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Abstract—Hemolymph is one of the main tissues providing invertebrates’ immunity and homeostasis. Earlier,
we showed that some of the hemolymph immune parameters of the common Far Eastern mollusk Modiolus
kurilensis are sensitive to bacterial and anthropogenic challenges. In this work, a number of cellular parame-
ters such as total hemocyte count (THC), hemocyte phagocytic activity (PA), and reactive oxygen species
(ROS) and humoral parameters such as hemagglutination (HA) and hemolytic (HL) activity of plasma, as
well as its protein concentration (CP) and profiling in M. kurilensis were studied depending on the season and
environmental indicators (temperature, salinity, and oxygen concentration). The total hemocyte count was
weakly correlated with water oxygen concentration (R = –0.25) and temperature (R = 0.27), and the 36 kDa
plasma protein was weakly correlated with temperature (R = –0.33). Also, there was a correlation (R = 0.38)
between hemagglutination activity and the 19 kDa protein fraction. The minimum values for a number of
parameters were noted in January (THC, PA, ROS, HA, HL), while the maximum values were observed in
late spring (THC, PA, ROS, HA, HL). At the same time, in other months, these and most other parameters
had metastable values. Thus, the indicators that were identified in previous studies (THC, PA, ROS, HA,
HL, CP, protein fractions 55 and 124 kDa) are suitable for assessing the physiological state of M. kurilensis
during most of the year.
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INTRODUCTION
In coastal ecosystems, bivalved mollusks are one of

the key species, which are considered the main indica-
tors for assessing the condition of marine areas. Many
of them are valuable commercial species. Most of
physiological, and especially immune, parameters of
Bivalvia depend on seasonal abiotic (temperature and
salinity) and biotic (pathogens or food availability)
factors and endogenous processes (reproduction).
This has been shown in different studies of Mytilus spp.
[1–5]. Environmental factors may exhibit short- and
long-term fluctuations depending on the particular
geographic area and the characteristics of streams.
Such fluctuations affect the health of marine bivalves,
which can be estimated through investigation of the
dynamics of the cellular and humoral defense-related
parameters [6].

Bivalves have both cellular and humoral immune
mechanisms that in many cases co-operate to elimi-
nate invading pathogens [7, 8]. The immune system is

also involved in many biological functions, such as
wound and shell repair, digestion and nutrient trans-
port, and excretion [9]. The correlations of abiotic fac-
tors with the main cell-mediated parameters, namely
the total hemocyte count, phagocytosis, and the pro-
duction of oxygen metabolites, have been described
for Mytilus spp. [2, 10, 11]. The humoral immune sys-
tem includes bioactive factors such as agglutinins,
opsonins, lytic and cytotoxic substances [12], and they
can also be used in bioassays for evaluating the delete-
rious effects of contaminants on the well-being of
organisms and the quality of their habitat [13–15].

The influence of environmental factors on the
dynamics of immune parameters has been studied in
many invertebrates [16–19]. However, the available
data on mollusk immune response to seasonal changes
still do not cover all questions due to deep specific
immunological responses from species to species [20].

The bivalve Modiolus kurilensis is widespread in the
northwestern Pacific and is one of the dominant spe-
cies in benthic communities of the Sea of Japan. In
previous studies, we have investigated the immune1 The article is published in the original.
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Table 1. Environmental parameters and the number and date of collection of M. kurilensis

Date Number of mollusks, n Temperature, °C Salinity, ‰ Oxygen concentration, mg/L

April, 28 37 5 32.5 7.4
June, 17 85 11.3 34.2 6.5
September, 10 31 19.3 32.4 5.1
November, 20 32 3.6 31.9 7.2
January, 6 31 –1.5 31.9 7.5
March, 20 30 –0.9 28.5 7.9
May, 3 30 4.2 32.9 7.5
state, histopathological level, and integral health index
(IHI) of M. kurilensis from different areas with differ-
ent levels of ecotoxicological stress [21, 22], as well as
its reactions to bacterial stimulation [23]. These stud-
ies revealed several highly sensitive immune and histo-
logical parameters to changes under chronic and
impulse stress. The aim of the present study was to
examine the dynamics of the hemolymph parameters
of M. kurilensis, reveal correlations between immune
activity and environmental factors, and summarize the
key aspects of development of the Integral Health
Index concept.

