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Abstract—Species with a high resistance to hypoxia are usually characterized by an increased H2S tolerance
of hydrogen sulfide; however, high anaerobic potential cannot be the only explanation for survival in an envi-
ronment with elevated concentrations of sulfides. The activity of oxidoreductases, as well as parameters of
adenylate system were studied in the tissues of hypoxia/anoxia-tolerant clam Anadara kagoshimensis (Tokun-
aga, 1906) under conditions of experimental H2S loading (HSL). Adult specimens with a shell height of 26–
38 mm are used. The control group of clams is kept in an aquarium with an oxygen concentration of 7.0–7.1 mg/L
(normoxia). The experimental group is exposed to the effect of HSL created by dissolving sodium sulfide
(H2S donor) in water to a final concentration of 6 mg S2–/L; exposure time is 24 h. After the first day of the exper-
iment, the level of O2 in water is 1.8 mg/L and there is no hydrogen sulfide. Some of the clams are exposed to
repeated hydrogen sulfide loading (second day of the experiment), and Na2S is introduced to a final concen-
tration of 9 mg S2–/L; by the end of the second day, 1.9 mg S2–/L and trace concentration of O2 (0.03 mg/L)
are registered. In the first days of HSL, a high activity of malate dehydrogenase (MDH) against the back-
ground of a significant suppression of the activity of lactate dehydrogenase (LDH) and an increase in the val-
ues of MDH/LDG index persists; this reflects a strengthening of anaerobic processes in the tissues of anadara
with relatively high concentrations of О2 in water (1.8 mg/L). After the second day of HSL, the activity of
oxidoreductases in the clam tissues does not change when compared with the first day; however, the value of
adenylate energy charge (AEC) persists against the background of a relative decrease in [ATP]. The retention
of AEC indicates the ability of the anadara to exist under conditions of hydrogen sulfide contamination and
acute forms of hypoxia/anoxia.
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INTRODUCTION

The formation of hydrogen sulfide (H2S) in the
shelf zone is usually not regular and is accompanied in
most cases by the appearance of local zones with
reduced oxygen content (hypoxia) (Zaika et al., 2011),
which is a consequence of the absence of cross vertical
convection and the formation of local areas of decay of
dead organic matter (Orekhova and Konovalov, 2018).
The presence of specific vertical currents (upwellings)
contributes to the removal of deep waters contami-
nated with H2S to the coastal zone (Orekhova and
Konovalov, 2018). The phenomena mentioned above are
widely distributed within the coasts of the Black Sea.

Benthic organisms living in zones of the combined
action of acute hypoxia and hydrogen sulfide contam-
ination should have increased resistance to these fac-
tors. They include the bivalve clam Anadara kagoshi-
mensis (Tokunaga, 1906) (hereinafter anadara). In the
experiments carried out on this species, a tolerance to
hypoxia and anoxia was noted (Isani et al., 1989; Sol-
datov et al., 2010; Golovina, 2019), as well as the abil-
ity to tolerate the presence of H2S (Miyamoto and
Iwanaga, 2017; Nakano et al., 2017). The level of O2
consumption by anadara does not decrease even at its
extremely low concentration in sea water (<1.2% satu-
ration) (Cortesi et al., 1992).

The coupling of glycolysis reaction with the pro-
cesses of protein metabolism should be attributed to
the metabolic aspects of a marine organism’s toler-
ance to hypoxia. It was demonstrated that, with a
decrease in the level of О2 in tissues, the content of

Abbreviations: AEC, adenylate energy charge; LDH, lactate
dehydrogenase; MDH, malate dehydrogenase; AP, adenylate
pool; ATP, triphosphate, ADP, diphosphate, and AMP, ade-
nosine 5-monophosphate; HSL, H2S loading.
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compounds not peculiar to aerobic metabolism (ala-
nine and succinate) increases (Buck, 2000), the pro-
duction of N  increases (Chew et al., 2005), the
activity of alanine and aspartate aminotransferases
grows (Soldatov et al., 2009), the processes of trans-
amination of amino acid (glutamate, alanine) are acti-
vated (Hochachka and Somero, 2002), and the respi-
ratory chain of mitochondria is rearranged to an
uncompensated type of functioning (Savina, 1992).

