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ORIGINAL ARTICLE

Variation of sperm morphology in Pacific 
oyster precludes its use as a species marker 
but enables intraspecific geo‑authentification 
and aquatic monitoring
Arkadiy Reunov1,2*, Evgenia Vekhova2, Evgeny Zakharov3, Yulia Reunova2, Yana Alexandrova2, 
Svetlana Sharina2,4 and Andrey Adrianov2,4

Abstract 

According to recent reports, shell morphology is unreliable for the identification of oysters because of the high phe-
notypic plasticity of these bivalves. Using COI DNA barcoding and sperm morphology, we reinvestigated the species 
validity of wild Pacific oyster Crassostrea gigas habituating the Peter the Great Bay (Sea of Japan). DNA barcoding con-
firmed the species validity of samples collected. Application of the single sperm pattern was not possible for species 
identification due to pronounced sperm plasticity being found. Six sperm morphs were discovered in the testes of 
each oyster collected. The amount of abundant sperm morphs and the type of the most dominant sperm pattern are 
particular to geographical localities that are individual depending on the environmental factors. Ecological monitor-
ing of marine areas and commercially assigned intraspecific geo-authentification of the Pacific oyster seems possible 
based on the analysis of this species’ heterogenic sperm. Further work will be needed to test if sperm heterogeneity 
exists in other Ostreidae species and if heterogenic sperms could be used for interspecific analysis.
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Introduction
The Pacific shore in the far eastern region of Russia (Pri-
morye) is a habitat for the wild Pacific oyster that is not 
an object of commercial fishing and represents a natural 
reserve of this commercially valuable bivalve mollusc. 
This oyster has been identified as Crassostrea gigas based 
on shell morphology [1–3]. However, shell appearance is 
not a reliable feature for oyster identification because of 
high phenotypic plasticity in these bivalves [4, 5]. Taking 
into account that the validity of C. gigas has never been 
genetically confirmed in Primorye, the genetic analysis 
of specimens seems necessary. According to Will et  al. 
[6], the most valid identification of species must be con-
ducted by integrative taxonomy using a combination of 

both genetic data and morphological feature. Thus, a 
reliable morphological trait is needed. Considering that 
in some cases the sperm structure is used for bivalve 
mollusc identification [7], it seems reasonable to inves-
tigate if the morphology of spermatozoa could be used 
as a feature for the identification of the Pacific oysters in 
Primorye.

During this work, we aimed to test if sperm morphol-
ogy is specific enough to be used as a taxonomically 
significant feature for Pacific oyster identification in Pri-
morye. Using COI DNA barcoding that is assigned as 
most convenient for species validity identification [8], 
and proven for successful discrimination of other oyster 
species [9], we also aimed to determine if the samples 
collected belong to C. gigas.
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Materials and methods
Specimen collection
Living specimens of the Pacific oyster Crassostrea gigas 
(Thunberg, 1793) were collected in 2015. The end of July 
was chosen for collection because it is a period of natural 
spawning of oysters in Primorye. Four geographic locali-
ties were chosen for sampling (Fig. 1). 1—location in the 
Amursky Bay (the Peter the Great Bay, Sea of Japan, Rus-
sia, 43°14′27.69″N, 131°89′72.60″E). 2—location in the 
Eastern Bosphorus Strait (the Peter the Great Bay, Sea of 
Japan, Russia, 43°07′32.14″N, 131°84′34.27″E); 3—loca-
tion in the Ussuriisky Bay (the Peter the Great Bay, Sea 
of Japan, Russia, 43°18′83.65″N, 132°11′23.44″E); 4—
location in the Vostok Bay (the Peter the Great Bay, Sea 
of Japan, Russia, 42°89′32.45″N, 132°73′47.65″E). Three 
males from each location were selected for both the 
genetic analysis and study of male gametes.

Genetic analysis
Specimens were deposited at the Canadian Centre for 
DNA Barcoding, Biodiversity Institute of Ontario (Uni-
versity of Guelph, Canada) with the following catalogue 
numbers: YARRA063-12, YARRA064-12, YARRA065-
12 (Amursky Bay, Sea of Japan, Russia); YARRA066-
12, YARRA067-12, YARRA068-12 (Eastern Bosporus 
Strait, Sea of Japan, Russia); YARRA069-12, YARRA070-
12, YARRA (Ussuriisky Bay, Sea of Japan, Russia); 
YARRA060-12, YARRA061-12, YARRA062-12 (Vostok 
Bay, Sea of Japan, Russia).

