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Abstract. The article shows the results of studies on the influence of heavy metal ions (manganese,
nickel, lead) on the viability and metabolic enzyme activity of marbled crayfish Procambarus
virginalis (Lyko, 2017) (Decapoda). Due to the fact that marbled crayfish got into the reservoirs of
the Dnipropetrovsk region in 2015, it was necessary to study the possibilities of its adaptation to
environmental factors of reservoirs for further prediction of its distribution or even acclimatization
under conditions of toxicological contamination of the ponds of the steppe Prydniprovya. In the
experiment with marbled crayfish, chronic effects of various concentrations of heavy metal ions on
the physiological state and enzyme activity were investigated. The obtained results showed that
among the investigated heavy metals nickel ions influenced the weight indexes and mortality of
crustaceans the most negatively. According to the results of the research, significant changes were
noted in the individual biochemical parameters of marbled crayfish under the influence of
manganese, lead and nickel ions. The most significant changes in the activity of lactate
dehydrogenase were detected in muscle tissues affected by manganese and nickel ions. A
significant decrease in the activity of succinate dehydrogenase in muscle of marbled crayfish was
determined after the action of heavy metal ions. Investigation of changes in the activity of alkaline
phosphatase under the influence of the ions of manganese, lead and nickel has its own
characteristics, which indicates certain violations in the tissues of cell membranes. Changes in the
activity of enzymes were also reflected in the overall protein content. In conclusion, changes in
these parameters may indicate a rapid biochemical response of crustaceans to the toxic effects of
heavy metals.

1. Introduction

The use of a number of physiological and biochemical indicators allows assessing the featues
of the course of metabolic processes in hydrobionts from torn ranges in the process of their
adaptation to new conditions of existence [1]. The disturbance of vital functions of hydrobionts
living in changed conditions is precisely at the biochemical level [2]. These changes reflect the
influence of environmental factors and allow us to assess and diagnose ecosystem condition [3].
The physiological and biochemical state of hydrobionts on the basis of determination of enzymatic
activity allows us to determine the presence of stress and adverse environmental conditions [4-6].

In these studies it is necessary to identify the most informative biochemical indicators, which
can be used to assess the physiological state of hydrobionts, which are exposed to anthropogenic
factors. By assessing their condition, we can also predict changes in hydrobiocenoses [1, 3, 5].

It is known that the adaptation of hydrobionts to specific environmental conditions occurs
both in their morphometric and morphophysiological characteristics, and at the physiological and
biochemical levels [3, 5, 6]. Therefore, the study of these characteristics on the example of various
hydrobionts makes it possible to assess the ecological conditions of a separate ecosystem.
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The study of adaptation possibilities of new species of hydrobionts, which are first introduced
to reservoirs with a sustainable ecological regime and the formed toxicological background, is of
particular interest. In this case, new species can either perish without withstanding the pressure of
anthropogenic factors, or vice versa, adapt to new conditions. At the same time, the adaptation
process, which takes place at the biochemical and cellular levels, creates the preconditions for the
survival of the population of the invasive species [1].

Due to the fact that marbled crayfish has entered waters of Dnipropetrovsk [7], the necessity
to study the possibility of its adaptation to environmental conditions of water bodies with an aim to
predict its spread, or even acclimatization under conditions of toxicological water pollution of
steppe Prydniprovya [1, 3, 8, 9].

Marbled crayfish Procambarus virginalis (Lyko, 2017) (earlier known as parthenogenetic
form of Procambarus fallax f. virginalis Martin et al., 2010) (Decapoda, Cambaridae) are
parthenogenetic crustaceans, found in 1990 in the German reservoirs [10-13]. Marbled crayfish was
previously described as a subspecies of the American species Procambarus fallax (Hagen, 1870),
the natural area of which covers the waters of Georgia and Florida (USA) [14, 15]. These
crustaceans came to Europe as an ornamental species and were released to the waters of Germany
[16, 17]. As an alien species, marbled crayfish is observed in the waters of the Netherlands, Italy
[18], Slovakia [19], Sweden [20], Czech Republic [21], Ukraine [7] and Japan [22]. Marble crayfish
is typical invasive hydrobiont [23]. Populations of marbled crayfish consist of triploid females, and
their reproduction is parthenogenetic [24-27]. All individuals are females, which are genetically
identical to the parent [27]. Thus, marbled crayfish can be used as indicative model objects in
biological research [12, 28, 29].

