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Shellfish farms are usually located in coastal areas, where molluscs can be exposed to hypoxia. Cultivat-
ing at low oxygen levels causes general disruptions of growth rate, outbreaks of diseases, and mollusc
mortality. Impact of short-term hypoxia on hemocyte functions of ark clam (Anadara kagoshimensis)
was investigated by flow cytometry. A control group was incubated at 6.7-6.8 mg O,-L™', an experi-
mental one — at 0.4-0.5 mg O,-L™'. Exposition lasted for 24 hours. Hypoxia was created by blowing
seawater in shellfish tanks with nitrogen gas. In ark clam hemolymph, 2 groups of hemocytes were
identified on the basis of arbitrary size and arbitrary granularity: granulocytes (erythrocytes) and agran-
ulocytes (amebocytes). Erythrocytes were the predominant cell type in A. kagoshimensis hemolymph,
amounting for more than 90 %. No significant changes in cellular composition of ark clam hemolymph
were observed. The production of reactive oxygen species and hemocyte mortality in the experimental
group also remained at control level. The results of this work indicate ark clam tolerance to hypoxia.

Keywords: ark clam, marine cultivating, flow cytometry, hematological parameters, reactive oxygen
species

Hypoxic zones are widespread on the shelf of marine areas (Dang et al., 2013 ; Diaz & Rosenberg,
2008). Shellfish farms are traditionally located in coastal areas, where they can be exposed to stable or pe-
riodic hypoxia. Oxygen deficiency results in disruption of growth rate, outbreaks of diseases on farms,
and mass mollusc mortality (Andreyeva et al., 2019 ; De Zwaan et al., 1991 ; Nicholson & Morton,
1998 ; Sussarellu et al., 2013). The latter determines the relevance of the search for cultivation species,
being characterized with wide adaptive potential for oxygen deficiency. The main cultivation objects
on Black Sea coast are Myfilus galloprovincialis Lamarck, 1819 and Crassostrea gigas (Thunberg, 1793)
(Yakhontova & Dergaleva, 2008).

Physiological parameters, such as filtration intensity, respiration rate, and growth rate, are known
to deteriorate when mussels lack oxygen (Wang & Widdows, 1991). Hypoxia has the most detrimental
impact on juvenile mussels and oysters, in particular on their growth, dispersal, and survival (Baker
and Mann, 1992). This can be explained by the fact that under hypoxia, larvae of these molluscs
are forced to reduce energy consumption for the processes of food intake, digestion, and growth, thereby
reducing the need for oxygen (Wang et al., 2012 ; Wang & Widdows, 1991).
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The bivalve mollusc Anadara kagoshimensis (Tokunaga, 1906), belonging to Arcidae family, is con-
sidered a promising species for industrial cultivation on Black Sea coast (Yakhontova & Dergaleva, 2008).
This is due to ark clam wide habitat, high growth rates, and ability to increase biomass at high stocking
density (Yakhontova & Dergaleva, 2008). However, the development of a reproduction technology of cul-
tivation object, being not typical for a region, requires an understanding of its physiological responses
to stressful environmental factors, in particular hypoxia.

Physiological state of mollusc can be assessed by the functional state of hemocytes: cells, circulating
in hemolymph. Physiological impact of oxygen deficiency is assessed by changes in the ratio of hemocyte
types, as well as by indicators of non-specific immune response (production of reactive oxygen species
(hereinafter ROS) and phagocytic activity) and hemocyte proliferation (Sussarellu et al., 2013, 2010).
There are many studies on the impact of short-term hypoxia on traditional cultivation objects: M. gal-
loprovincialis and C. gigas (Novitskaya & Soldatov, 2011 ; Sussarellu et al., 2012, 2013, 2010 ; Wu,
2002). As a result of hypoxia, some physiological disorders occur at the cellular level in oysters: intensity
of mitochondrial respiration decreases (Sui et al., 2016), and expression of antioxidant enzyme genes in-
creases (Sussarellu et al., 2013). Moreover, cases of cell damage are recorded, in particular hemocytes,
circulating in the hemolymph (Hermes-Lima, 2015). The latter may result in suppression of immune
functions (Donaghy et al., 2013). At the same time, total number of hemocytes increases, which may
be due to their proliferative activity under hypoxia (Sussarellu et al., 2010). In mussels lacking oxy-
gen, number of granulocytes increases, while number of agranulocytes, on the contrary, decreases (An-
dreyeva et al., 2019). Decreased production of ROS in oyster and mussel hemocytes negatively affects
their protective functions (Andreyeva et al., 2019 ; Boyd et al., 1999).

