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Abstract
Environmental effects associated with the release of various metals even at maximum permissible concentrations (MPC) to the
aquatic ecosystems are evident. In the present work, time-dependent increase in accumulated metals amount in gills of Anodonta
cygnea after exposure to complex metal (Zn 0.1, Cu 0.01, Ni 0.01, Cr 0.01, Pb 0.005, and Cd 0.005 mg/L, MPC accepted for the
inland waters in EU) mixture at various time points (1, 2, 4, 7, 14, and 28 days) was investigated. Statistically significant increase
of Cu and Cd was determined in mussel’s gills after 7-day exposure, in comparison to control group; moreover, significantly
elevated concentration of Cu was measured and after 14-day treatment (in comparison to control and pre-exposure group).
Concentrations of five (Cu, Ni, Cr, Pb, and Cd) out of 6 investigated metals were statistically increased in gills tissue after 28-
day treatment. Moreover, complex metal mixture has demonstrated tissue- and time-dependent genotoxicity (∑Gentox) and
cytotoxicity (∑Cytox) responses in mussels. After 4-day exposure, there were found the highest∑Gentox levels in gills cells and
haemocytes. Two-day treatment of mussels resulted in the highest and statistically significant induction of∑Cytox level (in gills).
Furthermore, after short-term (4 days) exposure, statistically significant inhibition of AChE activity in hemolymph of metal
mixture–exposedmussels, in comparison to control and pre-exposure group, was found. Comparison of investigated responses in
different tissue of A. cygnea discloses new information about metal mixture (at MPC) impacts at different treatment time.
According to the obtained geno- and cytotoxicity data, it is suggested that gills are more sensitive tissue. Environmentally
relevant trace metal concentrations when existing in mixture are able to cause adverse effects in A. cygnea; therefore, biological
effects at different levels of organism are expected as a realistic scenario.
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Highlights:
•Six-metal mixture at the maximum permissible concentrations is geno-
and cytotoxic to A. cygnea.
•The highest∑Gentox levels in gills and haemocytes was determined after
4-day exposure.
•Significantly highest induction of ∑Cytox level was found in gills after
2-day treatment.
•Metal mixture possesses an inhibitory effect on the acetylcholinesterase
activity in mussels.
•Significant decrease in AChE activity in A. cygneawas found after short-
term (4 days) exposure.
•Significantly highest accumulation of trace metals has been determined
after 28-day treatment.
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Introduction

Metal pollution from anthropogenic origin in the world’s
water ecosystems is still continually rising up due to in-
creasing urbanization, industrialization, agricultural ex-
pansion, and manipulation of mineral resources (Govind
and Madhuri 2014; Jaishankar et al. 2014; Strungaru et al.
2018; Yahya et al. 2018). Concerning toxicity, bioaccumu-
lation, and persistence in the aquatic environment, six
metals such as Zn, Cu, Ni, Cr, Pb, and Cd are attributed
to priority hazardous substances in many countries
throughout the world (Directive 2008/105/EC; US EPA
2009). Toxic effects of these trace metals alone or in com-
bination with other ones have been presented in multifar-
ious aquatic species under laboratory and environmental
conditions (Yahya et al. 2018). Usually in water environ-
ment, many of the metals exist in various mixtures. Due to
the interactions between chemicals, even low metal con-
centrations in the mixture (at the Maximum Permissible
Concentrations (MPC)) are able to induce DNA damage
in aquatic organisms (Stankevičiūtė et al. 2017, 2018).
Furthermore, trace metals can be accumulated in the tis-
sues of organisms and may adversely affect functions of
cell by interacting with the systemic enzymes. This can
lead to disturbances of growth, reproduction, the immune
system, and metabolism of the organisms. In order to
achieve Bgood ecological and chemical status^ in transi-
tional and coastal waters, Water Framework Directive
(WFD, 2000/60/EC) has defined a list of priority pollut-
ants, which are deemed to have detrimental effects on the
environment, with a requirement for substantial monitor-
ing of these pollutants. Bivalve mussels are considered as
reliable-sentinel species for the bioindication of aquatic
pollution due to their sedentary nature, filter-feeding behavior,
and ability of bioaccumulation (Torre et al. 2013; Pagano et al.
2017; Savorelli et al. 2017; Faggio et al. 2018). In freshwater
food webs, Unionid mussels play an important role; they
are able to control water quality. Moreover, they are wide-
spread, abundant, large, and long-lived and are commonly
used as bioindicators of freshwater ecosystem health
(Guidi et al. 2010; Pourang et al. 2010; Kolarević et al.
2016), as biomonitors (Rzymski et al. 2014), and as model
test organisms in various ecotoxicity (Bielen et al. 2016;
Lopes-Lima et al. 2017) and genotoxicity (Baršienė et al.
2006) experimental investigations. Anodonta cygnea (be-
longs to Unionidae family) is a freshwater mussel, which
can be found in rivers and lagoons all over the Europe and
the Northern America (Lopes-Lima et al. 2017). In some
countries, this species is listed as near threatened or threatened
owing to severe declines in abundance of distribution (Lopes-
Lima et al. 2017; Huber and Geist 2017). Most likely, this
decline is mainly caused by anthropogenic activity
(Dudgeon et al. 2006; Geist 2011).