The nature of resistance of hydrobionts to hydro-
gen sulfide contamination is not entirely clear. In a
number of works, symbiotic relationships of clams
with sulfide-oxidizing bacteria are noted (Stewart and
Cavanaugh, 2006), and the presence of a special O2-
transport protein and several H2S-insensitive hemo-
globin varieties is registered (Arp and Childress, 1981,
1983). Special attention is paid to the presence of
granular inclusions that contain hematin in erythroid
blood elements which allow the clams to neutralize the
increased concentrations of sulfides (Vismann, 1993).
The involvement of granular inclusions of erythro-
cytes in H2S neutralization was demonstrated for the
anadara (Soldatov et al., 2018). At the same time,
despite some studies, metabolic aspects of the adapta-
tion of hydrobionts to increased concentrations of sul-
fides have not been covered enough so far.

The stability of hydrobionts largely depends on the
ability to maintain a balance between the intensity of
energy metabolism and the request for macroergic
compounds (Hochachka and Somero, 2002). The
reactions of glycolysis that are provided by the
enzymes malate dehydrogenase (L-malate: NAD
oxidoreductase; MDH, 1.1.1.37) and lactate dehydro-
genase (lactate: NAD oxidoreductase; LDH, 1.1.1.27)
are an integral part of the mechanisms of adaptation,
as well as an important system for studies (Somero,
2010; Bishop and Iliffe, 2012). A central place in the
energy metabolism of all types of cells belongs to the
adenylate system, which includes ATP, ADP, and
AMP. To estimate the energy state of the cells, the
AEC index, which reflects the intensity of physiologi-
cal processes, is used.

The aim of this work was to study the activity of
oxidoreductases and adenylate status of anadara tis-
sues with hydrogen sulfide loading under experimental
conditions.

MATERIALS AND METHODS
This work was carried out on adult individuals of

anadara collected in June 2021 in the waters of Laspi
Bay (44°25′ N, 33°42′ E). The height of the clam shell
from the lock to sash edge was 26–38 mm.

Scheme of experiment. The control group of clams
(seven individuals) was kept in an aquarium with an
oxygen concentration of 7.0–7.1 mg/L (normoxia).
The experimental group (14 individuals) was exposed
to the effect of hydrogen sulfide loading. Sodium sul-

+
4H
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fide (Na2S) (used as a donor of H2S) was dissolved to
a final concentration of 6 mg S2–/L in the water where
the clams were. As a result of Na2S hydrolysis, hydrox-
ide ion (ОН–) is produced, which gives an alkaline
reaction (2Na+ + S2– + HOH → Na+ + HS– + Na+ +
OH–). Since the formation of ОН– in water led to its
alkalization, the shift in the acid–base balance of the
aquatic environment was eliminated by the introduc-
tion of 0.1 n HCl, keeping pH values in the range of
8.20–8.27. H2S formed during the hydrolysis of Na2S
partially evaporates from the solution and is oxidized
during the interaction with O2 to SO2 (with a lack of O2
up to S), which over time is accompanied by a decrease
in the content of both gases in the water of the aquar-
ium. Twenty-four hours later, the level of oxygen in
water was 1.8 mg/L, and no traces of hydrogen sulfide
were found. In some clams (seven individuals), the tis-
sue samples were collected after 24 h exposure. The
remaining seven individuals were exposed to repeated
hydrogen sulfide loading. The Na2S sample was addi-
tionally introduced in the water of the aquarium to a
final concentration 9 mg S2–/L. Twenty-four hours
later (the second day of the experiment), traces of oxy-
gen (0.03 mg/L, the level of sulfides was 1.9 mg S2–/L)
were found in the water of the aquarium. Tissue sam-
ples were also taken from the clams of this group for
the analysis.

The content of oxygen in the water was controlled
using a oximeter DO Meter ST300D RU (Ohaus,
United States). The values of pH were measured on a
InoLab pH 720 pH meter (Germany). The value of
sulfide ion in water was determined potentiometrically
using an MSBS sulfide selective sensor (The Nether-
lands).