Ark clam A. kagoshimensis is considered a species, being tolerant to oxygen deficiency due
to hemoglobin in pigmented hemocytes — erythrocytes (Soldatov et al., 2010, 2018). It is able to survive
for several weeks under deep hypoxia (Holden et al., 1994 ; Mydlarz et al., 2006). Tolerance for oxygen
deficiency is ensured due to ability to efficient anaerobic metabolism (Novitskaya & Soldatov, 2011 ;
Cortesi et al., 1992 ; Isani et al., 1986 ; Miyamoto & Iwanaga, 2012). It is known that even under acute
hypoxia, ark clam is able to maintain intracellular energy balance at a relatively high level (Cortesi et al.,
1992 ; Novitskaya & Soldatov, 2013). Moreover, hypoxia does not lead to lysis of ark clam erythro-
cytes (Andreyeva et al., 2019 ; Zwaan et al., 1995). However, it was noted that after 3 days of incubation
under hypoxia, morphological parameters of erythrocytes change (Wang & Widdows, 1991). The im-
pact of hypoxia on the parameters of A. kagoshimensis hemocyte cell immunity is not known so far.
Based on the available data, it is impossible to draw a conclusion about the immune status of ark clam
hemocytes under hypoxia. At the same time, it is the suppression of immune functions that can lead
to mass mollusc mortality (Wang & Widdows, 1991 ; Widdows et al., 1989), which creates problems
for shellfish farms.

The aim of this work is to study the impact of 24-hour hypoxia on the functional parameters
of hemocytes of the bivalve mollusc A. kagoshimensis during in vivo experiments.

MATERIAL AND METHODS

Bivalve molluscs A. kagoshimensis (shell length (15.2 £ 6.1) mm; weight (30.6 £ 2.8) g; n = 20)
were collected in the Sevastopol Bay (Sevastopol) in June 2019. To relieve the stress, caused by catching
and transportation, ark clams were kept in tanks with running seawater at the rate of 3—5 L per individual;
oXygen concentration was maintained at 6.7-6.8 mg O,-L™! for a week. Hypoxia was created by blowing
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seawater in shellfish tanks with nitrogen gas, until a concentration of 0.4—0.5 mg O,-L™! was reached.
Ark clams were kept under hypoxia for 24 hours. The control group (n = 10) was maintained at an oxygen
concentration of 6.7-6.8 mg O, L.

Hemolymph was collected with a sterile syringe from the extrapalial space. The remaining cells
were resuspended in sterile seawater (hemocyte concentration was from 1-10% to 2-10° cells-mL™).
Hemocytes functional characteristics were analyzed on a Beckman Coulter FC 500 flow cytometer.
To identify cell types and to assess the DNA content, the prepared hemocyte suspension was stained
with a SYBR Green I DNA dye (final concentration in the sample was 10 umol; incubation period was
30 minutes in the dark). The DNA content in mollusc hemocytes was analyzed on the basis of histograms
of the dye fluorescence distribution in the FL1 channel by the Flowing Software 5.2. The DNA content
in the cells is on the abscissa axis of the histogram, and number of cells is on the ordinate axis.

The ability of hemocytes to spontaneously produce ROS was assessed by flow cytometry using flu-
orescence of the 2’,7’-dichlorofluorescein diacetate (DCF-DA) dye: 1 mL of hemocyte suspension was
incubated with 10 uLL of DCF-DA solution for 30 minutes in the dark. Final dye concentration in the sam-
ple was 10 umol. Dye fluorescence was analyzed in the FL1 channel of the flow cytometer (green area
of the spectrum).

Hemocytes mortality rate was determined using the fluorescent dye of propidium iodide (PI).
To 1 mL of hemocyte suspension, 10 uL of PI solution (Sigma Aldrich) were added and incubated
in the dark for 30 minutes at +4 °C. The ratio of dead hemocytes in total number of hemocytes was
estimated by the histograms of PI fluorescence in the FL4 channel (red area of the spectrum).

Protocol calibration for the analysis of the arbitrary cell size was performed by fluorescent mi-
crospheres with a diameter of 0.9; 2.0; 4.2; 5.7; and 9.0 um. Normality of distribution was checked
by the Shapiro — Wilk test. The statistical significance of the differences was assessed by the Student’s
t-test at p < 0.05. The results are presented as mean values and their errors (mean * SE).

RESULTS

Fluorescence peak of SYBR Green I dye was heterogeneous in hemocytes; it was characterized
by a relatively high coefficient of variation (CV) both under normoxia [(21.6 £ 1.4) %] and hypoxia
[(21.3 £ 1.1) %] (Fig. 1). Hemolymph samples analyzed contained small number of dead cells: their
ratio in the control and experimental samples did not exceed 1.5 %.