Total DNA was extracted from pieces of mantle 
(3–5 mm3) according to a standard phenol/chlorophorm 
extraction method [10]. Partial sequences of mitochon-
drial cytochrome c oxidase subunit I gene (COI) were 
amplified and sequenced using the universal invertebrate 
primer pairs: LCO1490—5′-GGT​CAA​CAA​ATC​ATA​
AAG​ATA​TTG​G-3′ and HCO2198—5′-TAA​ACT​TCA​
GGG​TGA​CCA​AAA​AAT​CA-3′ [11].

PCR amplification was performed in a 25  µl reaction 
volume containing 17.4 µl of water; 2.5 µl of 10 × buffer 
(Evrogen); 2.0 µl of dNTP (concentration 2.5 mM of each, 
Evrogen); 1  µl of each forward and reverse PCR primer 
(5  pmol/µl); 0.1  µl of Taq DNA polymerase (5 units/µl, 
Evrogen); and 1 µl of template DNA solution. The cycling 
parameters were an initial denaturation step at 94  °C 
(3 min), followed by 30 cycles of denaturation for 45 s at 
94 °C, annealing for 90 s at 42 °C, and extension for 120 s 
at 72 °C; and a final extension phase at 72 °C for 5 min.

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. 
The cycling parameters were an initial denaturation step 
at 96  °C (1 min), followed by 25 cycles of 10 s at 96  °C, 
10 s at 42–49 °C and 4 min at 60 °C. Sequencing reaction 
products were purified by ethanol precipitation and ana-
lysed on an ABI-3130 Genetic Analyzer (Applied Biosys-
tems, ABI, USA). Sequences were verified by forward and 
reverse comparisons.

Fig. 1  Pacific oyster Crassostrea gigas. The map showing the geographic locations of specimens collected in Primorye. 1—location in the Amursky 
Bay (the Peter the Great Bay, Sea of Japan, Russia, 43°14′27.69″N, 131°89′72.60″E). 2—location in the Eastern Bosphorus Strait (the Peter the 
Great Bay, Sea of Japan, Russia, 43°07′32.14″N, 131°84′34.27″E); 3—location in the Ussuriisky Bay (the Peter the Great Bay, Sea of Japan, Russia, 
43°18′83.65″N, 132°11′23.44″E); 4—location in the Vostok Bay (the Peter the Great Bay, Sea of Japan, Russia, 42°89′32.45″N, 132°73′47.65″E)
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The contigs were obtained and edited using Chro-
masPro v. 1.7.6 (http://www.techn​elysi​um.com.au/
chrom​as.html). Eleven sequences, 658 bp in length, were 
obtained. All sequences and their metadata determined 
in this study have been deposited in the BOLD database 
(Barcode of Life Data System) (http://bolds​ystem​s.prg) 
under accession numbers YARRA060-12|RRYA-60–
YARRA070|RRYA-70. Our dataset was compared 
with the sequences of C. gigas from GenBank (NCBI, 
http://www.ncbi.nlm.nih.gov/) and BOLD. Sequences 
of two species from the genus Crassostrea (C. virginica 
(EU007485) and C. sikamea (AY632568)) were selected 
as the outgroup.

Sequences were aligned using MUSCLE [12] imple-
mented in the program MEGA 5 [13]. MEGA 5 was also 
used to calculate pairwise genetic distances (p distances) 
and to build trees. Kimura’s two-parameter model (K2P) 
[14] was used for estimation of intraspecific and inter-
specific distances and constructed neighbor-joining (NJ) 
trees. All estimations of sequences and distances were 
performed excluding the outgroup. Bootstrap analysis 
with 1000 replications was used to assess the stability of 
each node.