Unionidae family is recognized as a suitable freshwater
group for assessment of aneugenic and clastogenic damage
in aquatic systems under controlled experimental (Sohail
et al. 2017) and environmental conditions (Guidi et al. 2010;
Kolarević et al. 2016).

In the hemolymph, circulating haemocytes play an
important role not only in immune system, but also in
detoxification, oxygen transport, and biomineralization
(Hinzmann et al. 2013; Matozzo et al. 2016; Burgos-
Aceves and Faggio 2017; Burgos-Aceves et al. 2018).
As target tissue, haemocytes of Anodonta sp. were used
in environment genotoxicity investigations (Falfushynska
et al. 2016; Kolarević et al. 2016). Experimental studies
of dose and/or time-related induction of micronuclei and/
or other nuclear abnormalities in Anodonta sp. was found
after treatment with different compounds: mitomicin C
(Scarpato et al. 1990), B(a)P (Woźnicki et al. 2004),
crude oil (Baršienė et al. 2006; Eskandari et al. 2012),
nanoscaled polymeric complex (Falfushynska et al. 2012),
metals Cu, Zn, and Cd (Falfushynska et al. 2013a), fungicide
(Falfushynska et al. 2013b).

Bivalve’s gills have respiratory and feeding functions.
Furthermore, significant potential for accumulation of pollut-
ants is either noticed. Gill cells can filter great quantities of
contaminant agents presented in water; therefore, they are
used as target tissue for assessment of pollution in various
water bodies. Constantly exposed to dissolve contaminants,
gills are capable of metabolizing carcinogens and mutagens
into reactive products (Zhang et al. 2017). In several investi-
gations, gill cells of the mussels have been presented as more
vulnerable tissue for genotoxic-related contaminant’s determi-
nation than even haemocytes (Bourgeault et al. 2010; Vincent-
Hubert et al. 2011).

Evaluation of geno- and cytotoxicity endpoint responses in
various aquatic organisms and their tissues is one of the most
promising, sensitive, and fastest cytogenetic methods in de-
tecting of DNA damage caused by toxic agents. Usually,
micronuclei (MN) are formed during the process of cell divi-
sion. Induction ofMNdepends on cell cycle kinetics; and their
expression can occur at different times after the DNA damage.
Other nuclear abnormalities such as nuclear buds, fragmented-
apoptotic, binucleated, and 8-shaped cells can also present the
changes at the DNA level. Formation of nuclear buds (NB)
may either reflect the clastogenic action of the toxic agents
and unequal capacity of the organisms to expel damaged,
amplified, failed DNA replication or improperly condensed
chromatin, chromosome fragments without telomeres and
centromeres from the nucleus (Lindberg et al. 2007). MN
and NB suggest a similar origin, and both can be applied as
genotoxicity analogs (Crott et al. 2001; Serrano-García and
Montero-Montoya 2001; Lindberg et al. 2007). Binucleated
cells are formed in abnormal cell division due to blocking of
cytokinesis (Cavas et al. 2005). Eight-shaped cells also reflect
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a failure of the cell division, and they are formed from a part of
the mitotic spindle. Elimination of cytogenetic damage by the
apoptosis and necrosis is a key process, which occurs at dif-
ferent rates in various organisms (Elmore 2007).

Acetylcholinesterase enzyme (AChE) is an essential en-
zyme in the prevention of acetylcholine accumulation and
the termination of the nerve impulse transmission frequently
used in marine and freshwater pollution monitoring as bio-
marker of exposure to neurotoxic compounds (Robillard
et al. 2003; Falfushynska et al. 2009; Palais et al. 2012;
Vidal-Liñán et al. 2014; Benali et al. 2015). Earlier studies
have shown that lower AChE activity is associated with ef-
fects of phosphoroorganic and carbamate insecticides.
However, the number of other investigations revealed that
other compounds such as metals can also change AChE ac-
tivity. Laboratory research studies with bivalves exposed to
various metals (Fe, Cu, Cd, and Pb) (Bainy et al. 2006), pes-
ticides (Rickwood and Galloway 2004; Khazri et al. 2017;
Perić et al. 2017), polycyclic hydrocarbons PAH, BDE, and
PCBS (Vidal-Liñán et al. 2015a, b, 2016) demonstrate incon-
sistent results in AChE activity.

The goal of this study was to assess the toxicity effects
of six-metal (Zn, Cu, Ni, Cr, Pb, and Cd) mixture at the
maximum permissible concentrations (MPC) after 1, 2, 4,
7, 14, and 28-day exposure on molecular and cellular
stress responses of Anodonta cygnea (Unionidae) in he-
molymph and gill tissues. Analysis of geno- and cytotox-
icity (five different endpoints) in haemocytes and gill cells
was used to evaluate tissue-specific responses over time
after six-metal mixture treatment. Neurotoxicity was de-
termined by measuring acetylcholinesterase activity
(AChE) in hemolymph in pre-exposure group (from
River Neris), control, and after short-term (4 days) and
long-term (28 days) exposure to six-metal mixture.

Materials and methods

Chemicals

All chemicals were purchased from Sigma Aldrich
(Germany), Merck (Germany), Roth (Germany), and
Reachim (Russia) and were of the analytical grade or higher.

