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Abstract—Anadara kagoshimensis (Tokunaga, 1906) is an alien bivalve mollusk that has successfully colo-
nized the Black Sea and the Sea of Azov despite a significantly lower salinity level of these waters compared
to its native region. The morphological and morphometric characteristics of erythrocytes from A. kagoshi-
mensis during adaptation to hypo- and hyperosmotic experimental conditions were analyzed by light micros-
copy. The control group of mollusks was maintained at 18‰ salinity. Experimental groups were maintained
at the salinity levels of 8, 14, 35, and 45‰. A decreased salinity level was obtained by diluting seawater with
distilled water at a rate of 1.5 ± 0.5‰ per day. An increased salinity was obtained by addition of sea salt to an
aquarium at a rate of 2.5 ± 0.5‰ per day. The exposure period was 2 days. The natural salinity range of
A. kagoshimensis was found to fall within 14—35‰. No significant cell morphology changes were observed
under such conditions. At the same time, exposure of the mollusks to the environmental salinity of 8 and
45‰ caused an obvious stress expressed via appearance of cell anomalies and changes in the linear charac-
teristics of erythrocytes. At the same time, no cell lysis was observed, and the values of the specific surface
area and the nuclear-cytoplasmic ratio remained unchanged. The results of the study indicate the ability of
the mollusk to survive for some time in an aquatic environment with extremely low or high salinity.
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INTRODUCTION

Anadara kagoshimensis (Tokunaga, 1906) is a
bivalve mollusk common for the malacofauna of the
Indo-Pacific region, including the coastal waters of
India, Sri Lanka, Indonesia, Japan, and Australia
(Poutiers, 1998). This species invaded the Black Sea
and the Sea of Azov with the ballast water of ships
(Shiganova, 2009). It was first discovered near the
Caucasian coast in 1968 (Kiseleva, 1992). In the sub-
sequent years, it colonized the coastal waters of both
seas and became one of the dominating benthos spe-
cies (Revkov et al., 2008) owing to its high eurybiontic
nature. A. kagoshimensis is tolerant to acute hypoxia
(anoxia; Andreenko et al., 2009; Soldatov et al., 2021)
and hydrogen sulfide (Soldatov et al., 2018). The
spreading of this typical oceanic species into the Azov-
Black Sea region assumes its ability to survive in a
hypoosmotic environment, especially in the Sea of
Azov, where A. kagoshimensis became a common spe-

cies (Zhivoglyadova et al., 2021). However, the limits
of its osmotic tolerance still remain poorly studied.

Marine bivalve mollusks are known as typical
osmoconformers (McFarland et al., 2013; Solan and
Whiteley, 2016). The osmolarity of their internal
medium (hemolymph) corresponds to their environ-
ment. In this case, the ability of the osmoconformer’s
cell systems to compensate a hypo- or hyperosmotic
load is of critical importance. Hemolymph cells
(hemocytes) represent suitable objects to study osmo-
regulation processes. In the case of A. kagoshimensis,
they are represented mainly by erythroid forms, which
distinguishes this species from other bivalves (Holden
et al., 1994; Morello et al., 2004). The reduction of
water salinity was shown to cause a decrease in the
total number of hemocytes in A. kagoshimensis living
near the coast of China. At the same time, their
phagocytic activity and the ability to generate reactive
oxygen species increased (Zhang et al., 2019). The
ability of hemocytes of the Black Sea Anadara to
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respond to the oxygen deficiency and hydrogen sulfide
contamination of the aquatic environment was studied
under experimental conditions. Among registered
changes were changes in the form and size of cells, the
number of granular inclusions, formation of typical
anomalies, etc. (Soldatov et al., 2018, 2021). Such
changes mean hemocytes are sensitive to the environ-
mental conditions and can be used as markers of the
state of the mollusk organism as a whole.

In this study, we tried to determine the range of the
osmotic tolerance of A. kagoshimensis under in vivo
conditions. To do this, we studied erythroid elements
of the mollusk hemolymph and analyzed their mor-
phological and morphometric characteristics under
hypo- and hyperosmotic loads.