Biochemical studies. The preparation of tissues
(legs, gills, and hepatopancreas), homogenization,
and centrifugation were performed when cooling (0 ±
4°С). The tissue samples were stored at a temperature
of –80°С in the freezer (Farma 900 Series, TermoSci-
entific, Unite States). The activity of cytoplasmic
MDH and LDH was measured spectrophotometri-
cally at a wavelength of 340 nm according to the rate of
oxidation of the reduced form of NADH coenzyme
using a 0.2 M Tris-HCl buffer, pH 7.5, as an extraction
medium (according to Kolesnikova and Golovina,
2020). Pyruvate was used as a substrate for determin-
ing LDH activity and oxaloacetate for MDH. The
activity of MDH and LDH was determined at an incu-
bation temperature of the reaction mixture of 25°C in
three repetitions for each tissue. The specific activity of
enzymes was expressed in μmol NADH/(min·mg
supernatant protein). The protein content was deter-
mined by a microbiuret method; extinction was mea-
sured at the wavelength 330 nm.

The content of adenylic nucleotides was registered
by a chemiluminescent method (Holm-Hansen and
Booth, 1966), carrying out two repetitions of measure-
ments. The results were expressed in μmol/g wet
weight of tissue. The studied tissues were homoge-
nized in 0.1 M Tris-acetate buffer, pH 7.75, in the cold.
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Fig. 1. Activity of MDH (a), LDH (b) (μmol NADH/(min mg protein)), and MDH/LDH index (c) in the tissues of Anadara
kagoshimensis under conditions of hydrogen sulfide loading. (I) Foot, (II) gills, and (III) hepatopancreas; (C) control; (1) first
day of the experiment and (2) second day of the experiment.  Significantly, when compared with the control, р < 0.05;  sig-
nificantly, when compared with another experiment, р < 0.05.
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The adenylate complex was extracted in boiling buffer
in a water bath for 5 min. The extracts were frozen until
further analysis. The determination of ATP was car-
ried out according to a standard method, by light
emission with the addition of luciferin-luciferase on
an ATP-Luminometer 1250 device (LKB, Sweden).
ADP and AMP were reduced to ATP using pyruvate
kinase and adenylate kinase enzymes. AEC was calcu-
lated based on the obtained values (Atkinson, 1968).
The average weight of leg tissue sample was 47 mg, gills
42 mg, and hepatopancreas 26 mg.

The results of the appropriate repetitions were
averaged, and then average values and indices of vari-
ation were calculated. The data were presented as M ± m.
The normality of distribution was checked using Pear-
son’s criterion. Two-sided Student’s t criterion was
used for comparison. Differences were considered sig-
nificant at p < 0.05; a linear coefficient of correlation
(r) was calculated. The statistical processing and
graphic presentation of the received information was
performed using the standard Microsoft Excel 2010
package.

RESULTS

Activity of oxidoreductases. The maximal activity of
MDH was registered in the foot of a clam (control
group), 0.575 ± 0.067 μmol NADP/(min/mg pro-
tein), which exceeded the enzyme activity in the gills
and hepatopancreas by 34–35% (p < 0.05) (Fig. 1a).
Hydrogen sulfide loading caused a significant increase
in the activity of MDH in the foot in the first day of the
experiment: 0.974 ± 0.180 μmol NADP/(min/mg
protein). The differences reached ~70% (p < 0.05). On
the second day, the enzyme activity returned to the
control values. No significant changes in the activity of
MDH occurred in the gills and hepatopancreas.

A maximal activity of LDH was noted in the gills of
the control group of clams: 0.040–0.047 μmol
NADP/(min/mg protein) (Fig. 1b). The activity was
minimal in the foot, 0.025 ± 0.003 μmol NADP/(min/
mg protein) (89% lower than in the gills, p < 0.05). All
tissues responded to hydrogen sulfide loading by a sig-
nificant decrease in LDH activity. The minimal activ-
ity of the enzyme was registered in the tissues on the
second day of the experiment. As compared with the
control values, the differences were 1.9–5.7 times (p <
0.05).