The analysis of cells distribution by forward and side scattering (FS and SS, respectively) allowed
identifying two cell subpopulations with different arbitrary size and granularity level (Fig. 2). The differ-
ences were statistically significant. Subpopulation 1 was characterized by high values of arbitrary size
[(1282.7 £ 89.3) arbitrary units] and granularity [(199.2 + 21.7) a. u.]. According to the data of pro-
tocol calibration with latex microparticles, average cell diameter was 14—15 wm. Probably, the elonga-
tion of cell distribution along the SS axis was due to differences in nucleus size and number of gran-
ules in the cytoplasm. Subpopulation 2 was heterogeneous by FS and SS values [(181.8 £ 18.4) a. u.]
and had relatively low values of arbitrary size [(392.8 £ 36.1) a. u.], which corresponded to aver-
age cell diameter of 7-8 um. The heterogeneity of cell distribution indicates presence of several sub-
types of cells among amebocytes, but it is impossible to identify these subtypes using existing methods.
Based on hemocytes classification (Dang et al., 2013), subpopulation 1 was identified as erythrocytes,
and subpopulation 2 — as amebocytes.
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Fig. 1. DNA content in ark clam hemocytes: a — normoxia; b — hypoxia

Cellular composition of A. kagoshimensis hemolymph underwent no changes after 24-hour incuba-
tion under hypoxia (Fig. 3a). The ratio of granular cells — erythrocytes — in hemolymph of molluscs
from the experimental and control groups actually coincided, being (92.6 + 0.9) and (93.9 + 1.9) %,
respectively. It was similar in relation to agranular cells — amebocytes: (7.4 £ 0.9) % — normoxia;
(6.3 £1.9) % — hypoxia.
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Fig. 2. Cellular composition of ark clam hemolymph. S1 — erythrocytes; S2 — amebocytes; a — normoxia;
b — hypoxia

Both cell subpopulations were characterized by pronounced fluorescence of the DCF-DA dye un-
der normoxia: (2439.5 + 189.0) a. u. for large cells and (4104.3 = 556.7) a. u. for small ones, which
indicates their active production of ROS. Differences in dye fluorescence are not statistically signifi-
cant. Hypoxia for 24 hours did not lead to statistically significant changes in DCF-DA fluorescence
in A. kagoshimensis (Fig. 3b).
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Fig. 3. Hypoxia impact on cellular composition of ark clam hemolymph (a) and hemocytes capacity
to produce reactive oxygen species (b)

DISCUSSION

It is known that incubation under oxygen deficiency can induce a decrease in total number of hemo-
cytes (Mydlarz et al., 2006). It was shown as follows: in Mytilus coruscus and Perna viridis, after in-
cubation under hypoxia, the ratio of dead cells increased (Sui et al., 2016 ; Wang et al., 2012), while
in M. galloprovincialis their number did not change (Andreyeva et al., 2019). We did not determine ab-
solute number of hemocytes. In our study, hypoxia did not lead to an increase in cell mortality, which
probably indicates normal functioning of ark clam hemocytes under short-term hypoxia. The differences
can be explained by exposure duration and level of species tolerance to oxygen deficiency.

By flow cytometry, two cell subpopulations with different arbitrary size and granularity level were
identified, which, in general, is consistent with data, obtained on other species of bivalve molluscs (An-
dreyeva et al., 2019 ; Sussarellu et al., 2013 ; Wang et al., 2012). Subpopulation 1 was identified as cells
of the granular type — erythrocytes, according to the classification of Dang et al. (2013). Subpopulation 2
was identified as cells of the agranular type — amebocytes (Dang et al., 2013). Both cell subpopula-
tions show pronounced DCF-DA fluorescence, which is not typical for other species of bivalve molluscs
(M. galloprovincialis, O. edulis, and C. gigas). It is believed that granular hemocytes are not only respon-
sible for gas transport function, but are also more active, in comparison with agranular ones, in the man-
ifestation of immune reactions: phagocytosis, as well as production of protective peptides and ROS.
The generation of an oxidative burst plays an important role in protection against microorganisms, since
ROS, in combination with lysosomal enzymes, take part in the phagocytosis reaction, contributing to de-
struction of opportunistic objects (Sussarellu et al., 2013). The absence of differences in the ability
to produce ROS between agranular and granular cells may indicate the absence of functional differen-
tiation of ark clam hemocytes. The latter is consistent with data of previous studies on representatives
of Arcidae family (Dang et al., 2013).