MATERIALS AND METHODS

The objects of the study were adult bivalve mol-
lusks A. kagoshimensis (Tokunaga, 1906). The total
number of specimens was 50; the average weight of
mollusks including the shell was 15.6 ± 1.5 g, and the
average shell valve diameter was 35.5 ± 1.1 mm. Mol-
lusks were collected in autumn 2020 in the Black Sea
near Sevastopol (44°60′ N, 33°44′ E); the site of col-
lection was characterized by the water temperature of
20°C, salinity level of 18.3‰, and oxygen content of
8.5 mg/L. The collected mollusks were transported to
a laboratory in plastic containers without water. In the
laboratory, they were placed in aquariums with the
density of one mollusk per 3‒5 L of water and main-
tained at conditions similar to those at the site of col-
lection (23.3 ± 0.1°С, salinity level of 18.2 ± 0.02‰,
pH 8.1 ± 0.01, oxygen content of 7.7 ± 0.1 mg/L).

The oxygen content and water temperature were
measured by a portable oximeter equipped with a
ST300D temperature sensor (Ohaus, United States).
The water salinity and pH were controlled by a porta-
ble sensION 5 HACH conductometer-salinometer
(Cole Parmer, United States) and a ST2100-F pH
meter (Ohaus, United States).

To evaluate the range of salinity adaptation, the
mollusks were divided into five groups each containing
ten individuals. The control group was maintained at
the salinity level of 18‰, while experimental groups
were maintained at 8, 14, 35, and 45‰ salinity. A
decreased salinity level (14 and 8‰) was obtained by
diluting seawater with distilled water at a rate of 1.5 ±
0.5‰ per day. After reaching the required salinity
level, the mollusks were incubated under these exper-
imental conditions for 2 days. An increased salinity
(35 and 45‰) was obtained by a gradual addition of
salt (Red Sea salt, France) to an aquarium at a rate of
2.5 ± 0.5‰ per day. After 6 or 10 days (without taking
into account the acclimatization period), when the
salinity level reached 35 or 45‰, respectively, the fur-
ther exposure under experimental conditions was 48 h.
To remove metabolites, the water in aquariums was
RUSSIAN JOURNAL O
refreshed every day with the maintenance of the same
salinity level in the course of the whole experiment.
The mollusks were fed a Tetraselmis viridis (strain
IBSS-25) microalgae mix provided by the working
collection of the Department of Biotechnology and
Phytoresources of the Kovalevsky Institute of Biology
of the Southern Seas. The microalgal suspension was
added at a ratio of 5‒10 mL per each 50 L of aquarium
water. The water temperature, pH, and oxygen content
were maintained at the control values for the whole
experimental period.

Hemolymph was collected from the extrapallial
space by a sterile syringe, then washed in sterile seawa-
ter three times for 5 min (500 g), and filtered through
a 20-μm filter to remove aggregates. After washing,
cells were concentrated and used for preparation of
smears. The smears were stained according to a com-
bined Pappenheim method (Zolotnitskaya, 1987) and
analyzed using a Biomed PR-2 Lum light microscope
equipped with a Levenhuk C NG Series camera. The
large (С1) and small (С2) cell diameters (without pseu-
dopodia) and diameters of their nuclei (N1, N2) were
measured from photographs using an ImageJ 1.44
program.

On the basis of the data obtained, the volume and
surface area of individual cells (Vc, Sc) and their nuclei
(Vn, Sn) were calculated (Novitskaya and Soldatov,
2013); then the specific cell surface area (Sc/Vc) and
the nucleocytoplasmic ratio (Vn/Vc) were determined.
At least 1000 cells were analyzed for each smear.

The normalcy of the distribution was examined by
the Kolmogorov‒Smirnov test. The differences
between groups were analyzed using the RStudio
v. 4.1.0 program package (R Core Team, 2021). The
data were analyzed by ANOVA; the significance of
results was checked by the Tukey’s criterion with a
95% confidence interval. The results were presented as
mean ± standard error.