MATERIALS AND METHODS

Collection of Animals and Environmental Conditions

Sexually mature specimens of M. kurilensis with a
shell length of 75–95 mm were collected from wild
populations in Vostok Bay of the Sea of Japan
(42.892078° N, 132.737502° E) in different tempera-
ture seasons. Temperature, salinity, and the concen-
tration of oxygen were measured on the day of collec-
tion of mollusks at the depth of their habitat (2–4 m).
Data on the dates of measurement of environmental
parameters and the number of mollusks are given in
Table 1. A total of 276 bivalves were collected.

Assessment of Humoral and Cellular Parameters
of M. kurilensis

For assessment of the immune status of M. kurilen-
sis, the hemolymph was sampled from the posterior
adductor muscle hemal sinus. Total hemocyte count
(THC), hemocyte phagocytic activity (PA), hemag-
glutination (HA) and hemolytic (HL) activity of
plasma, and plasma protein concentration (Cp) were
determined according to the methods described previ-
ously [23]. Hemocyte production of reactive oxygen
species (ROS) was measured using the nitroblue tetra-
zolium (NBT) reduction spontaneous test, and
plasma protein profiling was determined as the per-
centage of the optical density (POD) of each detected
fraction [21].
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Data Analysis

The values of both the humoral and cellular
immune parameters were checked by the Kolmog-
orov–Smirnov test and had a non-normal distribution
(p < 0.05) for all samples. Further analysis was per-
formed using non-parametric statistics. The basic
dynamics of distribution of immunity parameters in
different seasons were analyzed using basic statistics
such as the mean, median, standard deviation, quar-
tile range, and minimum and maximum values for
each sample. Significant changes in parameter
dynamics were assessed by the Kruskal–Wallis H test.
Differences between pairs of samples were assessed by
the Mann–Whitney U test. Correlations between
immune parameters themselves and environmental
conditions were revealed using the Spearman’s rank-
order correlation test (p < 0.05).

RESULTS
Total Hemocyte Count (THC)

The H test confirmed the significance of changes
in the total number of hemocytes circulating in the
hemolymph (p < 0.001). The maximum number of
hemocytes was observed in April (5.6 × 106 cells/mL)
in one individual. There was a gradual decrease in
THC values during the low temperatures period from
November to March (Fig. 1). The minimum value of
THC (0.5 × 106 cells/mL) was found in March. The
most characteristic values were from 1.1 × 106 to 1.9 ×
106 cells. The U test confirmed the differences in THC
values between March and most other months (p < 0.05).

Phagocytic Activity (PA)

In general, during the year, the PA values ranged
from 8.3 × 103 RFU in January to 42.4 × 103 RFU in
May. Changes in the seasonal dynamics of PA were
supported by the H test (p < 0.001). The maximum
values of PA were observed in late spring (April, May);
phagocytic activity was decreased in other months,
with minimum values in January (Fig. 1). PA was also
increased in November, when the temperature is close
to April and May values. The U test confirmed the dif-
 No. 4  2021
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Fig. 1. The dynamics of M. kurilensis parameters in different seasonal periods (the mean value ±95% confidence interval).
(a) Total hemocyte count (THC); (b) phagocytic activity (PA); (c) the percentage of ROS-positive cells (NBT-test); (d) hemo-
lysis (HL); (e) hemagglutination (HA); (f) protein concentration (Cp).
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ferences in the values of April, May, and November
compared to other months (p < 0.001).

Nitroblue Tetrazolium Reduction (NBT) Test
The significant changes in cell-mediated immunity

parameters, namely hemocyte production of reactive
oxygen species (ROS), were supported by the H test
(p < 0.05). Primarily, the NBT-test was not stable,
RUSSIAN JOUR
varying with a wide scatter of the minimum and max-
imum values in general and for each month (Fig. 1).
The maximum decrease in ROS was in January, which
was consistent with paired comparisons (p < 0.05).
The maximum values of the NBT-test were 54% ROS
positive cells out of all hemocytes. However, most of the
values of the total sample lay in the range of quartiles:
from 3% for the lower to 15% for the upper quartile.
NAL OF MARINE BIOLOGY  Vol. 47  No. 4  2021
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Hemolysis (HL)
The seasonal f luctuations in the activity of lytic

hemolymph factors were expressed in values of hemo-
lysis; the significance of changes was supported by the
H test (p < 0.05). The dynamics of hemolytic activity
in M. kurilensis reflected the general tendency of
decreasing immune activity in the winter period with
minimum average values of HL (24.6%) in January
(Fig. 1). The paired test confirmed the significance of
differences between the values of January and other
months (p < 0.05). Moreover, the HL values were
highest in May and April, which was also characteris-
tic for most other parameters. In general, the range of
minimum and maximum values of HL was wide, from
0 to 100%.