In this regard, current research is aimed to determine the influence of heavy metal ions on the
physiological state and histostructure of tissues and organs of marbled crayfish. The working
hypothesis of the study was based on the determining the reaction of the organism of marble
crayfish to the influence of the simulated concentrations of nickel, manganese and lead ions under
controlled conditions: the influence of heavy metals on the weight indices of crustaceans and their
enzymatic activity.

2. Materials and Methods

The muscle tissue of 44 marbled crayfish P. virginalis (Lyko, 2017) was used in the study to
investigate the influence of heavy metal ions on viability and metabolic enzyme activity. Crayfish
were divided into 4 groups (n = 15). The first group was a control group; the second one was the
group with Ni(NOs),x6H,0, (Sigma, USA); the third one was the group with Pb(NO?),, (Sigma,
USA); The fourth group was the one with MnSo4x5H,0O (Sigma, USA). During the experiment,
there was mortality of individuals in aquariums. At the end of the study, 14 marbled crayfish were
registered in the control group, 11 in the group with the lead ions, 6 in the group with the nickel and
13 in the group with the manganese. Water in aquariums was completely changed twice a week and
toxicants were added at the rate of concentrations of metal ions: Ni*" — 0.04 mg/l (4 MAC),
Pb®" — 0.15 mg/l (1.5 MAC), Mn®" — 0.02 mg/l (2 MAC). Concentrations of heavy metals were
determined by their content in water of Zaporizhzhya (Dnipro) reservoir as control, the main
recipient reservoir for this species. The influence of heavy metal ions on the enzymatic activity of
marbled crayfish of marmorkrebs was determined. The experiment was conducted in 4 aquariums
with capacity of 30-L. The water temperature was maintained by thermostat and was +22°C.
Oxygen regime was maintained by the compressor, the oxygen content in the water of aquariums
was 6—7 mg/L. Special shelters made from chemically neutral material have been placed to the
aquariums for avoiding the incidence of cannibalism.

During the experiment, the quality of water was determined in the following hydrochemical
parameters: pH, chloride content (Cl,, mg/L), nitrates (NOj3", mg/L), nitrites (NO,, mg/L), total
hardness (GH, °d), carbonate hardness (kH,°d). Water analysis was performed using an express-test
"Tetra Test 6 in 1". The hydrochemical conditions of the marbled crayfish in aquariums were
identical.
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Crayfish were fed every day with the same quantity of food. Feeding of crayfish was carried
out once a day, a universal bottom feed brand Nature "Somiki", the daily dose — 5 % by weight of
aquatic organisms (in the control and experiment fed the same amount of food). In each aquarium
there were 15 parthenogenetic individuals of the marbled crayfish with the same size and age group
from one female (Fig. 1). The experiment lasted 21 days and was performed according to
“Provisions for the use of animals in biomedical experiments” [30]. All animals were weighed with
accuracy up to 0.01 g. Before weighing each individual was dried with filter paper until wet spots
cease to appear on it.

Fig. 4. #07092017 Contr.,
Procambeirus fallax (Hagen, 1870)
1. virginalis

Figure 1. Marbled crayfish at the beginning of the experiment

Biochemical parameters were determined in laboratory conditions. The activity of succinate
dehydrogenase (SDH) was determined by the Vexsey method on SP-26 at a wave length of 420 nm
[31]. The activity of lactate dehydrogenase (LDH) was determined using standard commercial sets
"LDH" (Philitis-Diagnostics, Ukraine) on a spectrophotometer SP-26 at a wavelength of 340 nm.
The activity of alkaline phosphatase (ALP) was evaluated using a set of reagents called "ALP test"
("Filisit Diagnostika", Ukraine) [32]. Total protein in muscle tissues was determined on a KFK-2M
concentration photocolorimeter at a wavelength of 750 nm by Lowry's method [33].