RESULTS
Survivability of mollusks. Both hypo- and hyperos-

motic load did not cause death of A. kagoshimensis.
During the whole duration of the experiment, shell
valves remained half-opened.

Erythrocyte morphology. The study of smears
revealed A. kagoshimensis erythrocytes representing
large slightly elongated and rounded cells; the average
diameter measured along the major and minor axes
was 16.2 ± 0.1 and 13.3 ± 0.1 μm, respectively
(Fig. 1c). In some cases, the formation of pseudopo-
dia was observed. The cytoplasm contained numerous
granular inclusions. The nuclei were rather small and
acentric, and the diameters measured along their axes
were 5.0 ± 0.03 and 3.7 ± 0.03 μm. They have a baso-
philic staining type and highly concentrated chromatin.

The studied hypo- and hyperosmotic stresses
caused some changes in the morphological traits of
F BIOLOGICAL INVASIONS  Vol. 14  No. 4  2023
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Fig. 1. Effect of the salinity level on the morphological characteristics of Anadara kagoshimensis erythrocytes. Salinity levels:
(a) 8‰; (b) 14‰; (c) 18‰ (control); (d) 35‰; (e) 45‰. The scale bar corresponds to 10 μm.

(а) (b) (c)

(d) (e)
erythrocytes. When the salinity level decreased to
14‰, the form of erythrocytes and their nuclei
became irregular, and grains shifted toward nuclei.
The number of pseudopodia in cells decreased, and
some acaryocytes were observed in a hemolymph
(Fig. 1b). In the case of the further salinity decrease to
8‰, the above-described morphological changes
were still present; moreover, the cells swelled and
formed aggregates, which were observed across the
whole area of the smear (Fig. 1a). However, no
increase in the number of erythrocyte shadows, which
reflect a cell lysis, was observed.

An increase of the salinity to 35‰ also caused
abnormalities in the form of cells and nuclei; the num-
ber of pseudopodia in cells increased. Cytoplasmic
grains were concentrated near nuclei (Fig. 1d). How-
ever, in the case of the further salinity increase to
45‰, the cells became rounded again, and cytoplas-
mic grain became evenly distributed around the
nucleus. Almost a complete absence of pseudopodia
was observed (Fig. 1e). No growth in the number of
erythrocyte shadows was observed.

Linear size of cells. Variations in the seawater salin-
ity significantly influenced the cell size parameters
(Figs. 2a, 2b). Decreased salinity resulted in an
RUSSIAN JOURNAL OF BIOLOGICAL INVASIONS  Vo
increase in the length of both major and minor cell
axes to 17.1 ± 0.1 and 14.2 ± 0.1 μm, respectively, at
the salinity level of 8‰. The increase in salinity to
35‰ caused a certain reduction of the major axis
length (15.5 ± 0.1 μm) and an increase in the minor
axis length (13.4 ± 0.1 μm); however, the further salin-
ity increase to 45‰ caused an increase of both axes to
17.2 ± 0.2 and 14.5 ± 0.1 μm, respectively. The values
obtained for the extreme salinity values (8 and 45‰)
exceeded the control values by 6‒8% (p < 0.05). The
С1/С2 ratio did not significantly change for all variants
and varied between 1.1‒1.3 (Fig. 2c).