Preparation of test solutions

Reagent grade metal salts («REACHIM» Company, Russia)
were used as the toxicants. For each metal, stock solutions
1000 mg/L were prepared by dissolving necessary amount
of the salts in distilled water, the final concentration being
recalculated according to the amount of metals ions. These
dilutions were further diluted. For test concentration, 1000
mL complex solution was made up in a HDPE bottle.

Solution was acidified with reagent-grade nitric acid (final
concentration 0.5% v/v). Concentrated stock solution was pre-
pared one day prior to the test. Mussels were transferred to
tanks after concentrated stock solutions were diluted in the
deep-well water.

Animal collection and experimental exposures

Adults of Swan Mussels (Anodonta cygnea Linnaeus, 1758)
at approximately the same size (the average of shell length
92.46 ± 5.03 mm, width − 46.49 ± 4.56 mm, weight 50.86 ±
5 g) were collected at the depth of 1.5 m, about 0.8 m from the
bank of River Neris (Lithuania) in Verkiai Regional Park (54°
44′ 47.3″ N and 25° 17′ 39.4″ E) in 2017 autumn. According
to, visible annual growth lines on the shell, there were esti-
mated age of mussels (~ 5–6 years) (according to method by
Czechowski et al. 1994). Site of collection is expected to
nonsource pollution from agricultural runoff, urban waste, or
industrial pollution. Pre-exposure group of mussels (seven
individuals) from River Neris was dissected straight off, and
their tissues collected for further analyses. Other specimens
were transported to the laboratory in cages with aerated native
water. Mussels were kept for acclimation in holding tanks
(1000-L volume) supplied with flow-through aerated deep-
well water at least 2 weeks prior to testing. Mussels were kept
under a natural light cycle and fed daily in the morning by
commercial mussel’s feed (algal concentrate BShellfish Diet
1800^), amount was given according to recommendations
presented by producer. During the experiment, both water
and diet were of the same type. Deep-well water was used as
the dilution water. Its chemical characteristics are given in
Table 1 (ISO 15586 2003; ISO 6332 1988; ISO 5814 1990;
ISO 10523 2008; ISO 14911 1998; ISO 10304-1 2007; ISO
9963-1 1994). Mussels were randomly split into 10 groups
(seven individuals per group, N = 70). A. cygnea specimens
were put in polyethylene tanks of 35 L total volume filled to a
level of 30 L with continuously aerated dilution water. The
experiment was conducted under semi-static rotating water
current conditions. In this experiment, four controls for expo-
sure 4, 7, 14, and 28 days were selected for making sure that
animals used in minimum numbers (according to the B3
Rs^—reduce the number of animals used to a minimum, to
obtain information from a smaller number of animals)
(Directive 2010/63/EU). Control groups (for 4, 7, 14, and
28-day exposure) were exposed to the same handling proce-
dure, but not treated with six-metal mixture (since there were
no differences found in geno- and cytotoxicity, they were
expressed as one control group).

Test mussels were exposed for the 1-, 2-, 4-, 7-, 14-, and 28-
day period to a six-metal (Zn, Cu, Ni, Cr, Pb, and Cd) mixture
at a concentration corresponding to maximum permissible
concentrations (MPC) accepted for the inland waters in EU
(Directive 2008/105/EC) (Table 1). Test solutions and clean
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water were renewed every day, and mussels were trans-
ferred into freshly prepared solutions after they were fed.
Water conditions (chemical and physical characteristics)
are presented in Table 1. After, treatments with six-metal
mixture at different time mussels were dissected, and their
tissues (gills and hemolymph) collected for further (geno-
cytotoxicity, neurotoxicity, and metal bioaccumulation)
analyses. Only one individual after 28-day treatment with
metal mixture was detected dead throughout all experi-
ment. For each mussel physiological parameters, shell
length, total weight, whole soft body, and gill weight were
recorded. The condition index of the gills (GI) was calcu-
lated as the ratio: (drained mass of organ/total mass) × 100
(according to Falfushynska et al. 2010).

Analytical procedures

The main physico-chemical parameters of the water (temper-
ature, dissolved O2, pH, and conductivity) were measured
routinely with a hand-held multi-meter (Hanna Instruments
HI98196, USA) (Table 1). Designed nominal metal

concentrations in the tanks were checked during blank tests
(without mussels) (N = 4) with an atomic absorption spectro-
photometer (SHIMADZU AA-6800, Japan) by graphite fur-
nace technique using proprietary software. Each water sample
was acidified with reagent-grade nitric acid (final concentra-
tion 0.5% v/v) and analyzed in triplicate. Mean measured con-
centrations were within 5–20% of the target (Table 1).

Geno-cytotoxicity biomarkers

Hemolymph from A. cygnea was carefully extracted from
the organisms using a 25 G needle (B. Braun, Germany)
attached to a 1 mL sterile syringe (B. Braun) by insertion
between the valves across the inner layer of the mantle
into the interepithelial space. Three drops of hemolymph
were smeared on clean microscopic slide and easily dis-
tributed with a spatula; another part was injected to a 1.5
mL microcentrifuge tube (Eppendorf, Germany) for en-
zyme activity analysis. Hemolymph was centrifuged at
3000 rcf for 5 min at 4 °C and collected supernatant was
stored on ice until AChE assay.