Hemagglutination (HA)
The least variability of HA values was noted in

June, which was associated with a larger sample size
than in other months. A value of –log2 (titer) = 1 was
found only for one individual; and HA was equal to 2
for 4 individuals out of the whole sample. The maxi-
mum activity of plasma agglutinins in M. kurilensis was
–log2 (titer) = 11. This value was observed in 5 individ-
uals from samples collected in April, June, and May.
For the total sample, a value of 4 was the lower quartile
(25%) and a value of 8 the upper quartile (75%). There
was a tendency for HA values to decrease in January
(Fig. 1). However, the H test showed no differences in
HA values during the year (p > 0.05). The exception
was the differences between January and March that
were supported by the paired U test (p < 0.05).

Protein Concentration (Cp)
The plasma protein content varied in a wide range

from 0.35 to 3.00 mg/mL and differed almost by an
order of magnitude within a single sample. The limits
of the quartile range, which characterizes the most
typical values, were 0.92 mg/mL for the lower quartile
(25%) and 1.58 mg/mL for the upper quartile75%.
Regarding the variability between samples, values for
the summer-autumn period were more stable, while
the scatter for the winter-spring samples was much
higher (Fig. 1). The dynamics of PC in plasma differed
from those of other immune factors and had a clear
tendency to decrease from June to November, which
was confirmed by both the paired U and the H tests
(p < 0.001).

Protein Profiling
Fifteen protein fractions in plasma of M. kurilensis

were detected: 196, 145, 124, 107, 78, 55, 48, 41, 36,
33, 29, 26, 22, 19, and 16 kDa. Proteins with a molec-
ular weight of 145, 124, 107, and 29 kDa were observed
in less than 50% of the specimens. Proteins of 55, 41,
36, and 16 kDa were found most frequently, in more
RUSSIAN JOURNAL OF MARINE BIOLOGY  Vol. 47 
than 86% of the animals. The major fraction was
55 kDa, which was found in all analyzed specimens
and constituted two-thirds of all proteins in plasma. The
U test (p < 0.05) supported an increase in POD55 kDa in
May (68.0 ± 4.5), April (69.3 ± 4.3), and June (67.5 ±
2.7) in comparisons with minimum values in March
(58.8 ± 6.4) (Fig. 2).

Among all PODs, there were highly significant
(H test, p < 0.001) within-year variations in POD124

kDa, POD107 kDa, POD48 kDa, POD41 kDa, and POD36 kDa
(Fig. 2).

The mean value of POD124 kDa was highest in Sep-
tember (1.4 ± 0.4), the paired test confirmed differ-
ences from other months. The percentage of this frac-
tion in plasma of M. kurilensis slightly decreased in
November (0.9 ± 0.6) and January (0.7 ± 0.6) and had
consistently low values in April (0.4 ± 0.3), June
(0.4 ± 0.2), March (0.3 ± 0.1), and May (0.3 ± 0.3).

POD107 kDa showed consistently higher values from
September (1.2 ± 0.5) to March (1.3 ± 0.6); its values
decreased in January (0.9 ± 0.5) and were low in April
(0.3 ± 0.3), June (0.3 ± 0.2), and May (0.3 ± 0.3). The
dynamics of POD48 kDa showed a peak in March (4.6 ±
2.4) and lowest values in April (1.6 ± 0.5) and May
(1.6 ± 0.7).

The dynamics of POD41 kDa and POD36 kDa were
opposite. For POD41 kDa, a dramatic decline in values
was found in January (1.7 ± 0.7), compared to
November (3.9 ± 1.1) and March (4.0 ± 1.3), while
POD36 kDa had maximum values in January (10.6 ±
3.1), which were more than twice as high, compared to
other months.

Correlation Analysis
The analysis of environmental parameters showed

a higher direct correlation between water temperature
and salinity (R = 0.66), an inverse correlation between
temperature and oxygen concentration (R = –0.91), as
well as between salinity and oxygen concentration
(R = –0.54).