Transmission electron microscopy (TEM)
Male gonads were dissected, cut into small pieces and 
fixed overnight in primary fixative containing 2.5% glu-
taraldehyde in 0.1  M cacodylate buffer (pH 7.4) with 
osmolarity 1100  mOsm adjusted by sodium chloride. 
Fixed tissues were washed in buffer, postfixed in 2% OsO4 
in sea water, rinsed in 0.1  M cacodylate buffer and dis-
tilled water, dehydrated in an ethanol series, infiltrated 
and embedded in Spurr’s resin. Ultra-thin sections were 
mounted on slot grids that were coated with formvar 
film stabilised 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.

Scanning electron microscopy (SEM)
Males were identified by study of spawned suspen-
sion using light microscopy. Sperm suspension was 
collected during natural spawning induced by a tem-
perature increase, pipetted onto a Thermanox coverslip 
(Cat. #72280) and allowed to settle for 5  min. Cover-
slips with attached sperm cells were fixed overnight in 
2.5% glutaraldehyde in 0.1  M cacodylate buffer, (pH 
7.4) with osmolarity 1100  mOsm adjusted with sodium 
chloride. Primary fixed materials were washed in 0.1 M 
cacodylate buffer (pH 7.4) and postfixed in 1% OsO4 
in sea water. After the following washing in buffer, the 
samples were rinsed in distilled water, dehydrated in a 
graded series of ethanol solutions, transferred to acetone 

and critical-point dried in CO2. Dried materials were 
mounted onto aluminum stubs, coated with gold, and 
examined with a scanning electron microscope LEO-430.

Quantitative analysis
The quantification of sperm morphology patterns was 
done for the oysters with catalogue numbers YARRA063-
12, YARRA064-12, YARRA065-12 (Amursky Bay, 
Sea of Japan, Russia); YARRA066-12, YARRA067-
12, YARRA068-12 (Eastern Bosporus Strait, Sea of 
Japan, Russia), YARRA069-12, YARRA070-12, YARRA 
(Ussuriisky Bay, Sea of Japan, Russia); YARRA060-12, 
YARRA061-12, YARRA062-12 (Vostok Bay, Sea of Japan, 
Russia). For each sample, 100 sperm cells were consid-
ered, thus 300 cells were studied for each location, and 
1200 sperms were investigated altogether. Sperm pat-
terns were identified by scanning electron microscopy 
and the frequency of each pattern was calculated. All 
values are expressed as means with standard error of the 
mean (SEM). Differences between groups were calcu-
lated using Student’s t test. P < 0.05 was considered statis-
tically significant.

Results
Identification of C. gigas species validity by analysis of COI 
gene
During our analysis, the phylogenetic trees were built 
using sequences obtained for our samples and sequences 
that were chosen for current study from the GenBank 
database (NCBI) (Figs.  2, 3). These trees show that all 
sequences of C. gigas are split into two clades (clade 
I—100 and 92% and clade II—95 and 84%) with high 
bootstrap support (100% for first dataset and 99% for the 
second).

The average pairwise distance (p distance) between two 
clades is 2.64 ± 0.02% (mean ± standard deviation) for 
the first dataset (3.103 ± 0.02% for second dataset), while 
interspecific divergence within clade I is 0.2 ± 0.01% 
(0.47% ± 3.557e−005), and within clade II—0.31 ± 0.06% 
(0.39 ± 0.19%). Thus, there is a “barcoding gap” [15] 
between the clades and, based on the 10× -rule [8], 
we conclude that specimens of clade II (EU007512, 
EU007510, EU007507) may not belong to C. gigas.

Using BLAST (Basic Local Alignment Search Tool, 
NCBI; http://blast​.ncbi.nlm.nih.gov/Blast​.cgi), we com-
pared sequences of EU007512, EU007510, EU007507 
with other sequences from GenBank. These sequences 
showed more identity with sequences of C. angulata 
(Ident 99%, for the first dataset and 100% for the second), 
than with C. gigas (Ident 98 and 97–98% respectively). 
Thus, the sample of these three sequences belongs to C. 
angulata (Fig. 3).

http://www.technelysium.com.au/chromas.html
http://www.technelysium.com.au/chromas.html
http://boldsystems.prg
http://www.ncbi.nlm.nih.gov/
http://blast.ncbi.nlm.nih.gov/Blast.cgi
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Fig. 2  Neighbor-joining (NJ) phylogram generated from COI data within the Pacific oyster Crassostrea gigas (the length of sequences is 642 bp) 
(first dataset). Numbers above or below the branches are NJ bootstrap
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Clade I consists of the most specimens that were cho-
sen from the databases and also includes our data. All 
individuals collected by us showed low interspecific 
divergence for the COI gene (Fig.  2). Thus, these data 
allow to define our specimens as C. gigas.