Table 1 Chemical and physical characteristics of the dilution water and metals waterborne concentrations in test media (all values are in mg/L, unless
otherwise noted)

Chemical and physical characteristics (mg/L) of the dilution water

Metal Cations Anions Other analytes

Mn 0.068 Na+ 3.2 Cl− 3.7 pH 7.9–8.1

Zn 0.0128 K+ 1.2 SO4
2− 18.4 Temperature 15 ± 1 °C

Cu < 0.001 Ca2+ 70.1 HCO3
− 258 Dissolved O2 9.7 ± 0.2

Cr < 0.001 Mg2+ 16.5 CO3
− 0.18

Ni < 0.002 Fe2+ 0.1 NO2
− < 0.010

Pb < 0.001 Fe3+ < 0.01 NO3
− < 0.050

Cd < 0.0003 Fetotal 0.1

NH4
+ 0.361

Metals and their test waterborne concentrations (mg/L) in test media

Metal Source Maximum permissible
concentration (MPC)

Measured (mean ± SD)

Zn2+ ZnSO4·7H2O 0.1 0.115 ± 0.014

Cu2+ CuSO4·5H2O 0.01 0.009 ± 0.001

Ni2+ NiSO4·7H2O 0.01 0.011 ± 0.002

Cr6+ K2Cr2O7 0.01 0.012 ± 0.002

Pb2+ Pb(NO3)2 0.005 0.0045 ± 0.0004

Cd2+ Cd(CH3COO)2·2H2O 0.005 0.0052 ± 0.0003

Metals and their test waterborne concentrations (mg/L) in test media

Metal Source CAS no. Maximum permissible
concentration (MPC)

Measured (mean ± SD)

Zn2+ ZnSO4·7H2O 7446-20-0 0.1 0.115 ± 0.014

Cu2+ CuSO4·5H2O 7758-99-8 0.01 0.009 ± 0.001

Ni2+ NiSO4·7H2O 10101-98-1 0.01 0.011 ± 0.002

Cr6+ K2Cr2O7 7778-50-9 0.01 0.012 ± 0.002

Pb2+ Pb(NO3)2 10099-74-8 0.005 0.0045 ± 0.0004

Cd2+ Cd(CH3COO)2·2H2O 5743-04-4 0.005 0.0052 ± 0.0003
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A piece of mussel’s gills was placed on a slide and gently
nipped with tweezers for 2–3 min until the cells spread within
the drop. The cell suspension was then softly smeared on the
whole surface of the slide; all other gills were frozen for metal
accumulation analysis. Microscopic slides were air-dried,
fixed in methanol for 10 min, and stained with 5% Giemsa
solution in phosphate buffer (pH 6.8). Blind scoring of nuclear
abnormalities was performed on coded slides under the light
microscopes (Olympus BX51 (Tokyo, Japan) and Nikon
Eclipse 50i (Tokyo, Japan)) at a final magnification of ×
1000. The photos were taken with the microscope camera
Olympus DP-70 (Tokyo, Japan). For each studied mussels’
specimen, all cells with intact cytoplasm were scored. Final
results were expressed as the mean value (promiles, ‰) of
sums of the analyzed individual lesions scored in 1000 cells
per bivalve from each experiment group.

Haemocytes and gill cells with micronuclei (MN) and nu-
clear buds (NB) were registered as genotoxicity endpoints,
fragmented-apoptotic (FA), binucleated (BN), and eight-
shaped nuclei cells—as cytotoxicity endpoints. Sum of
genotoxicity parameters (MN + NB) was expressed as total
genotoxicity (∑Gentox), sum of cytotoxicity (FA + BN + 8-
shaped)—as total cytotoxicity (∑Cytox). Registered nuclear
abnormalities (NAs) were identified using criteria described in
previous publications (Baršienė et al. 2012, 2015;
Butrimavičienė et al. 2018; Valskienė et al. 2018). The mor-
phological features of the studied NAs are presented in Fig. 1.

Neurotoxicity biomarker

The acetylcholinesterase activity was determined in hemo-
lymph samples using the method of Ellman et al. (1961) mod-
ified for microplates. Briefly, samples or buffer blanks (50μL)
were incubated for 5 min in microplates at 20 °C with 270 μM
5,5’-dithio-bis-(2-nitrobenzoic acid), in 50 mM phosphate
buffer, pH 7.4. Measurement of absorbance at 412 nm was
started after addition of substrate acetylthiocholine iodide
(ACI), 3 mM, and was finished after 5 min. Spontaneous
ACI hydrolysis was determined in the absence of hemolymph.
Measurements were conducted in triplicate. The enzyme ac-
tivity was expressed as nmol substrate hydrolyzedmin−1 mg−1

relative to the protein in the sample. Total protein concentra-
tion was determined according to the method of Bradford
(1976) using Bradford’s reagent with bovine serum albumin
as standard. Absorbance readings were taken in the 96-well

flat-bottom microplates (BRAND, Wertheim, Germany) by
using an absorbance plate reader Tecan Infinite M200 with
computer program i-controlTM (Tecan Group Ltd, Männedorf,
Switzeland).

