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Indigenous bivalve mollusks from the cooling reservoirs of thermoelectric power
plants (TPPs) are subjected to constantly elevated temperature and industrial pollution.
Therefore, they could be regarded as a suitable model organisms adapted to the com-
bination of typical novel environmental challengers in their habitats. The aim of this
study was to elucidate the bioavailability of novel pollutant — nanoform of Zinc oxide
(nZnO) — in the mollusks from TPPs depending on the temperature of exposure. The
metal accumulation and molecular responses of stress were investigated in the Unio
tumidus (Unionidae) mollusks from two cooling reservoirs of TPPs (D- and B-groups)
under the exposures to Zinc ions (3.1 uM), nZnO (3.1 uM) at 18 °C, elevated tempera-
ture (25 °C), and nZnO at 25 °C during 14 days. In most of the experimental groups,
a selective increase of metal accumulation in metallothioneins in comparison with the
tissue level, up-regulation of cytochrome c level, and the decrease of oxyradical gene-
ration were detected in the digestive gland. In the gills, the increased DNA fragmenta-
tion was found. Under the 25 °C, the level of glutathione in the tissues was depleted.
B-groups were distinguished by down-regulation of cholinesterase activity and in-
creased level of cadmium in tissues. Thus, the biochemical responses of mussels from
the cooling reservoirs reflect the lack of specific mechanisms of detoxification and
prevalence of the nonspecific responses of stress. In the BPP-groups, the signs of toxic-
ity indicate higher level of pollution in the reservoir.
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INTRODUCTION

Contemporary environmental challenges are characterized by co-exposure to
a sum of novel effects. Climate change and personal care products are of particular
concern [1, 12]. Their combination could cause unpredictable consequences of health
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status in aquatic habitants [10]. The cooling reservoirs of thermoelectric power plants
(TPPs) are polluted by industrial effluents and have constantly elevated temperature
regime (~ by 5—7 °C in comparison with other water bodies in the area) [3]. Therefore
the indigenous bivalve mollusks from the cooling reservoirs of TPPs could be regarded
as a model organisms adapted to the novel environmental challengers [7]. Moreover,
mussels are the main filtrators of surface water, including suspended particles. There-
fore they are of particular interest for the study of the biological effect of engineering
nanoparticles [4, 10]. For the present study we selected the exposure to Zinc oxide
nanoparticles (nZnO) that are widely utilized in electronics and personal care products
and expected to reach nowadays the concentrations as high as micrograms per liter in
the surface waters [5]. Previously we compared the effects of nZnO under two thermal
regimes and Zinc ions in the mussels from pristine area and detected highly distinct
responses in each exposure [9]. Unlike the vertebrate animals [8], mussels were not
able to utilize metal from nZnO, whereas the responses to Zn and nZnO were distinct.
Moreover, in this study the co-exposure to elevated temperature and nZnO abolished
the effect of nZnO and caused the signs of toxicity. Therefore the present study aimed
to elucidate whether the adaptation to thermal and chemical effects in the native habitat
could modulate the response to nZnO and heating in the mussels. The selected for this
study Dobrotvir and Burshtyn fuel TPPS belong to the most important energy produ-
cers. Burshtyn TPP is known as one of main polluters in Ukraine [http://en.necu.org.ua/
files/2013/07/Fact-sheet-for-PECI-Ukraine_final.pdf]. This study will provide the first
knowledge on health status of the aquatic animals from the reservoirs of these TPPs.

MATERIALS AND METHODS

Adult Unio tumidus (Unionidae) (~ 6 years old) were collected from the cooling ponds
of Dobrotvir TPP (DPP, 50°12’ N 24°23' E) and Burshtyn TPP (BPP, 49°15' N, 24°35' E)
in West Ukraine in the September of 2015 y. Specimens were acclimated to the labora-
tory conditions for up to seven days in the aerated, dechlorinated, softened tap water. One
group from the each TPP was utilized as control (C-groups). Other groups from both sites
were exposed to Zinc ions (Zn0O,, 3.1 uM), nanoform of Zinc oxide (nZnO, 3.1 uM) at
18 °C, elevated temperature (t, 25 °C), and nZnO at 25 °C (nZnO + t) during 14 days. For
all biochemical traits except metallothionein (MT) concentration, digestive glands and gills
were prepared individually from eight mollusks in each group. Tissue were sampled at
4 °C and frozen (-40 °C) until analyses. Tissue samples were homogenized (1/10 w/v) in
0.1 M phosphate buffer, pH 7.4, containing 100 mM KCI and 1 mM EDTA, as well as
0.1 mM phenylmethylsulfonyl fluoride to inhibit proteolysis. Protein concentration was
measured by the method of Lowry et al. (1951). MTs were isolated as the thermostable
proteins by size-exclusion chromatography on Sephadex G-50 as a pool from five indi-
viduals (totally from 350 mg of tissue), and metals (Zinc (Zn), Copper (Cu), Cadmium
(Cd)) in the corresponding eluate were detected after the digestion. Total metal concentra-
tions in the tissue (Me) were also determined. The MTs concentration was calculated from
metal (Zn + Cu + Cd) concentrations (in nmol/g) in MT fraction. Total glutathione (GSH)
concentration was quantified by the glutathione reductase recycling assay. The rates of
oxyradical formation were determined using fluorescent dye dihydrorhodamine. DNA
damage was evaluated by the levels of protein-free DNA strand (DNA sb) by the alkaline
DNA precipitation assay using Hoescht 33342 dye. Cholinesterase (ChE, EC 3.1.1.7)
activity was determined as the acetylthiocholine iodide-cleaving activity. The concentra-
tion of cytochrome ¢ was measured in the homogenate according to [11] and calculated
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from the difference in absorbance at 410/550 nm using a molar extinction coefficient of
10.6x10* and 2.77x104 M-'cm™' respectively.