Intraspecific sperm morphology by TEM
At low magnification, the sperms of C. gigas collected 
from the four localities of the Peter the Great Bay appear 
similar, having compact heads tailed with thin flagella 
(Fig.  4A–D). Our TEM analysis using random projec-
tions of ultrathin sections also showed that the sperm 
of C. gigas sampled from four sea areas generally had a 
similar structure. This structure is featured with a bar-
rel-shaped head composed of a cup-like acrosome and 
electron-dense nucleus (Fig.  4E–H). Some projections 
showed a flagellum protruding from the head (Fig.  4E). 
However, most projections did not show a flagellum 
(Fig.  4F–H). Each sperm head normally has a periacro-
somal area where there is a space between the acrosome 
and nucleus (Fig. 4E). Some projections showed an axial 
rod contained in the periacrosomal area (Fig. 4F). How-
ever, in most cases, an axial rod is not seen in periacroso-
mal areas (Fig. 4E, G, H).

Based on anterior–posterior projections found in 
sperm sections, we determined that both the flagellum 
and axial rod are typical structures of C. gigas sperms 
in Primorye. An axial rod is situated between the basal 
part of the acrosome and the bottom part of the ante-
rior nuclear fossa. The midpiece contain mitochondria. 
Using cross sections, we were able to discriminate four 
mitochondria (not shown). The intermitochondrial 
space contains the centrioles. The proximal centriole 
lies in close proximity to the posterior nuclear fossa. 
This centriole contacts the posterior nuclear fossa by 
pericentriolar projection. The distal centriole is the 
basal body of the flagellum (Fig. 4I–K).

At least three sperm morphs could be discriminated 
based on the ultrastructure of their acrosomes. These 
were the sperms with a two-level acrosome with an 
apical acrosomal knob (Fig. 4I), the sperm with a two-
level acrosome without an apical knob (Fig.  4J), and 
the sperm with a platelet-like acrosome (Fig.  4K). The 
mitochondria could have both a round shape (Fig.  4I, 
K) and an elongated shape (Fig. 4J).

Fig. 3  Neighbor-joining (NJ) tree analysis of the COI sequences for the Pacific oyster Crassostrea gigas (the length of sequences 345 bp) (second 
dataset). Numbers above or below the branches are bootstrap values of the NJ analysis
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Intraspecific sperm morphology by SEM
By SEM we determined that in four localities of the Peter 
the Great Bay, C. gigas is characterised by six sperm 
morphs that are regularly repeated in each oyster collec-
tion: (1) sperm with a two-level acrosome with an apical 
acrosomal knob and a wide mitochondrial area (Fig. 5A), 
(2) sperm with a two-level acrosome with an acroso-
mal knob and a narrow mitochondrial area (Fig. 5B), (3) 

sperm with a two-level acrosome without an apical knob 
and with a wide mitochondrial area (Fig. 5C), (4) sperm 
with a two-level acrosome without an apical knob and 
with a narrow mitochondrial area (Fig.  5D), (5) sperm 
with a platelet-like acrosome (Fig.  5E), and (6) sperm 
with a non-central platelet-like acrosome (Fig. 5F).

Quantification showed that proportions of sperm pat-
terns differed depending on location. Location 1 (Fig. 1), 