Under conditions of hydrogen sulfide loading, a
significant increase in MDH/LDH index was noted in
the studied tissues (Fig. 1c) (2.5–4.9 times relative to
the control, p < 0.01). The change in the MDH/LDH
index value is mainly caused by a decrease in the activ-
ity of LDH in the tissues. A correlation coefficient (r)
between the activity of LDH in the values of
INLAND WATER BIOLOGY  Vol. 15  No. 5  2022
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Table 1. Adenylate system of anadara tissues under the conditions of hydrogen sulfide loading

AP, adenylate pool; ATP, triphosphate, ADP, diphosphate, and AMP, adenosine 5-monophosphate; HSL, H2S loading. AEC, ade-
nylate energy charge. Control group n = 7 individuals; experimental group 14 individuals (n = 7 at each stage of the experiment).

Component of adenylate 
complex

Content in tissue, μmol/g wet weight

foot gill hepatopancreas

AP

Control 13.44 ± 0.12 7.53 ± 0.30 7.59 ± 0.19

First day 11.54 ± 0.15 6.55 ± 0.06 6.77 ± 0.03

Second day 11.37 ± 0.02 6.26 ± 0.12 6.66 ± 0.02

ATP

Control 5.45 ± 0.31 2.74 ± 0.04 2.94 ± 0.20

First day 4.15 ± 0.04 2.07 ± 0.03 2.08 ± 0.04

Second day 3.93 ± 0.03 1.94 ± 0.06 1.75 ± 0.06

ADP

Control 4.86 ± 0.10 2.63 ± 0.22 2.65 ± 0.06

First day 3.75 ± 0.26 1.78 ± 0.05 2.26 ± 0.04

Second day 3.73 ± 0.11 2.05 ± 0.05 2.18 ± 0.03

AMP

Control 3.13 ± 0.08 2.16 ± 0.15 1.99 ± 0.11

First day 3.64 ± 0.05 2.70 ± 0.10 2.44 ± 0.07

Second day 3.72 ± 0.10 2.27 ± 0.14 2.72 ± 0.07

AEC value

Control 0.53 ± 0.03 0.53 ± 0.07 0.56 ± 0.03

First day 0.52 ± 0.02 0.45 ± 0.05 0.47 ± 0.08

Second day 0.51 ± 0.04 0.47 ± 0.01 0.44 ± 0.01
MDH/LDH index in the foot (from –0.70 to –0.80)
and gills (from –0.70 to –0.80) had a negative value in
the control and experiments (p < 0.05).

With hydrogen sulfide loading, the linear correla-
tion coefficient increased significantly in the MDH–
LDH system in the hepatopancreas (r = 0.74, р < 0.05,
first day; r = 0.84, р < 0.05, second day) and foot (r =
0.94, р < 0.05, second day). The correlation between
the activity of MDH and LDH in the tissues of the
control individuals was insignificant.

Adenylate system. A maximal pool (AP) was noted
in the tissues of the clam foot (13.44 ± 0.12 μmol/g wet
weight) (Table 1). It was 43–44% lower in other tissues
(p < 0.01). This difference extended to all components
of the adenylate complex (ATP, ADP, AMP). The
AEC values coincided in all tissues and was at the level
0.53–0.56.

Hydrogen sulfide loading reduced AP in all studied
tissues. In the first day of the experiment, its values
decreased by 13–14% (p < 0.01). Changes affected the
concentration of ATP ([ATP]) to a greater extent. The
resource of this compound decreased by 24–29% (p <
INLAND WATER BIOLOGY  Vol. 15  No. 5  2022
0.05). The content of ADP also decreased: by 15% in
the hepatopancreas, 23% in the foot, and 32% in the
gills (p < 0.05). With respect to AMP, the results were
the opposite. The content of this fraction was 16–25%
higher (p < 0.05). AEC in the foot tissues of the clam
remained at the level of the control values (0.52). A
decrease in this value by 14–17% was noted in the gills
and hepatopancreas (p < 0.05).

No fundamental changes were observed on the sec-
ond day of the experiment. Almost all controlled indi-
ces were at the level noted in the first day. [ATP],
which continued to decrease, was an exception. As
compared with the first day, the decrease in [ATP] in
the second day was 5–6% for foot and gill tissues and
was more of a trend; for hepatopancreas, the drop in
the values of this index reached 16% (p < 0.05).