Statistical data processing was carried out by conventional methods using software packages
for personal computers Statistica 8.0 (StatSoftInc, USA). All results are given as the mean =+
standard deviation (SD). There liability of the difference between data samples was determined
using one-factor ANOVA dispersion analysis at a significance level p <0.05.
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3. Results

At the beginning of the experiment, all marbled crayfish had an average weight of individuals
0.67 g, that is, they belonged to a same dimensional group. Compared with the beginning of the
experiment, marbled crayfish in the control group, in experiment with manganese and in the
experiment with lead increased their mass by 40.9—66.1%. At the end of the experiment, the mass
gain in the control aquarium was 0.43 g (60.6%). The largest increase in the mass of marbled
crayfish was observed in a test with lead — 0.45 g (66.1%). At the end of the experiment, the
statistically significant difference between the mass of crustaceans was observed between control
group and experiment with nickel, the crayfish did not grow during the experiment, and even lost
weight, by an average of 3.3% compared with the beginning of the experiment. Thus, among the
studied heavy metals, nickel ions affected the weight indexes of crustaceans most negatively.

At the end of the experiment, the statistically significant difference between the mass of
crustaceans was observed between control group and experiment with nickel, the crayfish did not
grow during the experiment, and even lost weight, by an average of 3.3% compared with the
beginning of the experiment (Table 1). Thus, among the studied heavy metals, nickel ions affected
the weight indexes of crustaceans most negatively.

Table 1. Weight indexes of P. virginalis during the experiment (x £ SD)

Experiment conditions Control Pb Ni Mn
Initial mean weight (g) 0.71+0.38 0.67+£0.21 0.65+0.25 0.66+0.27
(n=15) (n=15) (n=15) (n=15)
Final mean weight (g) 1.14+0.42 1.12+0.68 0.63+0.15* 0.94+0.38
(n=14) (n=11) (n=06) (n=13)
Difference, % 60.56* 66.08* -3.29 40.99%*
Crayfish survival, % 93.33 73.33 40.00 86.87

Note: * — Difference is significant at p< 0.05.

Heavy metals influenced not only the mass of crustaceans, but also their survival; in
experimental aquariums with heavy metals we observed the death of marble crayfish. On the 21st
day of the experiment in the lead aquarium, 26.7% of marbled crayfish were dead. In control group,
one crayfish died, due to cannibalism after another molting.

In the nickel experiment, crustacean mortality was the highest and reached 60%. The reaction
of crayfish to poisoning with nickel ions was following: the crayfish did not consume food, became
less active. Then the marbled crayfish lied on their back and did not move for a while (Fig. 2). The
last stages of poisoning were accompanied by cramps of the limbs, the crayfish moved limbs
convulsively, then pushed them under body, the limbs were almost impossible to be stretched out.
After that, crustaceans inevitably died.
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Figure 2. General appearance of marmorkrebs during the lethal action of nickel ions

Lactate dehydrogenase (LDH) is one of the enzymes that participates in the fermentation of
glucose to lactic acid under anaerobic conditions (without oxygen). Due to the fact that the
concentration of LDH in the blood of animals increases with deviations that are accompanied by
tissues and cells damage, this enzyme is a very important diagnostic marker. In a healthy body LDH
does not accumulate, but is destroyed and excreted naturally.

As an indicator of the stress, LDH activity is used to biomark the physiological state of
animals, the potential pollution of the reservoirs. The use of this indicator makes it possible to
assess the quality of the aquatic environment and further predict possible changes in
hydrobiocenoses [34, 35]. It is known that functional activity of LDG increases with poisoning of
hydrobionts with heavy metals, phenols [36-39], organic pollutants when inhibiting tissue
respiration. The growth of LDH activity leads to increased utilization of lactate by various tissues,
with the urgent need with tissue damage by toxic, anthropogenic and abiotic factors. The rate of
utilization of lactate by different tissues indicates the biochemical plasticity of hydrobionts to
adverse conditions of existence. These processes contribute to the survival of resistant species of
hydrobionts under toxicologically hard conditions.

According to the results of the research, it was found that the activity of lactate
dehydrogenase increased by 29.6% and 32.3%, during the affect of manganese and nickel on the
tissues of marmorkrebs (Fig. 3). In the control group, LDH activity was 48.04+4.03 NADH/mg.
The influence of manganese increased the activity of lactate dehydrogenase up to 67.23+
5.69 NADH/mg, and the influence of nickel increased it up to 69.84+2.1 NADH/mg. The influence
of lead also showed non-probable (p<0.05) changes by 15.6% in the activity of the enzyme. The
activity of LDH under the influence of lead was at the level of 56.23+4.46 NADH/mg.
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Figure 3.The activity of lactate dehydrogenase in muscles of marbled crayfish
C — Control group, Mn — group with manganese, Pb — group with lead, Ni — group with nickel. n=5,
* — p<0.05 comparatively to the control.