Fig. 4  The Pacific oyster Crassostrea gigas sperm by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). A–D The 
low magnification of sperm sampled from C. gigas collected in Amursky Bay (A), Eastern Bosphorus Strait (B), Ussuriisky Bay (C) and Vostok Bay 
(D) by SEM; note the head (h) and flagellum (f ) that normally constitute sperm cells. E–H The random projections of the sperm sampled from C. 
gigas collected in Amursky Bay (E), Eastern Bosphorus Strait (F), Ussuriisky Bay (G) and Vostok Bay (H) by TEM; note the flagellum (f ) (E), nucleus 
(n), mitochondrion (m), acrosome (a) and periacrosomal area (pa) that normally constitute sperm cells (E–H); the arrowhead shows the axial rod 
that could be occasionally seen in the periacrosomal area at some projections (F). I–K The anterior–posterior sperm section projections showing 
typical intraspecific variations by TEM. Note the sperms having a two-level acrosome (a) with an apical acrosomal knob (large arrow) (I), the sperm 
having a two-level acrosome (a) without an apical knob (J), and the sperm with a platelet-like acrosome (a) (K); note the round (I, K) and elongated 
(J) mitochondria (m); note that the sperm features that are similar in the three images (I–K) include the barrel-shape nucleus (n), the axial rod 
(arrowheads) located in the periacrosomal areas, a proximal centriole (top black arrows) having a projection that contacts a nucleus in the area 
of posterior nuclear fossa (white arrows) and a distal centriole (bottom black arrows) acting as a basal body of the flagellum (f ). Scale bar—10 µm 
(A–D), 1 µm (E–K)
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Amursky Bay, was characterised by the presence of 
five abundant sperm morphs (more than 10% for each 
morph) and the sixth morph in minor quantities (Fig. 6a). 
In location 2 (Fig.  1), a peninsula situated in the East-
ern Bosphorus Strait, only one pattern was abundant, 
although the other five were present in minor quantities 
(Fig.  6b). Three abundant sperm morphs were typical 

(Fig. 6c) for oysters in location 3, Ussuriisky Bay (Fig. 1). 
Location 4 (Fig.  1), Vostok Bay, where all six sperm 
morphs were abundant (Fig. 6d).

Discussion
Recently, the species name of oyster Crassostrea gigas 
has been changed to Magallana gigas [16]. Taking into 
account that the renaming was objected by 27 scientists 
and is urged to be reconsidered [17], the genus change 
does not seem final. Prior to a final decision being 
achieved by scientific community, we prefer to follow the 
traditional name of this mollusc—C. gigas.

Using COI DNA barcoding, we highlighted that the 
wild oyster collected in four localities of Primorye 
belongs to C. gigas. We also tested if sperms of C. gigas 
would help discriminate this oyster from other Ostreidae. 
We found that in each locality of the Peter the Great Bay 
the sperms of C. gigas appear with compact heads tailed 
with thin flagella, and hence correspond to “primitive 
spermatozoa”, known to be well adapted for external fer-
tilisation in sea water [18–20].

Previous data concerning the oysters’ male gametes 
has been mostly obtained by TEM. Interspecific simi-
larity of sperm ultrastructure was registered by this 
method in several reports [21–26]. Some authors specu-
lated that minor intra-sperm differences may be used as 
interspecific signs to discriminate the oyster species [26, 
27]. Since the data appears controversial, more detailed 
research seemed necessary to clarify if species specific 
traits could be found in oyster spermatozoa. Therefore, 
here, we focused on an in-depth study of C. gigas sperm 
to find out if its structure is similar or different regarding 
sperm of other oyster species previously described in the 
literature.

Our own results obtained by TEM were not defini-
tive. On the one hand, the ultrastructural features of C. 
gigas habituating in the Peter the Great Bay are more 
likely typical for common oyster sperm patterns [28, 
29]. On the other hand, a study of the anterior–posterior 
sperm head projections enabled discrimination of at least 
three morphs based on the ultrastructure of acrosomes. 
Based on TEM images, we have suggested that intraspe-
cific sperm variation exists in C. gigas habituating in 
Primorye.

However, due to the randomness of the anterior–pos-
terior projection finding, as well as restricted spatial pos-
sibility of the ultrathin sections, we could not guarantee 
convincing quantitative analyses of sperm morphs using 
TEM only. Taking into account that interesting results 
concerning interspecific and intraspecific differences 
have been obtained by studying the external morphol-
ogy of male gametes [30–33], we also investigated sperm 
exteriors using SEM. Surprisingly, as shown above, we 

Fig. 5  The morphologies of the Pacific oyster Crassostrea gigas sperm 
by scanning electron microscopy. A The sperm have a two-level 
acrosome with an apical knob and a wide mitochondrial area; B the 
sperm have a two-level acrosome with an apical knob and a narrow 
mitochondrial area; C the sperm have a two-level acrosome without 
an apical knob and with a wide mitochondrial area; D the sperm 
have a two-level acrosome without an apical knob and with a narrow 
mitochondrial area; E the sperm have a platelet-like acrosome; F the 
sperm have a non-central platelet-like acrosome. A–F Respectively 
correspond to 1–6 for diagrams 6a–d. Arrows show the apical knob; 
a acrosome; n nucleus; m mitochondrial area; f flagellum. Scale 
bar—1 µm
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found six regularly repeated sperm morphs that were 
normally produced by testes of each sample collected.