Data were tested for normality and homogeneity of variance by using Kolmogorov-
Smirnoff and Levene’s tests, respectively. Whenever possible, data were normalized by
Box-Cox common transforming method. For the data that were not normally distributed
even after the transformation, non-parametric tests (Kruskall-Wallis ANOVA and Mann—
Whitney U-test) were performed. Pearson’s correlation test was used to assess correla-
tions between the studied traits. The classification tree based on all studied trait was
built using Classification and Regression Tree (CART) software using raw (non-trans-
formed) data. All statistical calculations were performed with Statistica v. 10.0 and Excel
for Windows-2010. Differences were considered significant if the probability of Type |
error was less than 0.05.

RESULTS AND DISCUSSION

The results of the study of metal distribution in the tissues with the participation of
MTs (Fig. 1) had shown the increase of MTs level in the digestive gland of exposed mus-
sels from both sites with one exception (t-BPP group). In the gills of the DPP-mussels
the MT level was not changed by exposures. On the other hand, in the BPP-mussels Zn
caused the prominent its elevation, whereas the exposures to nZnO and nZnO + t led
to its decrease (by 33.5 % in nZnO + t-group). The rate of the MTs in the metal accumu-
lation (Me-MT/Me) in the digestive gland was increased in all exposed groups (except
of decrease in nZnO + t-group from BPP). This increase of the metal accumulation
could reflect the adaptive response of MTs [2] that was not exposure-specific. In oppo-
site, in the gills Me-MT/Me ratio had different exposure-dependent regularities in DPP-
and BPP-mussels. Importantly, the mussels from pristine site demonstrated the deple-
tion of metalated MTs level in the same exposures [9]. However, the elevation of MT-Me
in the present study was not specific for the exposures to Zn and nZnO. Hence it re-
flected the non-specific adaptive response of MTs, whereas the bioavailability of Zn
from nZnO was not evident. This adaptive response was better developed in the diges-
tive gland of mussels from TPPs, particularly DPP, whereas in the mussels from pristine
site and in the gills in BPP-groups it was attenuated.

The accumulation of Cu and Cd in the tissues of mussels was different depending on
the tissue and origin of specimens. In the digestive gland of the DPP-mussels the avoiding
of the accumulation of these metals was detected, whereas in the gills and, particularly, in
the BPP-groups, over-accumulation of Cu (in the exposure to Zn) was shown. Highly
toxic Cd was hyper-accumulated in the both studied tissues of BPP-mussels in most ex-
posures. It is important to mention that the differences between the populations of mus-
sels in their ability to accumulate trace metals were evident even after the depuration for
21 days in the tap water. Nevertheless, the same regularities for the mussels from the
sites with different level of pollution were also detected in other studies [7] and could be
explained by the remarkable accumulative properties of these organisms [2, 4].

The characteristics of the stress and toxicity are represented on the Fig. 2. The mar-
ker of metabolic activity cytochrome ¢ demonstrated the elevation in the digestive gland
(DPP-group) under the exposures to nZnO and nZnO + t (up to 1.9 times). In the gills the
responses were not so regular. Oxyradical formation was decreased in the DPP-groups
in the digestive gland by Zn and nZnO and was increased in the gills by nZnO in both
DPP- and BPP-groups. Heating per se did not cause the oxidative shift. The level of
glutathione in the BPP-mussels was highly sensitive to heating demonstrating decrease
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Fig. 1. The characteristics of metal accumulation in the tissues of digestive gland (A, C, E, G) and gills (B, D,
F, H) of U. tumidus from Dobrotvir and Burstyn cooling ponds (DPP and BPP) in at experimental ex-
posures. Here and on Fig. 2, data are presented as means + SD, n = 8 with the exception for MT-Me,
where n = 3 (from joint samples of 5 specimens). The corresponding columns that share the same
letters indicate the values that are not significantly different (P > 0.05); * - the significant difference
between two control groups (p <0.05)