DISCUSSION
It follows from the results that the hydrogen sulfide

load was accompanied by a significant decrease in
oxygen concentration in the water of the aquarium.
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Moreover, a two-time introduction of Na2S samples
during 2 days of the experiment led to certain changes
in the water environment: after the first day, a moder-
ate hypoxia (1.8 mg О2/L) developed in the water of
the aquariums and hydrogen sulfide was not detected;
on the second day, a stable anoxia was formed with the
preservation of hydrogen sulfide contamination
(1.9 mg S2–/L).

The main changes in the activity of energy metab-
olism enzymes under the influence of H2S was noted
after the first days of the experiment, which was
reflected in a significant decrease in the activity of
LDH while maintaining the activity of MDH at the
level of control values in most tissues. Previously, a
similar reaction was noted in the anadara under con-
ditions of anoxia (Soldatov et al., 2009), which means
a complete cessation of the functioning of the mito-
chondrial respiratory chain. In our study, a similar set
of metabolic processes developed under the action of
H2S loading and in the presence of relatively high oxy-
gen concentrations (1.8 mg/L), although the anadara
is able to maintain the oxidative metabolism with a
critical degree of hypoxia (<0.5 mg О2/L) (Cortesi
et al., 1992). It is generally accepted that the state of
oxygen starvation develops in hydrobionts at the con-
tent of oxygen <2 mg/L (Rosenberg et al., 2001). It is
obvious that the development of the state of limited
oxygen availability that borders with anoxia (1.8 mg
O2/L) in the anadara should be considered a conse-
quence of the toxic effects of sulfides. It is known that
the main toxic effect of hydrogen sulfide is manifested
due to binding to cytochrome c oxidase, which limits
its interaction with oxygen (Cao et al., 2011) and actu-
ally blocks cellular respiration, stopping the function-
ing of the mitochondrial respiratory chain (histotoxic
hypoxia). In addition, the situation can also worsen in
the interaction of H2S with the elements of the mech-
anism of sulfide detoxification in bivalves and other
marine invertebrates. These complex compounds
(hematins) of the gill tissue (Power and Arp, 1989;
Kraus, 1995) bind H2S with two types of hemoglobin
found in the hemolymph of the anadara (Doeller
et al., 1988), which leads to the development of pro-
gressive hypoxemia. In our opinion, hydrogen sulfide
loading determines the compatibility/conjugation of
its direct toxic effects with a hypoxia factor in the
aquatic environment, as well as with the development
of oxygen starvation of different genesis at the level of
an individual hydrobiont. Taking into account the
above facts, 48-h hydrogen sulfide loading had appar-
ently no additional effect on changes in energy metab-
olism processes manifested after 24 h of exposure.

It can be assumed that the factor of hypoxia/anoxia
developing under hydrogen sulfide loading under the
influence of sulfides plays a decisive role in the forma-
tion of metabolic reaction of the anadara and the tran-
sition of energy metabolism of the clam to the anaero-
bic pathway. Bivalves are recognized as one of the
groups of organisms most resistant to hypoxia and
anoxia, for which a high enzymatic activity of glyco-
lytic enzymes (first and foremost, phosphofructoki-
nase, pyruvate kinase, and MDH) is typical (Hand
and Somero, 1983). At the same time, clams have an
extremely low activity of LDH, since it is the MDH
(performing a dual function) that plays the leading
role in the reactions of glycolytic redox balance with
anaerobic metabolism (Hand and Somero, 1983). It is
believed (Yusseppone et al., 2018) that, during anoxia,
the induction of MDH activity and the accumulation
of succinate are significant traits of the activation of
anaerobic mitochondrial pathways to maintain the
survival of clams.

The suppression of the activity of LDH under con-
ditions of acute hypoxia and anoxia in clams has a spe-
cial adaptive significance. A similar reaction was noted
in a number of works (Larade and Storey, 2002a;
Washizu et al., 2002), including for the anadara (Sol-
datov et al., 2009; Golovina, 2019). It should be noted
that a decrease in the activity of LDH with a defi-
ciency of О2 is as a kind of reflection of the fundamen-
tal reorganization of tissue metabolism, which
excludes the accumulation of toxic products in the
form of lactate in the clam tissues. The prevention of
the appearance of lactate is carried out at the stage of
the formation of pyruvate, when under the action of
alanine aminotransferase and with the involvement of
glutamate, alanine and α-ketoglutarate are synthe-
sized. In turn, α-ketoglutarate is converted by Krebs
cycle enzymes into succinate, which makes it possible
to obtain the additional resource of macroergs (GTP).