The heteromorphy is a characteristic species specific 
feature of the C. gigas sperm in Primorye. Unfortunately, 
based on the data published, we were unable to find any 
other reports concerning sperm heteromorphy in Ostrei-
dae. Therefore, we could not determine if the heterogene-
ity of sperm is a unique feature of C. gigas in Primorye 
or if the same phenomenon exists for C. gigas habituating 
other locations and for other oyster species. Further work 
will be needed to test if sperm plasticity could exist in 
other oysters. Answering this question is crucial to find-
ing out if an interspecific comparison based on sperm 
morphology could be effective in Ostreidae.

Sperm plasticity may be assigned to environmental factors
The sperm plasticity found in C. gigas is not an excep-
tional phenomenon. Intraspecific variations distinct from 
any abnormal sperm types but related to heterogeneity 
of normal gametes is a usual feature described in both 
invertebrates and vertebrates [31, 34–36]. In marine 
invertebrates, intraspecific sperm variability has been dis-
covered as a phenomenon concomitant to reproductive 
character displacement that entails genetic divergence 
of species [30, 37, 38]. Environmental factors could also 
influence sperm morphology [35]. Taking into account 
that oyster morphological plasticity is tightly connected 
to environmental conditions [9], the reasons for plasticity 
of oyster sperm might also be related to environmental 
factors.

It should be stressed that in Primorye the geographical 
locations are unique regarding the ecological conditions. 
Location 1, Amursky Bay, is highly contaminated due 
to the inflow of sewage from industrial areas. Pollution 
affects the physiological conditions of the bottom marine 
organisms in this geographical area [39, 40]. The poor 
physiological condition of males is usually accompa-
nied by raising more sperm morphs [32]. The five abun-
dant sperm morphs (more than 10% for each morph) 
were found in this area. The sixth pattern appears very 
minor and does not belong to the abundant morphs. It 
could be suggested that the presence of so many abun-
dant sperm morphs is a result of a poor physiological 
oyster state induced by the permanent effects of chemical 
contaminations.

Location 2 is a peninsula situated in the Eastern Bos-
phorus Strait between the island and continent. This area 
undergoes a constant inflow of water, having no contami-
nation and very stable temperature, salinity and current 
intensity [40, 41]. We found that oysters collected from 
this location have only one abundant sperm pattern 
although the other five are present in minor quantities. It 
could be proposed that the dominance of only one sperm 
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Fig. 6  Pacific oyster Crassostrea gigas. The diagrams show the 
proportions of sperm morphs that are characteristic for different 
geographic locations of Primorye. a Amursky Bay; b Eastern 
Bosphorus Strait; c Ussuriisky Bay; d Vostok Bay. Sperm morphs 1–6 
correspond to Fig. 5a–f respectively
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morph may be connected to the normal physiological 
state of the oysters living in a stable environment.

Location 3 is in Ussuriisky Bay. The environmen-
tal conditions lack any serious contamination and are 
described as relatively stable for the bivalve molluscs’ life 
[1, 2]. However, the oyster collection was performed in 
the shore area that undergoes constant and strong surf. 
Intensive water turbulence is a characteristic feature of 
this area. The turbulent water movement can reduce the 
probability of reproductive success during external fer-
tilisation [42]. Therefore, the sperm variations could be 
necessary to increase the fertilisation probability in these 
difficult conditions. Some sperm has higher speeds and 
shorter longevity, and some are slower but have higher 
longevity [43]. It seems possible that the three abundant 
sperm morphs typical for the oysters living in this area 
might have been adopted to cope with variation of water 
turbulence.