Metals determination

Concentrations of lead (Pb), nickel (Ni), copper (Cu), chro-
mium (Cr), cadmium (Cd), and zinc (Zn) were assessed via
inductively coupled argon plasma spectroscopy (ICP). For
metal determination in mussels’ tissue samples, a proce-
dure adapted from Sen and co-authors (Sen et al. 2011)
was applied. For metal analysis, frozen A. cygnea mussels
were dissected using stainless steel instruments. One to
two grams w.w. of the mussels’ samples were used for the
analysis. The samples were digested with 10 ml of ultra-
pure nitric acid at 95 °C until the solution became clear
(around 90 min). Subsequently, 3 ml of H2O2 were added
and the solution was kept at 100 °C for 120 min.
Afterwards, the volume of the solution was reduced to
approx. 2 ml by evaporating the acid at 80 °C without
boiling, the cooled digested solutions were filtered through
a Whatman filter into 25 ml volumetric flask and made up
to a 100 ml volume using deionized water. The as-prepared
samples were analyzed for metals using inductively
coupled argon plasma spectrometer Perkin Elmer Optima
7000 DV ICP-OES. For quality control of the results, the
NIST Standard reference material 2702 was used. The pre-
cision of the analytical procedures, expressed as the stan-
dard deviation, was approximately up to 15%.

Statistical analysis

The most of geno- and cytotoxicity, acetylcholinesterase
activity, and metal bioaccumulation data do not follow a
normal distribution (Kolmogorov-Smirnov and Shapiro-
Wilk normality test). Geno-, cytotoxicity, and acetylcho-
linesterase activity data were analyzed by the nonparamet-
ric Mann-Whitney U test (using GraphPad Prism® 5.01
(GraphPad Software Inc., San Diego, CA, USA)).
Kruskal-Wallis test followed by Dunn’s multiple compar-
ison test was applied to analyze metal bioaccumulation
data. The results were expressed as mean ± standard error
or standard deviation. The level of significance was
established at p < 0.05.

A discriminant function analysis (DA) using STATISTICA
7.0 (StatSoft Inc., Tulsa, Oklahoma, USA) was performed to
determine which of analyzed variable (metal concentration,
GI, and nuclear abnormalities) coefficients distinguished ex-
posure days from each other and to identify any statistical
similarity among data due to overlapping of statistical ellipses.
Functions 1 and 2 explain the highest proportion of the
total variability in the data. Only functions that presented

Fig. 1 Nuclear abnormalities in mussel’s cells: a micronucleus (MN), b
nuclear bud (NB), c fragmented-apoptotic (FA), d binucleated (BN) and e
8-shaped (8-shape) cell
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p < 0.05 and eigenvalues greater than 1 were considered
statistically significant. Ellipses (round) show 95% confi-
dence intervals and if they did not overlap indicate differ-
ences between exposure days.

Results

Geno- and cytotoxicity in haemocytes of mussels

The levels of total genotoxicity (∑Gentox) and total cyto-
toxicity ((∑Cytox) in A. cygnea haemocytes are given in
Fig. 2. The level of ∑Gentox in haemocytes varied from
8.16‰ in pre-exposure to 34.76‰ in 4-day treatment
group; the value of the ∑Gentox incidences in haemocytes
of mussels after 4-day exposure was 4.3 times higher and
statistically significant (p = 0.025) in comparison to pre-
exposure level (8.16‰). The lower level of ∑Gentox, than
in 4-day treatment group, was determined in 14 days
group and was equal to 31.76‰. The lowest ∑Gentox
after exposure to six-metal mixture was estimated in
A. cygnea specimens after 28 days in comparison to other
(1, 2, 4, 7, and 14 days) treatment groups. Statistical anal-
ysis revealed significant differences of ∑Gentox in the
mussels exposed for 1, 2, 4, and 7 days in comparison to
pre-exposure group. Moreover, after 7-day treatment
∑Gentox level was significantly higher in comparison to
pre-exposure (p = 0.015) and control (p = 0.041) groups.

The levels of the ∑Cytox in haemocytes of mussels
were lower (from 2 to 8 times) in comparison to the
∑Gentox. The lowest level of ∑Cytox was found in spec-
imens from pre-exposure group (0.4‰), while the highest
one (21.80‰) in 7-day treatment group. Moreover, after 7-
day treatment, the level of ∑Cytox was statistically signif-
icant in comparison to pre-exposure (p = 0.006) and con-
trol (p = 0.011) groups. Statistically significant changes of
∑Cytox levels in comparison with pre-exposure and con-
trol groups were found in A. cygnea specimens after 1-day

(p = 0.001 and p = 0.011, respectively), 2-day (p = 0.001
and p = 0.011), 4-day (p = 0.002 and p = 0.019), and 14-
day (p = 0.002 and p = 0.037) treatment.

Likewise, in ∑Gentox, the lowest ∑Cytox level after treat-
ment with six-metal mixture was estimated in specimens after
28-day exposure, in comparison to other treatment groups
(Fig. 2).