Further correlation analysis demonstrated a posi-
tive relationship between THC and water temperature
(R = 0.27, n = 276) and an inverse dependence
between THC and oxygen concentration in water (R =
–0.25, n = 276). An inverse correlation between water
temperature and POD36 kDa was obtained (R = –0.33,
n = 276).

Data from correlation analysis of hemolymph
parameters for each seasonal period and in total are
given in Table 2. Among cellular immune parameters,
there was a positive correlation between PA and the
NBT-test, with a higher value in May, April, and June.
In addition, a high positive correlation was found
between PA and THC in March. Also, a moderate
positive correlation was observed between THC and
NBT-test parameters in September.
 No. 4  2021
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Fig. 2. The dynamics of the percentage of the optical density (POD) of each protein fraction (n, kDa) detected in plasma of
M. kurilensis in different seasonal periods (the mean value ±95% confidence interval).
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Among humoral immune parameters, Cp and HL
were positively correlated for the total sample, with
higher values in September, November, and March.
An average degree of positive correlation between Cp
and HA was found only in September. Positive rela-
tionships between Cp and POD36 kDa as well as between
Cp and POD16 kDa were also obtained, with maximum
values in January for the POD36 kDa fraction and in
March, April, and June for the POD16 kDa fraction. An
RUSSIAN JOUR
inverse correlation was observed between Cp and
POD55 kDa in all months except November, as well as
between Cp and POD196 kDa in April, June, and March.

Among all correlations of humoral immune
parameters, most interesting were the relationships of
HL and HA with particular protein fractions. Correla-
tion analysis showed a positive dependence between
HL and POD16 kDa for the June–November samples.
For March and April, positive relationships were
NAL OF MARINE BIOLOGY  Vol. 47  No. 4  2021
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Fig. 3. A scheme of activity of M. kurilensis hemolymph parameters during the year.
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found between HL and POD33 kDa and between HL
and POD78 kDa. A positive correlation was observed
between HA and POD19 kDa for the total sample (R =
0.38, n = 276), with higher values in June and January.

No significant correlations were found between
cellular and humoral immune parameters for the total
sample; the correlation coefficients in certain months
were non-significant too and had a disparate character
(data not shown).

DISCUSSION

Environmental seasonal changes directly affect
many organisms, especially in areas where tempera-
ture f luctuations are significant. In this research, we
examined the immune activity of the bivalve M. kuri-
lensis from Vostok Bay (Peter the Great Bay, Sea of
Japan) during the year and revealed possible correla-
tions between immune parameters and environmental
factors such as temperature, salinity, and oxygen con-
centration. In addition to the above environmental
factors, the reproductive cycle directly associated with
the season strongly influences the physiology and
immune system of mollusks [6, 15, 24, 25].

A general scheme of characteristics of immune
parameters of M. kurilensis measured during the year
along with temperature data and approximate stage of
the reproductive cycle (according to [26, 27]) is pre-
sented in Fig. 3.

The maximum immune activity was observed in
late spring during gametogenesis and at the beginning
RUSSIAN JOUR
of rapid increase in temperature. The summer-
autumn period was most stable, and only in late
autumn, the values of THS and ROS decreased and
there was a significant increase in PA.

During the period of low temperatures (under zero
degree), the lowest immune activity and the minimum
values of most parameters were observed. The excep-
tion was Cp, which had low values from June to
November. The dynamics of each immune parameter
are discussed more precisely further.

According to current results, there was a positive
correlation between THC and temperature, with the
highest values in January and March, when both
parameters were decreased. Such a relationship
between THC and temperature was also obtained for
Mytilus galloprovincialis and Paphia malabarica
[28, 29]. The minimum value of THC in the winter
period was also typical for Crassostrea gigas from the
Mediterranean Sea and the Sea of Japan [24, 30] and
M. galloprovincialis from the northern part of the
Atlantic Ocean [29].