The ability to produce ROS directly depends on oxygen content in the environment, since the main
source of free radicals is mitochondria and endoplasmic reticulum (Wang et al., 2012). Many authors
believe that hypoxia causes a decrease in the ability to produce ROS in other species of bivalve molluscs,
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suppressing oxidative protection (Sui et al., 2016 ; Widdows et al., 1989). The mechanism, underly-
ing the maintenance of production of ROS by hemocytes under oxygen deficiency, is not fully under-
stood. It is believed that hypoxia can induce oxidation-reduction changes at the level of electron carriers,
which leads to the generation of an oxidative burst at the level of mitochondrial complex III (Chandel
et al., 2000). Hemoglobin can participate in this (Jiang et al., 2007). It was shown that after deoxy-
genation, hemoglobin acquires pseudoperoxidase activity, which can catalyze production of superoxide
ion (Kawano et al., 2002). Consequently, peroxidase activity of ark clam hemoglobin can induce produc-
tion of ROS (Bao et al., 2016), maintaining the ability to immune response under hypoxia. In our case,
24-hour hypoxia does not induce changes in DCF-DA fluorescence in A. kagoshimensis. The absence
of these changes in our work may indicate sufficient compensatory mechanisms of ark clam to maintain
the normal functional state of the endoplasmic reticulum and mitochondria under 24-hour hypoxia.

Conclusion. By flow cytometry, two groups of cells were identified in Anadara kagoshimensis
hemolymph: granulocytes (represented by erythrocytes) and agranulocytes (amebocytes). The ratio
of granulocytes in ark clam hemolymph exceeds 90 % of total number of cells. Hypoxia for 24 hours
does not lead to changes in cellular composition of ark clam hemolymph. The ability to produce reac-
tive oxygen species and the mortality rate of hemocytes in molluscs of the experimental group remain
at the level of control values (normoxia). The results of this study indicate A. kagoshimensis tolerance
to acute oxygen deficiency.

This work has been carried out within the framework of IBSS government research assignment “Functional,
metabolic, and toxicological aspects of hydrobionts and their populations existence in biotopes with different physical
and chemical regimes” (No. AAAA-A18-118021490093-4) and with partial support of the Russian Foundation
for Basic Research (project No. 20-04-00037 ).
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MapuKyJIbTypHBIE XO3SICTBA TPAJAUIIMOHHO PACIIONONKEHBI B MPHOPEKHBIX YUACTKAX, IJe MOJUTIOC-
KM MOTYT TOJJBEPraThcsl BO3/IEHCTBUIO TUIMOKcU. KynbTUBHpOBaHUE B yCIOBUSX AeUIIUTA KUCIO-
pOJa MPUBOAUT K CHIKEHHIO TEMIIOB POCTa, BCHHIIIKaM 3a00JieBaHuil Ha hepMax U MacCOBOU rube-
JI MOJUTIOCKOB. METOJIOM MPOTOYHOM IIUTOMETPUH UCCIIEIOBAHO BIIMSIHUE KPATKOCPOYHOM TUTIOKCHU
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Ha (PyHKLIMOHAJIbHBIE [TOKa3aTe/u reMOLMTOB aHanapsl (Anadara kagoshimensis). KOHTpOJIbHYIO TpyTI-
1y copepxaiu npu 6,7-6,8 mr O,-1~!, onbrrayio — 1ipu 0,4-0,5 mr O,-n~!. Dxkcnosuums — 24 ya-
ca. ConepxaHrie KACIOPOa B BOJIe CHMXKAIM, MPOAYBasi €€ ra3000pa3HbIM a30ToM. B remonvmde
MOJUTIOCKA Ha OCHOBAHUHW OTHOCUTEJIFHOTO pa3Mepa U OTHOCHUTENIbHOU I'PaHyJIIPHOCTU UICHTU(DUIIN-
POBaHO JIBE TPYIIITBI TEMOITUTOB: TPAHYJIOLUTHI (SPUTPOLIUTHI) U arpaHyJIOIUTHI (aMEOOIIUTHI). DPUT-
POLIUTHL — MIPe0OJIaIAIOIMEA TUIT KJIETOK B TeMonumde A. kagoshimensis: ux nojsi coctaBuiia 6ojiee
90 % ot ob1ero urca kieTok. CyTouHasi TMIIOKCHUS He TPUBeJIa K U3MEHEHUAM KJIETOUHOTO COCTaBa
remoumBbl aHanapbl. CHocOOHOCTh K MPOIYKIINKA aKTUBHBIX (POPM KHCIOPOJa U YPOBEHb CMEPTHO-
CTU TeMOIIUTOB MOJUTIOCKOB SKCIIEPUMEHTAIBLHON TPYIITBI TAKXKE OCTAIUCH HA YPOBHE KOHTPOJBHBIX
3HaYeHui. Pe3ynbTaThl MPOBEIEHHOTO MCCIEIOBAHUS CBUIETENBCTBYIOT O TOJIEPAHTHOCTH aHAlaphl
K YCJIOBHSIM OCTPOro AeduiiuTa KUcaopoja.

KiaroueBbie cioBa: aHaJlapa, MapHuKyJIbTypa, I[IPOTOYHad HIUTOMETPUSA, TI'€MATOJIOTUYECKUE
TIOKa3aTeCJ/iv, aKTUBHLIC Cl)OprI KHCJIOpOJa
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