In addition to glutamate formed from α-ketogluta-
rate, its reserve can arise during the transformation of
D-aspartate. It was noted that the shells of the repre-
sentatives of Anadara genus contain a significant
reserve of D-aspartate (Larade and Storey, 2002b;
Watanabe, 2005). The reaction of its transformation
into glutamate is catalyzed by aspartate aminotrans-
ferase. The oxaloacetate is reduced to malate, which
enters mitochondria through a special carrier and is
converted to succinate, which also makes the resyn-
thesis of ATP possible. Such a sequence of events was
considered for the first time in the work of Owen and
Hochachka (1974). The accumulation of succinate
and alanine in clam tissues as the final products indi-
cate in favor of such a sequence of transformations
under conditions of hypoxia (De Zwaan et al., 1991;
Larade and Storey, 2002a). In addition, a protector
role of succinate in relation to mitochondrial mem-
branes is noted in a number of works (Bacchiocchi and
Principato, 2000), counteracting the excess produc-
tion of reactive oxygen species under conditions of
hypoxia (Grivennikova and Vinogradov, 2013; Cade-
nas, 2018). Simultaneously, a strengthening of the
processes of transamination of amino acids (gluta-
mate, alanine) (Hochachka and Somero, 2002) and an
increase in the activity of alanine and aspartate amino-
transferases (registered in the anadara tissues with
INLAND WATER BIOLOGY  Vol. 15  No. 5  2022
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anoxia) (Soldatov et al., 2009) find their place within
the proposed scheme. It should be noted that glycogen
is one of the key substrates determining the set of pro-
cesses considered above (along with amino acids). The
depletion of its reserves significantly increases the
likelihood of the death of clams under conditions of
hydrogen sulfide contamination (Miyamoto and Iwa-
naga, 2017).

Species with a high resistance to hypoxia are usu-
ally characterized by increased H2S tolerance (Grie-
shaber and Völkel, 1998). At the same time, a high
anaerobic potential cannot be the only explanation for
long-term survival in the environment with elevated
sulfide concentrations (Völkel et al., 2001). Many
hypoxia-tolerant species have the ability to reduce
their metabolic rate, which is provided due to revers-
ible phosphorylation and the activation and inactiva-
tion of the key regulatory enzymes of glycolysis, such
as glycogen phosphorylase, pyruvate kinase, and
phosphoenolpyruvate carboxykinase (PEPCK) (Yussep-
pone et al., 2018). Inhibitory agents include fructose
2,6-bisphosphate (allosteric phosphofructokinase
activator) and alanine (inhibits the activity of pyruvate
kinase). An increase in the content of these factors
contributes to the suppression of the glycolytic activity
of tissues in general (Oeschger and Storey, 1990).

The presence of alternative oxidase (AOX) is a
notable feature of bivalve mitochondria (van Helle-
mond et al., 2003). Insensitive to sulfide inhibition
AOX oxidizes ubiquinol and reduces O2 to water and,
consequently, supports electron transport, when the
cytochrome oxidase of the mitochondrial respiratory
chain is inhibited in the presence of sulfides (Yussep-
pone et al., 2018). AOX is able to protect “anaerobic”
mitochondria from respiratory contamination with
hydrogen sulfide. In the electron transport system
(ETS), AOX deflects electrons away from classical
phosphorylation sites in complexes III and IV (cyto-
chrome oxidase) and reduces oxygen without pump-
ing of protons across the internal mitochondrial mem-
brane when the regular metabolic pathways are
“stopped.” It was noted that the AOX reaction is much
more pronounced in gills when compared with mantle
tissue (Yusseppone et al., 2018), since gills serve as an
organ through which H2S enters the organism of ani-
mals and where its effect on cytochrome c oxidase will
be maximal. Moreover, the gill tissue, which has no
appreciable stores of glycogen, reduces the need of its
cells for energy (frequency of cilia beats), simultane-
ously coordinating the shutdown of ETS activity and
the production of ATP to maintain the potential of the
mitochondrial membrane at a low oxygen level. The
additional protection of the integrity of mitochondria
during the periods of oxygen depletion is also provided
by an increase in the expression of HSP90 heat shock
protein (Yusseppone et al., 2018).