For several species, the presence or absence of any
correlations between THC and temperature was
shown to depend on the environmental characteris-
tics. For example, for Ruditapes philippinarum [25]
inhabiting the Gulf of Morbihan (southwest of
France, Atlantic Ocean) such correlation was positive,
while for R. philippinarum [15] in the northern and
southern areas of Venice (Adriatic Sea) the authors
found an inverse dependence.
NAL OF MARINE BIOLOGY  Vol. 47  No. 4  2021
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Such fluctuations in correlations might be associ-
ated with particular characteristics of temperature
range during the year. Thus, the temperature range of
waters in the Gulf of Morbihan (from 6 to 23°C) is
fairly wide, as is the temperature range of the studied
area of the Sea of Japan (from –1.5 to 19.3°C). At the
same time, the temperature range for waters in the
Adriatic Sea is narrower (from 13 to 23°C).

In this regard, the wider variation in temperature
supported the stronger correlation between THC and
temperature. In contrast, waters with a more stable
temperature have a lesser influence on it, and for such
areas, the characteristics of the sexual cycle have a
stronger effect on THC, as it was shown for R. philip-
pinarum [15].

The decrease in THC in winter might also be
caused by a limited availability of food. This was con-
firmed for M. galloprovincialis, and a positive correla-
tion between THC and the availability of nutrition was
obtained [29].

A positive correlation between THC and salinity
was also observed for M. kurilensis, with the minimum
of both parameters in March, when the melting of
coastal ice caused decreased salinity. The same ten-
dency of relationship between THC and water salinity
was also shown for P. malabarica [28], Mytilus edulis
[31], and Ostrea edulis [32].

Although the current research revealed an inverse
correlation between THC and oxygen concentration,
another tendency was obtained for Mactra veneri-
formis. THC dropped when the mollusks had been
exposed to anoxic conditions [33]. The opposite
dependence between cellular immune parameters and
the level of oxygen was apparently due to the extremely
high stress of the mollusks.

Dynamics of THC with a significant increase in
April and May and a decrease in autumn could also be
linked with the reproductive cycle of M. kurilensis. The
spawning period of M. kurilensis begins at a tempera-
ture of 16°C and lasts during July–August in the stud-
ied area, while the processes of gametogenesis start in
April and May [27]. Strong influence of the reproduc-
tive cycle on the dynamics of hemocyte circulation
and THC was shown for C. gigas [24] and R. philip-
pinarum [6, 15, 25]. The THC was decreased during
the spawning period of C. gigas and R. philippinarum,
which lasts from the middle of August to the end of
September. Nonetheless, the number of granular
hemocytes and THC were high during the gametogen-
esis period of these species (spring and the first half of
summer). According to the authors, the decrease in
THC in hemolymph was related to that most of the
cells were mobilized to repair the reproductive tissue in
the gonads of mollusks. This could also explain the
results on THC for M. kurilensis.

The PA of M. kurilensis had maximum values in
April and May and minimum in January. Moreover,
an increase in PA was noted in November, when the
RUSSIAN JOURNAL OF MARINE BIOLOGY  Vol. 47 
temperature was close to that in spring months. A sim-
ilar dynamics of maximum and minimum values of PA
were reported for P. malabarica [28].

The PA dynamics of M. kurilensis, especially high
values in spring, could be related to the high bacterial
activity and the onset of higher temperatures in late
spring. In addition, PA probably depends on the
reproductive cycle. During the summer and Septem-
ber, there was a decrease in PA possibly related to the
spawning period in M. kurilensis, as was the case for
THC values at that period. This was suggested in
related research by other authors [24].

A study of the immune parameters of C. gigas from
the Sea of Japan revealed maximum PA in June and
minimum in February. The shift in the results, com-
pared to our findings, might be explained by a much
later beginning of the spawning period in C. gigas [24].

The minimum values of PA of M. kurilensis were
observed in winter at the lowest temperature and pos-
sibly reflected the overall decrease in metabolic rate
and low bacterial activity in that period. In the current
research, the correlation between PA and temperature
was non-significant, which was also noted in a study of
C. gigas [24]. However, a high positive correction was
observed for R. philippinarum [15].

The unstimulated NBT-test allows detecting ROS
in hemocytes and estimates the most stressful periods
for species. Moreover, ROS plays a key role in oxygen-
dependent phagocytosis. This was reflected in the
positive correlation between NBT-test and PA during
the year, with maximum values in April, May, and
June.

