperm heads with an acrosome of medium
length, which can be straight (c) or curved (d); sperm head with
a short acrosome (e). Scale — 1 um (A), 0.5 um (b-e).

External morphology of spermatozoa by SEM

In total, eight types of spermatozoa were identified
(Figure 6). Pairs that are morphologically close have been
identified. The first pair includes a morph with an oval
nucleus and a straight acrosome SPERM1 (Figure 6a) and
a morph with an oval nucleus and a curved acrosome
SPERM2 (Figure 6b). The second pair includes two morphs
that have a similar trapezoidal nucleus, but differ in the
shape of the acrosome. In the first morph, the acrosome
has an expanded base continued by a straight tip, SPERM3
(Figure 6¢), while in the second morph, the expanded base
of the acrosome continues with an elongated and curved
tip, SPERM4 (Figure 6d). The third pair includes morphs
with an oval nucleus and a straight, long acrosome with
an expanded base, SPERM 5 (Figure 6e), and an asymme-
trically inclined long acrosome with an asymmetrically
expanded base, SPERM6 (Figure 6f). The fourth pair
includes two morphs with an oval nucleus and a short
acrosome. One morph has a short and straight acrosome,
SPERM7 (Figure 6g), and the other morph has a short,
asymmetrically inclined acrosome, SPERM8 (Figure 6h).
Quantitative analysis showed that the proportions of
spermatozoa in mussels differ depending on their habi-
tat. Samples found at collection sites 1-3 had SPERM1—
SPERM6 and no SPERM7 and SPERMS. In collection site 1,
the proportions of SPERM1-SPERM6 correspond to 49%,
19%, 13%, 2%, 2%, 15% (Figure 7a). In collection site 2
SPERM1—SPERMG6 correspond to 45%, 23%, 12%, 4%, 4%,
12% (Figure 7b). In collection site 3, SPERM1-SPERM6
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Figure 6. Spermatozoa types identified by SEM in the Pacific
mussel Mytilus trossulus. SPERM1 (a); SPERM2 (b); SPERM3 (c);
SPERM4 (d); SPERM5 (e); SPERM6 (f); SPERM7 (g); SPERMS (h).

represented 47%, 27%, 10%, 4%, 2%, 10%, respectively
(Figure 7c). At collection site 4, the samples had eight
sperm morphs, and the proportions belonging to
SPERM1-SPERM8 were 33%, 13%, 11%, 5%, 5%, 4%,
27%, and 2% (Figure 7d).

Discussion

In the Sea of Japan, M. trossulus coexists with the
Mediterranean mussel M. galloprovincialis, which
invaded around 1930-1935 (lvanova and Lutaenko
1998; Skurikhina et al. 2001; Wilkins et al. 2008;
Brannock et al. 2009; Vainola and Strelkov 2011). Since
M. trossulus is a mytilid species whose shell characteris-
tics are very similar to those of other mussels belonging
to the M. edulis species complex, identification of this
species by shell colour and morphology is problematic
(Katolikova et al. 2016). Therefore, despite the fact that
we identified mussels by shell parameters to target
M. trossulus, we assumed that genetic testing of the
specimens was necessary. Indeed, this species was

discovered in the 1980s using allozyme analysis and
was one of the first taxa discovered by molecular genetic
methods (Koehn et al. 1984; McDonald and Koehn 1988;
Varvio et al. 1988; Gosling 1992). We therefore confirmed
identification using COI analysis known as a reliable
method for species identification of bivalves (Feng
et al. 2011; Layton et al. 2016). We are confident that
we were dealing with M. trossulus.

TEM studies have shown that the spermatozoa of
M. trossulus at the ultrastructural level correspond to
the description made earlier by Drozdov and Reunov
(1997). However, extended analysis by SEM showed
that this sperm model is the dominant but not the only
one in the M. trossulus sperm set. It has been established
that the Pacific M. trossulus is characterized by hetero-
morphism of spermatozoa with eight regularly repeating
morphs.

Interestingly, some sperm morphs found in the Pacific
M. trossulus overlap morphologically with the spermato-
zoa of other mytilids. SPERM3 of the Pacific M. trossulus
definitely corresponds to the spermatozoa of
Crenomytilus (M.) grayanus living in the Vostok Bay of
the Sea of Japan (Drozdov and Reunov 1997), and infor-
mation about this similarity was published by us earlier
(Reunov et al. 2012). Also, SPERM5 of the Pacific
M. trossulus morphologically coincides with the sperma-
tozoa of M. coruscus living in the Vostok Bay of the Sea of
Japan (Reunov and Drozdov 1987; Drozdov and Reunov
1997) and in the coastal waters of Gyeokpo, in western
Korea (Kim et al. 2010). Moreover, SPERM7 of the Pacific
M. trossulus is very similar to the spermatozoa of M. edulis
collected by Hodgson and Bernard (1986a, 1986b) in the
North Atlantic near Plymouth (Great Britain) and
M. edulis living in the White Sea (Drozdov and Reunov
1987; Inoue et al. 1997).

When analysing the phenomenon of interspecific
overlap of sperm morphs, it seems appropriate to men-
tion interspecific hybridization. Indeed, hybridization is
known between pairs of species within mytilids belong-
ing to the M. edulis complex, which includes species such
as M. edulis, M. trossulus, and M. galloprovincialis (Breton
et al. 2006). Between mussels, mtDNA recombination
occurs between F-type (maternally inherited F genome)
and M-type (paternally inherited M genome), the so-
called MF recombination (Breton et al. 2006). In the
Baltic populations, the original F and M mt genomes of
M. trossulus were replaced by M. edulis mtDNA (Zbawicka
et al. 2007). In the Sea of Japan, hybridization also occurs
between mussels (Inoue et al. 1997; Chichvarkhin et al.
2000; Vainola and Strelkov 2011; Kartavtsev et al. 2014).