Geno- and cytotoxicity in gill cells of mussels

The levels of total genotoxicity (∑Gentox) and total cy-
totoxicity (∑Cytox) in A. cygnea gill cells are shown in
Fig. 3. The highest induction of ∑Gentox in gill cells of
mussels was estimated in 4-day treatment group and was
equal to 40.80‰. The lowest level of ∑Gentox was
found in control group (6.47‰). Fewer incidences of
genotoxicity (MN and NB) were found in A. cygnea gill
cells after 14-day treatment with six-metal mixture.

Statistically significant changes of ∑Gentox were found in
2- (p = 0.003 and p = 0.002), 4- (p = 0.002 and p = 0.002), and
14-day (p = 0.007 and p = 0.002, respectively) treatment
groups in comparison to pre-exposure and control groups.
After 7-day exposure, the level of ∑Gentox differed signifi-
cantly from control group (p = 0.003).

Induction of ∑Cytox was at the highest level
(38.90‰) in mussels from 2-day treatment group. The
lower level (34.34‰) of ∑Cytox was found in specimens
from 4-day treatment group. The lowest value (4.29‰)
of ∑Cytox was found in control group. Significant dif-
ferences compared to pre-exposure and control groups
were found in 2- (p = 0.004 and p = 0.002) and 4-day
(p = 0.009 and p = 0.002, respectively) treatment groups.
After 14- and 28-day exposure, the levels of ∑Cytox
differed significantly from control (p = 0.008 and p =
0.040, respectively).

Interestingly, 2-day exposure to six-metal mixture caused
much higher level of the∑Cytox than∑Gentox in comparison
to long-term treatment groups.

Fig. 2 Total geno- and cytotoxic-
ity (mean ± SE, N = 7) in
haemocytes of A. cygnea exposed
to complex metals mixture.
Asterisks (*) denote significant
differences from control group,
#from pre-exposed group
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Neurotoxicity (AChE) in hemolymph of mussels

After 4-day of exposure to six-metal mixture, mussels
presented a statistically significant decrease in AChE ac-
tivity (12.37 ± 1.462 nmol ACTC min−1 mg), when com-
pared to the control (18.19 ± 1.58 nmol ACTC min−1

mg; p = 0.048) and pre-exposure (17.81 ± 1.977 nmol
ACTC min−1 mg; p = 0.038) groups, which corresponds
to approximately 32% of control and 31% of pre-
exposure groups. Slight decrease (16.17 ± 1.748 nmol
ACTC min−1 mg; p = 0.0381) in AChE activity was
measured after long-term (28 days) metal mixture treat-
ment and it was approximately 11% lower, in comparison
to 28-day control (18.22 ± 2.189 nmol ACTC min−1 mg)
and 9% lower in comparison to pre-exposure (17.81 ±
1.977 nmol ACTC min−1 mg) group, but did not reach
statistical significance.

Determination of metals in gills of mussels

Analysis of six-metal concentrations in gills of the mussel’s
revealed time-dependent accumulation. The highest and most-
ly statistically significant accumulation of all examined
metals, except Zn, was determined in gills after 28-day treat-
ment. After 7-day exposure, there found statistically signifi-
cant accumulation of Cu and Cd in comparison to control
group (Table 2). Moreover, significant amount of Cu was
accumulated after 14-day treatment in comparison to pre-
exposed and control groups.

Discriminant function analysis

The discriminant analysis using data of metal concentrations
in mussel’s gills and nuclear lesions in gills and hemolymph
cells after different metal mixture exposure days indicated

Fig. 3 Total geno- and cytotoxic-
ity (mean ± SE, N = 7) in gill cells
of A. cygnea exposed to complex
metals mixture. Asterisks (*) de-
note significant differences from
control group, #from pre-exposed
group

Table 2 Mean concentration of accumulated metals in A. cygnea gills after treatments with complex metal mixture (mean ± SD, N = 7)

Exposure time, days Metal concentration, mg/kg w.w

Zn Cu Ni Cr Pb Cd

Pre-exposed 75.38 ± 34.23 0.56 ± 0.19 0.21 ± 0.23 0.13 ± 0.13 0.01 ± 0.01 0.18 ± 0.08

Control 99.17 ± 36.63 0.14 ± 0.15 0.06 ± 0.10 0.003 ± 0 0.02 ± 0.01 0.04 ± 0.03

1 day 83.52 ± 47.21 0.89 ± 0.96 0.10 ± 0.11 0.04 ± 0.06 0.02 ± 0.03 0.08 ± 0.07

2 days 102.7 ± 32.01 1.15 ± 0.28 0.15 ± 0.12 0.19 ± 0.16 0.08 ± 0.06 0.13 ± 0.06

4 days 79.73 ± 28.18 1.93 ± 0.92 0.08 ± 0.10 0.19 ± 0.36 0.08 ± 0.08 0.23 ± 0.13

7 days 101.90 ± 33.94 2.95 ± 0.74* 0.26 ± 0.05 0.15 ± 0.12 0.10 ± 0.04 0.26 ± 0.05*

14 days 97.85 ± 23.74 3.12 ± 0.11#* 0.11 ± 0.09 0.18 ± 0.07 0.12 ± 0.24 0.33 ± 0.28