Succinate dehydrogenase is a protein complex located in the inner membrane of mitochondria
and membranes of many eukaryotic organisms. At the same time, it participates in the tricarboxylic
acids cycle and respiratory chain of electron transfer. Determination of the amount of succinate
dehydrogenase has shown that the influence of manganese, lead and nickel decreases the activity of
the enzyme by 2.5, 4.3 and 2.8 times compared with the control (Fig. 4).
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Figure 4. The activity of succinate dehydrogenase in muscles of marbled crayfish
C — Control group, Mn — group with manganese, Pb — group with lead, Ni — group with nickel. n=5,
* — p<0.05 comparatively to the control.

The content of SDH in the control group was 1.89+0.1 nMol succinate / mg protein. Under
the influence of manganese there is a decrease in the activity of the enzyme to 0.75+0.095 nMol
succinate / mg protein, under the influence of lead it is up to 0.43+0.05 nMol succinate / mg protein,
and under the influence of nickel it is up to 0.67+0.06 nMol succinate / mg protein.

Alkaline phosphatase is a specific enzyme that belongs to the hydrolase group. It is necessary
for the body for dephosphorylation reactions, namely the removal of phosphate from organic
substances, which occurs at the molecular level. It is known that an increase in the level of alkaline
phosphatase indicates tissue damage, or involvement in any pathological process.

Alkaline phosphatase is one of the key enzymes of hydrobionts, which activity changes are
used in biomonitoring of various ecosystems [40, 41]. This enzyme is mostly involved in a number
of metabolic processes, particularly, in providing molecular membrane permeability of cells, growth
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and differentiation of cells, steroidogenesis, etc. [42]. In addition, alkaline phosphatase is involved
in the catabolic processes of cells and tissues of hydrobionts. It participates in the synthesis of
proteins, phospholipids and glycogen [43, 44]. Since alkaline phosphatase is sensitive to a content
of toxicants in a water, it is used as a reliable indicator of toxicological stress [45-48]. The results of
the study of changes in the activity of alkaline phosphatase in muscle tissue of marbled crayfish are
presented in Fig. 5.
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Figure 5. The activity of alkaline phosphatase in muscles of marbled crayfish
C — Control group, Mn — group with manganese, Pb — group with lead, Ni — group with nickel. n=5,
* — p<0.05 comparatively to the control.

In case of influence of the investigated concentration of lead in muscle of the crayfish
revealed a decrease in the activity of the enzyme (p>0.05) by 22.1% compared with the control
group. In the control group, the activity of alkaline phosphatase in muscle tissue of marbled crayfish
was 45.56+4.21 nMol/g proteinxsec, while the influence of lead reduced the activity of the enzyme
to 35.9+£2.3 nMol/g proteinxsec. In case of influence of nickel ions (p<0.05) and manganese
(p=0.05), the activity of the investigated enzyme was increased by 14.1% and 45.8% respectively.
The activity of alkaline phosphatase under the influence of nickel ions is at the level of
53.65+4.76 nMol/g proteinxsec, while under the influence of manganese it is 82.4+9.53 nMol/g
proteinxsec.

The total protein content in the control group was 156.08+£8.4 mg / g tissue. Under the
influence of manganese, a decrease in the total protein content of 106.65+3.81 mg/g tissue was
noted, with a lead it was up to 132.3+5.92 mg/g tissue, and under the nickel influence it was
88.9+4.7 mg/g tissue (Fig. 6).
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Figure 6. The total protein content
C — Control group, Mn — group with manganese, Pb — group with lead, Ni — group with nickel. n=5,
* — p<0.05 comparatively to the control.

The long-term effects of stress factors on the organism of hydrobionts leads to the
involvement of proteins for the energy needs of tissues [49]. Certain toxicants during the long-term
influence on the organism of aquatic animals contribute to a decrease in the content of proteins [50-
53], which negatively affects the synthesis of proteins [54]. Reduced protein content in the muscles
is associated with the utilization of these compounds for the process of gluconeogenesis [55, 56].
As the toxicity of the medium increases, the protein content in the tissues of hydrobionts decreases
[57-60]. The protein content reflects the physiological state as a reaction to changes in the
conditions of existence [61]. The dynamics of protein content in the body depends essentially on the
environmental conditions of existence. The presence of toxicological effects, critical or extreme
environmental conditions leads to the use of proteins as an alternative source of energy to support
homeostasis in the body [62, 62].