The analysis of the state of the adenylate system of
the anadara under the action of H2S demonstrated the
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absence of critical changes in the energetic status of
the clams. Initially, the AEC of the control group of
clams was 0.53–0.56 (depending on the studied tis-
sue), which, in comparison with higher vertebrates,
may reflect a moderate level of intensity of physiolog-
ical processes (Atkinson, 1968; Luk’yanova, 2004)
and a high degree of adaptation to a constantly
reduced content of О2 in the bottom layers of the water
environment at the range of depths of the anadara
habitat from 3 to 60 m (Sahin et al., 2019; Revkov,
2016). It should be noted that this peculiarity is typical
for the anadara, which consumes 5–6 times less oxy-
gen under the conditions of normoxia than Mytilus
galloprovincialis Lam (Soldatov et al., 2009). Bivalves
have a low cytochrome oxidase activity when com-
pared with other animal species (Hand and Somero,
1983), which can also to a large extent determine the
value of indices of the energy status of the clam tissues.

Under conditions of hydrogen sulfide loading and
accompanying acute hypoxia, the AEC of anadara
decreased slightly in the gills and hepatopancreas (in
tissues involved in the binding/detoxification of sul-
fides); however, AEC did not undergo significant
changes in the foot tissues, which in general reflects
the high degree of the tolerance of this species to the
indicated environmental conditions. Similar to that
observed in anadara, a decrease in the resource of ATP
under the influence of hydrogen sulfide was noted
under conditions of hypoxia in Mytilus edulis L. (Wijs-
man, 1976) and Lima hians (Gmelin, 1791) (Gäde,
1983), which can indicate a similarity of biochemical
manifestations with an increase in the concentration
of sulfides and oxygen starvation.

CONCLUSIONS

With hydrogen sulfide loading, a high activity of
MDH against the background of a significant suppres-
sion of LDH activity and an increase in the values of
the MDH/LDH index remained in the tissues of
anadara, which reflects the intensification of anaero-
bic processes in the tissue structures of this species
with relatively high concentrations of oxygen in water
(1.8 mg/L), considered a consequence of the toxic
effect of H2S on the respiratory chain of mitochondria.
On the second day of the experiment, no significant
changes in the activity of oxidoreductases were
observed. At the same time, the level of adenylates in
tissues decreased slightly, but the level of AEC did not
undergo critical changes, which indicates the ability of
the clam to exist under conditions of hydrogen sulfide
loading and acute forms of hypoxia.

The results of our study allow us to support the
proposition that the environmental effect of H2S is
similar to the effect of anoxia by its consequences for
the energetic metabolism of hydrobionts (Oeschger
and Storey, 1990). It is obvious that the hydrogen sul-
fide loading per se is as a source of the development of
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hypoxia/anoxia of different genesis (environmen-
tal/hypoxic hypoxia, hemic due to the inactivation of
hemoglobin, tissue, or histotoxic), that is, a mixed
type of hypoxia in invertebrates. The main effect of
hydrogen sulfide loading is manifested by the transi-
tion of the organism of anadara to anaerobic glycolysis
with the involvement of MDH. For anadara, the effect
of H2S has no additional or specific effects at the level
of glycolytic enzymes and energetic status of the tis-
sues as compared with hypoxia/anoxia. At the same
time, a more intense inhibition of individual enzymes
is possible under the action of hydrogen sulfide in any
hydrobiont, particularly when accompanied by a sharp
decrease in the level of fructose-2,6-bisphosphate (an
allosteric activator of phosphofructokinase) and the
inhibition of pyruvate kinase by alanine, which con-
tributes to a further decrease in the activity of phos-
phofructokinase and glycolytic activity in general
(Oeschger and Storey, 1990).
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