28 days 101.80 ± 18.89 9.45 ± 2.76#*a 0.52 ± 0.17*ac 0.29 ± 0.16* 0.30 ± 0.07#*a 1.82 ± 0.82*ab

*denotes significant differences from control group

#from pre-exposed
a From 1-day treatment
b From 2-day treatment
c From 7-day treatment
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three significant functions (Table 3). The first two discrimi-
nant functions have the highest eigenvalues and explain the
largest proportion of the total variability in the data (Table 3).
Discriminant function analysis indicated Cu, Cd, Cytox (in
gills), Gentox (in gills), and CI as variables, which significant-
ly (p < 0.049) contributed to separation between exposure
days. Copper indicated the highest coefficient (− 1.042) in
function 1. ∑Cytox and ∑Gentox (in gills) and Cd indicated
the highest coefficients (0.583, 0.621, and − 0.537, respective-
ly) in function 2, whereas ∑Cytox and∑Gentox (in gills), Cu,
Cd, and CI presented the highest coefficients (− 0.955, 0.572,
0.532, − 0.564, and 0.730) in function 3. Data of 28 days of
exposure to metal mixture were separated from the data of other
treatment days. The similarities were detected between data of
pre-exposure, control, and 1-day treatment. Scatterplots of
function 1 versus function 2 are presented in Fig. 4.

Discussion

In the present study, time-dependent increase in accumulated
metal amount was found in investigated mussels exposed to

six-metal mixture. For the first, statistically significant in-
crease of metals, i.e., Cu and Cd after 7 days, and Cu after
14-day exposure, was determined in mussel’s gills. Moreover,
concentrations of five (Cu, Ni, Cr, Pb, and Cd) out of six
investigated metals were statistically increased after 28-day
treatment. Most likely, determined metal concentrations, even
after short exposure time, resulted in a significant DNA dam-
age, especially after 4-day treatment. After 4-day exposure,
there were found the highest ∑Gentox levels in both analyzed
tissues. Moreover, statistically noticeable decrease in physio-
logical response such as gill’s condition index (GI) was de-
tected in this treatment group. It must be noted that after short-
term (4 days) treatment, there was measured statistically sig-
nificant inhibition of AChE activity in hemolymph of inves-
tigated mussels, in comparison to control and pre-exposure
group. Decrease in AChE activity observed initially in the
present study might be a response to metal mixture toxicity.

Two-day treatment of mussels resulted in the highest and
statistically significant induction of ∑Cytox level.
Comparison of geno- and cytotoxicity responses in hemo-
lymph and gill tissue of A. cygnea discloses new information
about six-metal mixture impacts at different treatment time.

Table 3 Results of discriminant
function analysis using metal
concentrations, gill’s condition
index and nuclear abnormalities
in gill and hemolymph cells of
A. cygnea exposed to metals
mixture

Wilks’ lambda: 0.00356, p < 0.0000

Discriminant function 1 2 3

Eigenvalue 8.78 3.41 1.46

Cum. proportion 0.592 0.822 0.921

Chi-square 250.86* 149.40* 83.36*

Degrees of freedom 63 48 35

Variables Standardized discriminant function coefficients

∑Gentox (in gills) − 0.097 0.621 0.572

∑Cytox (in gills) 0.001 0.583 − 0.955

∑Gentox (in hemolymph) 0.147 0.134 0.278

∑Cytox (in hemolymph) − 0.076 0.382 − 0.039

Zn 0.391 − 0.082 − 0.021

Cu − 1.042 0.309 0.532

Ni − 0.021 − 0.158 − 0.354

Cr − 0.197 − 0.120 0.428

Pb − 0.079 0.145 − 0.306

Cd − 0.001 − 0.537 − 0.564

GI (Gill’s condition index) 0.041 − 0.285 0.730

Means of canonical variables

Pre-exposure 1.75 − 1.14 − 0.46

Control 2.68 − 1.80 − 0.27

1 day 1.58 − 0.82 0.09

2 days 1.23 2.10 − 1.08

4 days 0.07 2.5 − 0.51

7 days − 0.37 − 0.99 0.33

14 days − 0.84 0.88 2.62

28 days − 7.11 − 0.94 − 0.83

*Significant result
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According to the obtained geno- and cytotoxicity data, it is
suggested that gills are more sensitive and Bfirst attack^ tissue.
Short-term (4 day) treatment with six-metal mixture initiated
32% decrease in AChE activity, while long-term (28 days)
exposure had only 11% decrease compared to control group.

Measurement of AChE activity in hemolymph of bivalve
mussels (Mytilus galloprovincialis,M. edulis, and Aulacomya
ater) as biomarker was discussed in earlier investigations
(Moreira et al. 2001; Rickwood and Galloway 2004; Führer
et al. 2012). The main advantages of hemolymph usage for the
toxicity analysis are quick, easy to use, and a nondestructive
technique. It was shown that AChE activity in M. edulis he-
molymph was not reduced by pesticide chlorfenvinphos after
24-, 48-, and 96-h exposure (Rickwood and Galloway 2004).
According to Brown and co-authors (Brown et al. 2004),
the AChE activity inM. edulis hemolymph was not inhibited
after 7-day exposure to copper. Inhibition of AChE activity in
M. edulis hemolymph was observed after 24-h treatment
with 0.1 mg L−1 insecticide azamethiphos (Canty
et al. 2007). There was detected inhibition of AChE in hemo-
lymph of mussels Aulacomya ater after exposure
with insecticide Lorsban 4E containing chlorpyrifos (Führer
et al. 2012).