4. Discussion

The activity of enzymes of energy exchange were considered in the study. Lactate
hydrogenated is an enzyme, which is involved in the conversion of lactate to pyruvate and vice
versa. The change in activity of this enzyme is widely used as an indicator of stress. In the organism
of marbled crayfish, processes of glycolysis were intensified, which was caused by the effect of the
investigated heavy metal ions on the organism of crayfish, in particular, they influenced the
processes of energy supply [64].

In contrast, changes in the activity of succinate dehydrogenase (SDH) were detected.
Oxidative enzymes, in particular SDH, play an important role in respiratory exchange [65]. SDH is
one of the important oxidative enzymes in the cycle of tricarboxylic acids. According to M. Banaae
and K. Fakhmadi, the effects of the influence of toxic substances of organic origin on the crayfish
Astacus leptotactylus (Eschscholtz, 1823) decrease the activity of SDH [52]. Inhibition of SDH
activity of marbled crayfish indicates the deterioration of the oxidative metabolic cycle and as a
result of involvement of glycolysis in the energy exchange [66]. It is known that heavy metals are
absorbed in the organism, which further contributes to tissue damage and causes dysfunction of
specific organs. This is reflected in the change in the activity of enzymes. First of all, it concerns
enzymes involved in the regulation of energy metabolism. These changes could cause disorders of
oxidative-reducing processes in muscle tissue of the crayfish [67, 68].
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The alkaline phosphatase is involved in the hydrolysis of phosphates and membrane transport,
and is also used as an indicator of stress in biological systems. The change in the activity of this
enzyme indicates certain disorders in cells membrane [69]. It is known that in ecotoxicological
studies, alkaline phosphatase is used as a bioindicator for heavy metals [70]. The change in the
activity of the enzyme during the influence of lead may indicate a decrease in the functional activity
of the specified organ in the case of intoxication with this heavy metal, since it has a cumulative
effect. Its effect could cause a decrease in the synthesis of the molecules of this enzyme. In addition,
it could cause a violation of the structure and permeability of cellular organelles and cause acidosis.

The effect of nickel and manganese caused the opposite picture of the change in the activity
of this enzyme. This could cause increased phosphorylation processes to ensure normal growth and
proliferation of cells under conditions of their intoxication.

Changes in the activity of enzymes were also reflected in the overall protein content. Thus,
under the influence of lead, manganese and nickel ions, (p<0.05) the total protein content decreased
by 16.3%, 32.7% and 44.1% respectively. A significant decrease in the total protein content due to
the activity of the investigated nickel concentration may be due to a significant damage of the
organs by this heavy metal. In general, the action of toxicants could cause the catabolism of
proteins, which in the process of decay into amino acids were used for energy needs in the
processes of detoxification of tissues. It should also be noted that the significant use of protein in
energy metabolism could cause waterborne of crayfish tissues. This is a kind of result of exhaustion
due to the negative effects of toxic compounds on tissue homeostasis.

Conclusions

The emergence of marbled crayfish in the reservoirs of the Dnipropetrovsk region can signal
the possible acclimatization and further distribution of the species through the territory of Ukraine.
The rapid spread of this species in water bodies in Europe is due to the wide possibilities of
parthenogenetic marmorkrebs to adaptations, even in reservoirs with a tense toxicological
condition.

Tons of heavy metals in model concentrations (Ni*" — 0.04 mg/L (4 MAC), Pb>" — 0.15 mg/L
(1.5 MAC), Mn*" — 0.02 mg/L (2 MAC)) caused death of hydrobionts and influenced the crustacean
mass indexes. On the 21st day of the experiment, 26.7% of the crayfish died in the lead experiment,
and 13.3% in the experiment with manganese. The largest mortality of crustaceans was observed in
the experiment with nickel and reached 60.0%.

The obtained results of the research indicate significant changes in the individual biochemical
parameters of marbled crayfish due to the influence of heavy metals. Changes in these parameters
may indicate a rapid biochemical response of the investigated species of crustaceans to the toxic
effects of heavy metals. Changes in these indicators may be further used in the study of it in natural
reservoirs in order to predict qualitative and quantitative changes within Zaporizhzhya (Dnipro)
reservoir, where it is gradually naturalizing.
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