In general, the correlation analysis showed a non-
significant positive dependence between temperature
and ROS for M. kurilensis; however, more significant
values were found for P. malabarica [28]. Studies of
Chlamys farreri and M. galloprovincialis emphasized
that the activity of the antioxidant systems might
decrease at high temperatures. As a consequence of
inactivation of these factors, the quantity of ROS
could increase in mollusks tissues [34, 35]. In a recent
study of the immune response of C. gigas, M. gallopro-
vincialis, and Katelysia rhytiphora, both the concen-
tration of ROS and antioxidant system parameters
increased with increasing temperature in the experi-
ments [36]. However, no correlation between ROS
and environmental parameters was found for some
species, e.g., M. edulis [31, 37].

The minimum NBT-test values of M. kurilensis
were in winter, which was also shown for R. philip-
pinarum. According to the authors, this dynamics
could be related to reduced nutrition availability
during low temperatures [6].

Like PA, the maximum ROS was observed in
spring and in June, which might be due to the specific
features of gametogenesis and reproductive period of
M. kurilensis. A study of R. philippinarum suggested
that the reproductive period involves a huge consump-
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tion of oxygen, which leads to a high level of produc-
tion of ROS and, consequently, increased antioxidant
activity [15].

The general tendency reflected in the dynamics of
HL with the minimum values in winter was most prob-
ably connected with the lower bacterial activity, lower
quantity of nutrition in water, and a decrease in the
general metabolic rate of M. kurilensis. Similar sugges-
tions concerning the reasons and factors influencing
on dynamics of HL were made in a study of R. philip-
pinarum [6].

Similarly to the above-discussed immune parame-
ters, HL reached the maximum in April and May. In
several studies of R. philippinarum [6] and M. gallopro-
vincialis [3, 38], the year-round trend of lysozyme
activity was quite similar to our results on HL. The
maximum values of lysozyme activity were observed in
May, June, and September for M. galloprovincialis,
and the minimum values were recorded in winter for
both R. philippinarum and M. galloprovincialis [3, 6, 38].

In the present work, HL of M. kur Ailensis and the
total protein concentration positively correlated, as
was also shown in a study of the year-round lysozyme
dynamics of R. philippinarum [6].

The correlation analysis in the current work
showed a significant dependence between HL and
POD16 kDa. These results suggest the presence of
lytic factors in the 16 kDa fraction. Moreover, the
range of molecular mass of lytic factors (especially
lysozymes) varies from 12 to 22 kDa for many mollusks:
M. galloprovincialis (C-type lysozyme 14.4 kDa),
R. philippinarum (invertebrate type lysozyme 20.87 kDa),
Crassostrea virginica (i-type lysozymes 12.98 and
17.86 kDa), Cristaria plicata (i-type lysozyme
18.2 kDa), Meretrix meretrix (i-type lysozyme
14.6 kDa) [39–44].

The HA is most stable among all immune parame-
ters studied. Nevertheless, there was a non-significant
increase in HA mean values (H test) in March, which
is possibly associated with the low values of THC and
PA (factors of cell-mediated immunity) and, conse-
quently, with the necessity to enhance the humoral
immune system of M. kurilensis as a compensatory
mechanism. A slight decrease in HA mean values was
observed in January, when the temperature was low-
est. On the other hand, the dynamics of HA in M. gal-
loprovincialis [38] were not stable and had a significant
minimum in January and a maximum in July. More-
over, a positive correlation was found between the total
protein concentration and HA and lysozyme activity
of M. galloprovincialis, as was also observed for
M. kurilensis in the current study.

In the present research, we found a positive cor-
relation between HA and POD19 kDa for the total sam-
ple of specimens (R = 0.38, n = 276), with higher val-
ues in June and January suggesting the presence of
agglutinins in this fraction. Besides, the main role of
RUSSIAN JOUR
this fraction in agglutination was described in a previ-
ous study of M. kurilensis (unpublished data).

The Cp of M. kurilensis tended to decrease in sum-
mer and autumn and increase in January, March,
April, and May. However, an opposite tendency of Cp
was shown for M. galloprovincialis. The maximum of
Cp was in June, during the recovery period after
spawning and low nutrition content in the water,
which was the main reason for increasing Cp in hemo-
lymph of M. galloprovincialis [38]. In Argopecten irra-
dians and C. farreri, Cp increased with increasing tem-
perature up to 28°С, after that a reverse correlation
was observed. Thus, the dynamics of Cp in this case
decreased during the period of high temperatures [45].
In R. philippinarum, the protein concentration was
high in spring-summer and low in winter. Although
the protein concentration was decreasing during the
winter, the specimens from northern areas had, in
general, higher values. It was suggested that this
depended on a wider temperature range in northern
areas [6]. Such differences in Cp dynamics are proba-
bly associated with the different temperature charac-
teristics of the habitats of mollusks.