Regarding the consequences of hybridization, it is
known that the morphological parameters of mussels
can change. For example, in Scotland, in aquacultured
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Figure 7. Ratio of sperm morphs of the Pacific mussel Mytilus trossulus collected from four areas in Peter the Great Bay, such as
Amursky Bay (a), East Bosphorus Strait (b), Ussuriisky Bay (c), and Vostok Bay (d). Number 1 through 8 correspond to sperm types
SPERM1-SPERMS. Data shown as mean +SEM for each sperm morphs. Morphs quantities are statistically different (*P < .001).

M. edulis and M. galloprovincialis, introgression of
M. trossulus genes was found to result in commercially
unfavourable morphological traits (Michalek et al. 2021).
However, there is still no evidence that sperm morpho-
types are inherited as a result of gene introgression that
occurs during hybridization. To clarify this issue, tar-
geted studies involving genetically confirmed hybrids
are needed.

In addition, with regard to the overlap of sperm
morphs, the monophyly of mytilids should be noted.
Indeed, the obtained genetic data definitely indicate
the monophyly of the family Mytilidae with the most
confirmed monophyly of the subfamily Mytilinae, which
includes such species as M. edulis, M. trossulus,
M. galloprovincialis, M. coruscus, M. chilensis,
M. californianus, C. (M.) grayanus (Kartavtsev et al.
2018). It can be speculated that the interspecific overlap
in sperm structure found in the heteromorphic set of
sperm of the Pacific M. trossulus may be somehow
related to the close relationship between the Mytilinae
species. In any case, to contribute more knowledge to
this interesting problem, apparently concerning the
reproductive evolution of mytilids, more comparative
studies between different mussel species are needed.

Interestingly, SPERM2, SPERM4, SPERM6, and
SPERM8 have no known analogues among muytilid
bivalves and are reported for the first time here in
a heterogeneous set of spermatozoa from the Pacific
M. trossulus. It is likely that SPERM2, SPERM4, SPERM6,
and SPERM8 are heterogeneous derivatives of the
corresponding paired morphs.  Based on

morphological similarities, these morphs correspond
to morphs such as SPERM1, SPERM3, SPERM5 and
SPERM7, to form pairs such as SPERM1-SPERM?2,
SPERM3—SPERM4, SPERM5—SPERM6 and SPERM7-
SPERM8 which may be treated as M. trossulus - like
sperm pair, C. (M.) grayanus - like sperm pair,
M. coruscus - like sperm pair, and M. edulis - like
sperm pair. More research is needed to find out if
SPERM2, SPERM4, SPERM6 and SPERMS8 can be found
among the mytilid species mentioned above.

In this study of sperms from M. trossulus collected from
four sites, quantitative differences were found and there-
fore QPHS could be analysed. Only two abundant sperm
morphs (SPERM1 and SPERM2) were found among the six
sperm morphs of the samples collected at site 3 — Ussuriisky
Bay. Assuming that a lower number of abundant sperm
morphs is associated with the presence of relatively favour-
able reproductive conditions (Reunov et al. 2018), we
assume that out of the four areas considered in this study,
collection site 3 is the best habitat for mussels. Sites 1 and 2
— Amursky Bay and the Eastern Bosphorus Strait also have
six sperm morphs, but have four abundant sperm morphs,
which in both cases fall on SPERM1-SPERM3 and SPERM6.
Assuming that a greater number of abundant sperm
morphs indicates a more stressful reproductive environ-
ment (Reunov et al. 2018), it can be assumed that sites 1
and 2 are less favourable for M. trossulus reproduction. At
site 4 — Vostok Bay, M. trossulus also has four abundant
sperm morphs that belong to SPERM1-SPERM3 as well as
SPERM7, but shows a higher total number of sperm morphs
(eight). According to our hypothesis, the large total number
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of sperm morphs may be associated with the presence of
a large gradient of the stress factors (Reunov et al. 2018),
and indeed, Vostok Bay is known for its variable salinity,
which fluctuates greatly from 0.5 to 30 %o (Grigoryeva and
Kashenko 2010). Thus, based on the QPHS analysis, we
consider site 4 to be the most unfavourable for mussel
habitat and reproduction.

In summary, recognizing that the mechanisms of sperm
heteromorphy still need to be elucidated for M. trossulus,
especially in terms of possible interspecific hybridization, it
seems likely that environmental factors may control QPHS
in this species, as they do in the Pacific oyster C. gigas, surf
clam M. chinensis and Manila clam R. philippinarum, in
which hybridization has never been detected (Reunov
et al. 2018, 2021, 2023). Given the uniqueness of QPHS in
each M. trossulus habitat, we are proposing that QPHS
analysis can be used to determine the best conditions for
M. trossulus aquaculture.

Conclusion

The structure of spermatozoa was studied in the Pacific
M. trossulus collected in four different areas of Peter the
Great Bay (Sea of Japan). Spermatozoa exhibited hetero-
morphism, and eight morphs were identified. Some of the
detected sperm morphs overlap morphologically with the
sperms of other mytilids such as M. edulis, Crenomytilus (M.)
grayanus and M. coruscus. The sperm cells were found to
exhibit geographically unique ‘quantitative proportions of
heterogeneous spermatozoa’ (QPHS). It is suggested that
QPHS can be used as a sensitive biomarker to identify
optimal locations for the aquaculture of M. trossulus.
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