Puc. 1. Xapaktepuctuku akymynsuii Metanis y TkaHuHax TpaBHoi 3anosu (A, C, E, G) Ta 3s6ep (B, D, F, H)
U. tumidus 3i cTaBiB-oxonogxysadis [Jobpoteopa Ta bypwTnHa (DPP Ta BPP) 3a BnnuBy ekcnepu-
MeHTanbHMUX YMHHWKIB. TyT i Ha puc. 2: pesynbraTti npeacrasneHi sk M+m, n = 8 3a BUHATKOM ANst
MT-Me, ge n = 3 (06’egHaHux 3paskiB Big 5 ek3eMnnsapis). BionosigHi KONOHKM, L0 NO3HaYeHi ogHa-
KoBMMW BykBamu, BiobpaxatlTb 3HaYeHHs!, siKi He Bigpi3HsAoTbes BiporigHo (P > 0,05); * - BigMiH-
HICTb MiXX JBOMa KOHTPONbHUMM rpynamm BiporigHa, p <0,05
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Fig. 2. Effects of experimental exposures on the indices of stress and toxicity in the digestive gland (A, C, E,
G, l)and gills (B, D, F, H, J) of U. tumidus from Dobrotvir and Burstyn cooling ponds (DPP and BPP):
A, B - cytochrome ¢ concentration; C, D — oxyradical formation; E, F — total glutathione concentration;
G, H - DNA strand break; /, J — Cholinesterase activity

Puc. 2. Bnnue ekcnepvMeHTanbHUX eKCMo3uLi Ha NOKa3HUKN CTPECY i TOKCUYHOCTI Y TpaBHin 3anosi (A, C,
E, G, l) Ta3s6ep (B, D, F, H, J) U. tumidus 3i ctaBiB-oxonogxysadis [Jobpotsopa Ta bypwituHa (DPP
i BPP): A, B - koHUeHTapuis uutoxpomy c¢; C, D — yTBOpPeHHS okcupaaukanie; E, F — 3aranbHa KoH-
ueHTpauia ryTtationy; G, H — dparmenTauia AHK; /, J — xoniHecTepasHa akTUBHICTb
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by 2-3 times, whereas in other exposures its changes were irregular, depending on the
tissue and site. Thermal vulnerability of GSH of the mussels was also shown in our
previous study [7].

The evaluation of the toxicity detected the prominent up-regulation of DNA frag-
mentation (by two times and more) in the gills of both DPP- and BPP-groups, whereas
in the digestive gland this manifestation was detected only in the BPP-groups (except
for nZnO BPP-group). The ChE depletion as a sign of neurotoxicity was detected only
in the BPP-groups, mainly in the digestive gland, whereas in the DPP-groups its eleva-
tion was established in different exposures.

Pearson correlation analysis detected the positive correlations between MT-Me
and MT-Me/Me levels in each tissue and the inter-correlation between the parameters
of both tissues. The negative correlations for MT-Me and MT-Me/Me levels on the one
hand and Cu and Cd concentrations on the other hand was shown in the both tissues
(p <0.05, n = 80) with one exception for Cd/MT-Me in the gills. Other established cor-
relations were tissue-specific in most cases. According to CART analysis, the groups
from DPP and BPP are clearly distinguished, mainly by the indices of digestive gland
(with the exception of nZnO BPP-group in the gills) (Fig. 3).
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Fig. 3. Results of classification tree analyses of the studied indices of U. tumidus from DPP (D) and BPP (B)
in the experimental exposures. The number above each box indicates the number of animals in the
respective group. Abbreviations: DG — digestive gland; G — gills

Puc. 3. Pe3ynbrati nobynosu knacugikalinHoro gepesa 3a gocnigxeHumm nokasHukamm U. tumidus 3 DPP (D)
Ta BPP (B) y ekcnepumeHTanbHuXx ekcrnosuuisix. Lindppa Hag KOXXHOI KOMIpKOK Mo3Havae KifnbKiCTb
TBapwH y BignoBsigHin rpyni. CkopodeHHsi: DG — TpaBHa 3ano3a; G — 3s6pa
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These regularities confirm the evidence of low bioavailability of Zn from nZnO in the
mussels independently of their in situ exposure history [4, 9]. On the other hand, our
results had shown that the characteristics of metal accumulation in the tissues repre-
sent the important indices for the distinguishing of health status of mussels from diffe-
rent habitats. In the same exposures the specimens from the pristine pond had shown
distinct cellular responses to Zn and nZnO and inability to accumulate metals in MTs [9],
whereas in the mussels from the cooling ponds different exposures caused similar site-
dependent responses, especially the activation of MTs’ metal binding function. This
regularity could reflect the adaptation of mussels to the conditions of TPPs. Neverthe-
less, the molecular responses in the digestive gland in the DPP-mussels reflects better
adaption to the exposures, whereas the indices of gills, particularly in BPP-groups de-
tected the exhausting of adaptive response and signs of toxicity.