Linear size of nuclei. Changes in the level of salinity
also provided some influence on the size of erythro-
cyte nuclei (Figs. 2d, 2e). The decrease in salinity to
14‰ caused swelling of nuclei with an increase of the
length of the major and minor axes to 5.5 ± 0.04 and
4.1 ± 0.04 μm, respectively. The further desalination
to 8‰ was accompanied by a certain decrease in these
parameters to 5.15 ± 0.03 and 4.1 ± 0.02 μm.
Increased salination also caused an increase in the
length of both the major and minor axes; at 45‰,
their lengths were 5.3 ± 0.1 and 4.1 ± 0.04 μm, respec-
tively. At the extreme points corresponding to the
salinity of 8 and 45‰, the sizes of the major and
l. 14  No. 4  2023
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Fig. 2. Effect of the salinity level on the size of erythrocytes and their nuclei in Anadara kagoshimensis: (a) major cell axis length;
(b) minor cell axis length; (c) ratio between the lengths of the major and minor cell axes; (d) major nucleus axis length; (e) minor
nucleus axis length; (f) ratio between the lengths of the major and minor nucleus axes. Significant differences between the control
and experimental groups are indicated with an asterisk (p < 0.05).
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minor axes of a nucleus (N1, N2) were greater than the

control values by 4‒7% (p < 0.05). For all experimen-

tal variants, the N1/N2 ratio remained at the level of

1.2‒1.5 (Fig. 2f).

Volumetric characteristics of erythrocytes and their
nuclei. The growth of the diameters of both cell axes

under hypoosmotic load resulted in a corresponding

increase in cell volume (Vc) (Fig. 3a). At the salinity

level of 8‰, Vс was 529.4 ± 8.4 μm3, which exceeded

the control by 19% (p < 0.05). A hyperosmotic load

resulted first in a decrease in cell volume to 420.4 ±

7.6 μm3 at 35‰ and then in its growth to 547.3 ±

12.1 μm3 at 45‰, which was 23% higher than in the

control variant (p < 0.05). The nucleus volume (Vn)

increased by one-third under minimal and maximal

salinity, reaching 47.3 ± 0.8 and 48.9 ± 1.3 μm3 for the

salinity levels of 8 and 45‰, respectively (p < 0.05;
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Fig. 3b). The maximum nucleus volume (52.2 ±

1.2 μm3) was observed at the water salinity level of

14‰. Quantitative changes in the nucleus volume

were comparable with cell volume changes, which was

confirmed by the lack of significant differences

between the Vn/Vc values in their control and experi-

mental groups (Fig. 3c).

Total and specific surface area of erythrocytes. The

total surface area of erythrocytes (Sс) increased under

hypoosmotic conditions and reached 804.2 ±

12.9 μm2 at 8‰. Under hyperosmotic conditions, Sс

first slightly decreased (at 35‰) and then increased to

829.9 ± 17.9 μm2 at 45‰ (Fig. 3d). At the extreme val-

ues (8 and 45‰), a 1.2-fold increase in the total sur-

face area of erythrocytes was observed compared to

the control (p < 0.05). The specific cell surface area
F BIOLOGICAL INVASIONS  Vol. 14  No. 4  2023
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Fig. 3. Effect of the salinity level on the calculated characteristics of erythrocytes and their nuclei in Anadara kagoshimensis:
(a) erythrocyte volume; (b) erythrocyte nuclear volume; (c) nuclear-cytoplasmic ratio; (d) total erythrocyte surface area; (e) spe-
cific erythrocyte surface area. Significant differences between the control and experimental groups are indicated with an asterisk
(p < 0.05).
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Sc/Vc remained at the level of 1.5 μm–1 in all experi-

mental variants (Fig. 3e).

DISCUSSION

On the basis of the above-presented information,
our attention should be focused on the following
moments, which should be discussed:

— A hypoosmotic load was accompanied by a sta-
ble growth of the average cell volume of red blood cells
and their nuclei.

— Similar changes were also observed under a
hyperosmotic load; in this case, the cell volume
increase was more pronounced (up to 23%).

— Morphological changes in erythroid forms were
rather insignificant and included mainly changes in
the form of cell nuclei, dislocation of grain inclusions,
RUSSIAN JOURNAL OF BIOLOGICAL INVASIONS  Vo
and changes in the number of pseudopodia; cell aggre-
gation was observed only at the salinity level of 8‰,
and no erythrocyte shadow formation was registered.