Location 4, is in Vostok Bay, situated far away from the 
industrial areas and is relatively independent regarding 
antropogenic activity [44]. However, it is characterised 
by a very unstable natural environment. The tempera-
ture and salinity undergo frequent changes defined by the 
flowing of streams that impound the bay due to rains and 
exchange with the open part of the Peter the Great Bay 
[40, 45]. C. gigas inhabiting this area produce six abun-
dant sperm morphs. It seems likely that the maximum 
amount of abundant sperm morphs is connected to the 
very stressful environment of this location.

After investigating the oyster sperms in four geographi-
cal locations of Primorye, it seems possible that the 
amount of abundant sperm patterns is lower in locations 
with the most stable environments. A larger amount of 
abundant sperm patterns is typical for locations that 

are affected by a stronger influence of anthropogenic or 
natural factors. We suggest that the increase of the abun-
dant morph variants may help to provide reproductive 
success of C. gigas during fertilisation in extreme aquatic 
conditions. Also, it should be stressed that there is a 
dominant sperm pattern that is most common in each of 
four studied geographical location of C. gigas in Primo-
rye (Fig.  7a–d). Probably each of these morphs is most 
adapted to the specific environment of the corresponding 
location.

Sperm plasticity is a choice from six morphs
It is noteworthy that, regardless of the extreme condi-
tions increasing the amount of abundant sperm pat-
terns, the general amount of oyster sperm morphs never 
exceeded six patterns. Probably, these morphologically 
stable variants are genetically determined. This finding is 
consonant with the data of Moy et al. [46] who described 
the diversity of reproductive protein (bindin) isoforms in 
the sperm’s acrosomes in C. gigas. The amount of sperm 
morphs (six) found by us in Pacific oyster is comparable 
to the amount of bindins (five) discovered for this spe-
cies. The oyster’s sperms contain bindin proteins of 35, 
48, 63, 75 and 88  kDa. Besides, the formation of more 
bindin variations is possible due to recombination and 
splicing of the bindin gene [46]. It seems reasonable to 
suggest that specific bindin isoforms may correspond to 
definite oyster sperm morphs. This hypothesis could be 
checked using immunomicroscopy.

Practical implications from the study of C. gigas 
in Primorye
It seems possible that the assesment of sperm plastic-
ity characteristic for local oysters might be considered 

Fig. 7  Geographically assigned intraspecific sperm morphs typical for the Pacific oyster Crassostrea gigas in Primorye. a Sperm morph that is typical 
for the C. gigas in the Amursky Bay, b sperm morph that is typical for the C. gigas in the Eastern Bosphorus Strait, c sperm morph that is typical for 
the C. gigas in the Ussuriisky Bay, d sperm morph that is typical for the C. gigas in the Vostok Bay. Scale bar—1 µm
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as a possible biomarker of ecological monitoring of the 
marine areas targeted for farming. Indeed, lower or 
larger amounts of abundant sperm morphs in the testing 
samples may help to assess if a water area is comfortable 
or stressful for potential oyster plantation. Also, taking 
into account that only one sperm pattern is dominant 
in each geographical location, oyster intraspecies geo-
authentification seems possible. Indeed, globalisation of 
the food supply in the world, and the growing complex-
ity of the supply chains made it difficult to trace the ori-
gin of seafood. The methods of evidence that the product 
originates in the area are very valuable in this regard [47]. 
Identification of the dominant sperm pattern could help 
identify the oysters’ geographical origin. The supplement 
of mature testes preserved by fixation in alcohol or for-
malin followed by their testing in electron microscopy lab 
may be recommended for oyster producers.

Conclusions
The Primorye Pacific oyster C. gigas (for which the spe-
cies validity was confirmed by a COI DNA barcoding 
test) is peculiar in having a heteromorphic sperm set 
that is composed of six morphologically stable patterns. 
Sperm heterogeneity precludes singular sperm pattern 
use as a species marker. The amounts of abundant sperm 
morphs (more than 10% for each morph) are higher in 
the molluscs habituating risky environments and lower 
in ecologically favourable locations. We suggest that 
a higher amount of abundant sperm morphs provides 
reproductive success for oysters living in ecologically dif-
ficult aquatic areas. Only one sperm morph is the most 
common in each geographical locality and these typical 
morphs differ between localities. Ecological monitoring 
of the marine areas and commercially assigned intraspe-
cific geo-authentification of C. gigas seem possible using 
heterogenic sperms.
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