CONCLUSIONS

The increase of metal accumulation in MTs, up-regulation of cytochrome c level
and the decrease of oxyradical generation in the digestive gland were the most common
responses in the mussels from two TPPs. The specific responses to Zn and nZnO were
not evident. Down-regulation of cholinesterase activity and increased level of cadmium
was detected in BPP-mussels. Thus, the biochemical responses of mussels from the
cooling reservoirs reflect the lack of specific mechanisms of detoxification and preva-
lence of the nonspecific responses of stress. In the BPP-groups the signs of toxicity
detect the higher level of pollution in the reservoir.
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BIOXIMIYHI PEAKLIT ABOCTYNKOBOIO MOJIKOCKA UNIO TUMIDUS HA BNINB
HAHO®OPMU OKCUAY LIMHKY 3ANEXHO BI TENNOBOIO PEXUMY
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[1BOCTYNKOBI MOSOCKM 3 BOAOMM-OXONOMXKyBauiB TennoBux enekrpoctaHuin (TEC)
nigaatTbes cTabinbHO NigBULLEHIA TeMnepaTypi Ta NPOMUCIIOBOMY 3abpyaHEHHI0. ToMy
BOHW MOXYTb OYyTV 3pYyYHVMMM MOOEMbHVMMMW OpraHiaMamy AN OOCHIOKEHHSA KOMIMIeK-
CHOI Aii Cy4acHMX 3arpo3 AOBKII0 3aBAsKM aganTauii 40 TepMarbHOro i XiMiYHOro BNu-
BY Yy NPMPOAHOMY cepefoBMuLLIi icHyBaHHs. MeToto poboTn Byno 3’acysaTu 6iogoCTymnHICTb
HOBITHbOrO 3abpygHioBadYa — HaHodopmu okcuay UMHKY (nZnO) — Ans MONoCkKiB
3 TEC 3anexHo Big Temnepatypu ekcrnoaudii. [locnigXeHo akymynsiLito MeTarnis Ta Mo-
NEKyNsIpHi peakuii Ha cTpec y MortockiB Unio tumidus (Unionidae) i3 4BOX BOOOMM-0XO-
nopxysaviB TEC (- Ta B-rpynu) 3a Bnnuey ioHiB LumHKy (3,12 mkM), nZnO (3,12 mkM) 3a
18 °C, nigBuweHoi Temnepatypu (25 °C) Ta nZnO 3a 25 °C npotsarom 14 gi6. Y TpaBHin
3an03i MomnckiB y BiNbLIOCTI eKCnepuUMeHTarnbHUX rpyn BCTaHOBMNEHO BUbipkoBe 36inb-
LEHHS aKyMynsuii MeTaniB y cknagi MeTanoTiOHEiHiB MOPIBHAHO i3 BMICTOM y TKaHWHI,
3pPOCTaHHS KOHLEHTpaLii LMTOXPOMY C Ta 3MEHLUEHHsI reHepauii okcupagukanis. Y 3a-
Opax Big3HaveHo nigsuweHy dparmenTadito JHK. 3a temnepatypu 25 °C 3meHLyeTbCS
BMICT rnyTaTioHy B TKaHWHaX. B-rpynu BMPI3HAOTLCA MEHLUMM [iana3oHoM MOrneKkynsip-
HUX OETOKCUKALIMHMX peaKLii, NPUrHiYeHHSIM XONiHECTEPa3HOi aKTUBHOCTI Ta 36iNbLUEH-
HAM BMICTY KagMmito B TKaHunHax. BigTak, 6ioximiyHi peakuii montockis 3 Bogonm TEC ma-
H0Tb HM3bKY 3anexHICTb Bi NpMpoaun ekcrnoauii, Wwo Bigobpaxkae nocnabneHHs cnewm-
divHMX peakLi AeToKCUKaLil Ta nepesary HecrnelmndidHUxX peakuin Ha ctpec. Y B-rpynax
0O3HaKM TOKCUYHOCTI BigobpakatoTb BULLIMIA piBEHb 3abpyaAHEHHSA BOOOVMN.
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