An increase in the volume of erythrocytes in a
hemolymph of A. kagoshimensis under a hypoosmotic
load was quite expectable because of the hydration of
the hemolymph and cell cytoplasm usually occurring
in osmoconformers (Bregante et al., 2016). However,
it did not exceed 19%, which allowed the development
of processes intended to reduce the cell volume (regu-
latory volume decrease, RVD). This process may be
based on a cation-anion exchange at the level of cell

membranes by the following scheme: K+–Cl– sym-

port and (or) K+–H+ antiport (Cossins and Gibson,
1997). In both cases, osmotically bound water is
removed from cells. In relation to mussel hemocytes,
the first process is assumed (Bregante et al., 2016).
One should also keep in mind the removal of organic
l. 14  No. 4  2023
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osmolytes, such as taurine and betaine (Jackson et al.,
1994; Torre et al., 2013). In the case of a hyperosmotic
load, mollusk organisms provide more complex
responses. An average osmotic load (35‰) was
accompanied by an insignificant reduction of a cell
volume of hemocytes without any further correction.
This response is quite natural because of a hyperosmo-
larity of the hemolymph. However, mollusk exposure
to a 45‰ salinity was accompanied by a significant
increase in the volume of red blood cells, which can be
explained only by the processes of a regulatory volume
increase (RVI) and can be based on the entry of

hydrated ions into a cell, namely, the Na+/Н+

exchange and the cotransport of Na+, K+, and Cl−

(Cossins and Gibson, 1997).

Osmoregulation processes in A. kagoshimensis
erythrocytes during adaptation to the hypo- and
hyperosmotic environmental conditions are possibly
developed by the RVD and RVI type. In this case,
however, these processes are far from being perfect,
because cell volumes do not return to initial values. At
the same time, no significant cell anomalies are devel-
oped. Note that the number of erythrocyte shadows
(i.e., destroyed cells) in a hemolymph do not increase,
which can be explained only by a high osmotic toler-
ance of red blood cells that was shown for A. kagoshi-
mensis erythrocytes in the earlier studies (Novitskaya
and Soldatov, 2011). The last fact reflects a high elas-
ticity of cytoplasmic membranes of mollusk cells,
which is rather a consequence of the peculiarities of
their phospholipid composition.

The results of this study show that the salinity range
of 14‒35‰ falls within the limits of the osmotic toler-
ance of A. kagoshimensis. This is evidenced by the lack
of well-manifested changes in the morphology and
morphometry of red blood cells. Exposure of the mol-
lusks to an environment with the salinity of 8 or 45‰
results in some stress manifested via an increased vol-
ume of red blood cells, which indicates imperfect
osmoregulation processes occurring by the RVD and
RVI type. This is substantially compensated by a high
osmotic tolerance of erythroid cells. At the same time,
the specific surface area of red blood cells remains
almost the same, which is important for the appropri-
ate realization of the respiratory function of the hemo-
lymph. All these adaptive mechanisms seem to provide
a successful colonization of hypoosmotic waters of the
Black Sea and the Sea of Azov by A. kagoshimensis
(Revkov et al., 2008; Zhivoglyadova et al., 2021), as
well as the ability of this mollusk to withstand
extremely low (8‰) and high (45‰) water salinity
levels for some time.

CONCLUSIONS

The water salinity range of 14‒35‰ represents the
zone of a functional comfort for A. kagoshimensis,
which is confirmed by the lack of significant changes
RUSSIAN JOURNAL O
in the red blood cell morphology and morphometry.
The threshold of osmotic tolerance of this species
seems to be water salinity of 8 and 45‰. At these
salinity levels, significant changes in the linear and
volumetric characteristics of erythroid cells are
observed, as well as the appearance of a number of cell
anomalies (form of nuclei, localization of granular
inclusions, changes in the number of pseudopodia)
and a significant increase in cell volume. However, no
cell destruction was observed, which indicates their
high osmotic tolerance. No changes were observed in
the specific surface area of erythrocytes. These facts
mean that A. kagoshimensis is able to withstand
extreme hypo- and hyperosmotic loads for a certain
time.
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