The increase in Cp of M. kurilensis in January and
March at the lowest temperatures is most likely associ-
ated with the activation of cryoprotective proteins,
which are responsible for the sustainability of mollusks
at temperatures below zero. In this context, the 36 kDa
protein is most interesting due to a sudden jump of val-
ues in winter. We found a positive correlation between
POD36 kDa and Cp (R = 0.31, n = 276) with the maxi-
mum in January (R = 0.62, n = 31) and an inverse cor-
relation between temperature and POD36 kDa (R = –0.33,
n = 276). The antifreeze protein is actively investigated
in different species. Thus, proteins with cryoprotective
function (molecular mass from 2.6 to 33.7 kDa) were
described for fishes as multi-repeated motives of sev-
eral amino acids [46]. Antifreeze proteins of Mega-
phorura arctica also have a wide range of molecular
mass from 6.5 to 16.9 kDa [47]. Thus, the molecular
mass of such proteins varies even within one species.
The role of the 36 kDa protein of M. kurilensis in the
antifreeze function requires further analysis and is cur-
rently hypothetical.

For hemolymph plasma of M. kurilensis, 15 protein
fractions were characterized. The major fraction was
55 kDa. The H test supported significant variations for
POD124 kDa, POD107 kDa, POD48 kDa, POD41 kDa, and
POD36 kDa during the year. Previously, a protein profil-
ing analysis of mollusks from two areas was performed:
non-polluted Vostok Bay and polluted Sportivnaya
Gavan Bay (Amursky Bay, the Sea of Japan) [21].
That study showed that POD78 kDa and POD124 kDa
were significantly increased and POD55 kDa decreased
in polluted areas. Moreover, there was a correlation
between these protein fractions and immune and his-
topathological parameters, suggesting the diagnostic
NAL OF MARINE BIOLOGY  Vol. 47  No. 4  2021
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Fig. 4. Scheme of Integral Health Index development. Asterisk* marks parameters discussed by Kumeiko et al., 2018 [21].
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importance of these fractions [21]. In addition, the
immune parameters PA, NBT-test, HL, and Cp were
also sensitive to the level of pollution.

In previous studies, we found and described the
parameters of hemolymph of M. kurilensis that were
sensitive to impulse bacterial stimulation (THC, PA,
HA, HL, and Cp) [22] and to chronic pollution
(THC, PA, NBT, HL, Cp, POD55 kDa, POD78 kDa, and
POD124 kDa) [21, 23]. In the present article, we have
shown that the immune parameters studied have sig-
nificant f luctuations during the year. Thus, the
scheme of comprehensive assessment of the physio-
logical state of animals using the previously accepted
Integral Health Index includes the valid identification
of parameters that are sensitive to the effects of inter-
est, as well as the determination of reference boundar-
ies for them, depending on environmental factors, cer-
tainly including the seasonal aspect (Fig. 4).

Thus, not only the obvious stress factors such as
bacterial activity and presence of pollutants, but also
the seasonal characteristics of immune parameters
dynamics should be considered for the evaluation and
diagnostics of Bivalvia. The variation in immune fac-
tors shows a specific tendency during the year.
Besides, there is a tendency that the wider the varia-
tion in a particular environmental factor, the more
pronounced its effect on the dynamics of sensitive
immunological parameters. This was observed for
individuals of one species from various water areas
with a different temperature range [2, 15, 25, 48, 49].

On the other hand, the presence of sensitivity of
various immune parameters to environmental factors
RUSSIAN JOURNAL OF MARINE BIOLOGY  Vol. 47 
can be specific, regarding the biology of species, the
characteristics of metabolic activity, lifestyle, nutri-
tion, sexual cycle, and others.

In this work, we have shown the within-year
dynamics of immunity parameters in M. kurilensis
from Vostok Bay (the Sea of Japan) taking into
account distribution of temperature, salinity, and oxy-
gen concentration in Peter the Great Bay of the Sea of
Japan. Thus, summarizing previous research on the
sensitivity of immunological parameters for assessing
the physiological state of M. kurilensis, the present
study is a continuation and a necessary step in the
development of effective methods for assessing the
physiological state of marine bivalves.
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