Results of enzyme’s activity in mussels can also depend on
target tissue used for AChE assay (Franco-Martinez et al.
2016). Inhibition in AChE activity in various mussels and in
their different tissues was presented previously in experimen-
tal and in situ studies. Exposure with 40 mg L−1 of Cu for 12,
24, 72, and 120 h has not affected AChE activity in digestive
gland of Perna perna (Bainy et al. 2006). Very strong AChE
inhibition in gills ofM. trossulus was observed in response to
an organophosphate dichlorvos treatment (Kopecka-Pilarczyk
2010) . Inh ib i t ion of AChE ac t iv i ty in g i l l s o f
M. galloprovincialis was measured after long-term (30 days)
treatment to 4-nonylphenol (Vidal-Liñán et al. 2015a).

Sublethal dose of B(a)P significantly inhibited AChE activity
in M. galloprovincialis digestive gland (Kamel et al. 2012).
AChE activity in freshwater mussels Unio ravoisieri gills sig-
nificantly decreased with the increase of permethrin concen-
tration (Khazri et al. 2017). Significant inhibition of AChE
activity was noted in the gills (16.93 ± 3.1 nmol min−1 mg
prot−1) and the digestive gland (7.69 ± 1.79 nmol min−1 mg
prot−1) of theM. galloprovincialis after caging in harbor zone
(Taleb et al. 2009). Significantly inhibited AChE activity in
gills was related to the trace metals concentrations in
transplanted M. galloprovincialis (Vidal-Liñán et al. 2014).
The response of AChE activity (in the whole soft tissues)
was significantly induced in mussels P. perna collected from
various polluted beaches of the Big Casablanca, in compari-
son to control values (El Jourmi et al. 2014).

Our results indicate that even at the low concentrations (at
MPC) in metal mixture, metals can induce significant AChE
inhibition in Anodonta cygnea hemolymph after short-term (4
days) exposure. However, possible defense mechanisms exist
in A. cygnea, which can reduce effects of metal mixture on
AChE after prolonged exposure time (28 days). According to
Jackin (1974), metals can stimulate or even depress enzymes
activity. Concentration of certain metals in the mixture and
exposure time can also affect these processes.

Genotoxic properties of heavy metals are related evidently
to the accumulation of DNA damaging free radicals,
clastogenic process, or simultaneously to clastogenic and
aneugenic action in aquatic organisms (Nepomuceno et al.
1997). Metal related induction in micronuclei was assessed
in haemocytes of A. anatina (Falfushynska et al. 2013a).
Exposure with cadmium increased concentration-dependent
DNA damage in haemocytes of mussel Sinanodonta
woodiana (Kolarević et al. 2013). Metal (Pb + Cr + Cu) mix-
ture induced DNA damage in gill cells of mussels Anodonta
anatina (Sohail et al. 2017). Induction of MN incidences was
higher after ternary metal (Cu + Cd + Pb) mixture treatment
compared to single metal exposure (Zhang et al. 2017).
Induction of genotoxic effects, caused by heavy metal con-
tamination was assessed in haemocytes of freshwater mussel
A. cygnea collected in River Kabul (Khan et al. 2018).

The long-term exposure with metals might make cells
more susceptible to mitogenic stimulation and that alter-
ations in mitogenic signalling proteins might contribute to
the ability to damage the genome or to the disruption of
cellular metabolic processes. The present study revealed
that metals even at MPC concentrations are able to induce
time- and tissue-dependent geno- and cytotoxicity effects
in A. cygnea hemolymph and gills. According to literature
data, time-related and statistically significant induction of
genotoxicity (MN incidences were 20 times higher) was
found after 7-day exposure to B(a)P in haemocytes of
A. woodiana in comparison to control group (Woźnicki
et al. 2004). After 7-day exposure to B(a)P and heat stress,
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Fig. 4 Scatterplots of discriminant function 1 versus discriminant
function 2 using data of metal bioaccumulation in mussel’s gills, GI,
and nuclear abnormalities in gills and hemolymph cells
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there were assessed significant correlation between MN
frequency and AChE activity in digestive gland of
M. galloprovincialis (Kamel et al. 2012). Exposure for
14 days with Cu (10 mg L−1), Zn (130 mg L−1), and Cd
(15 mg L−1) provoked an increase in MN and other nuclear
abnormalities in haemocytes ofA. anatina (Falfushynska et al.
2012). 10-day treatment with different concentrations (150,
350, 450 μg L−1) of Cu induced DNA damage in A. cygnea
hemolymph (Arjmand et al. 2012). After 24-day exposure
with Cr followed by 12 days of depuration in gill cells of
A. woodiana, induced DNA damage was presented by
Nugroho and co-authors (Nugroho et al. 2015). However, af-
ter 28-day treatment, there was observed reduction in geno-
and cytotoxicity levels, in comparison to fourth day’s
levels, it could be due to prolonged exposure to contami-
nants (28 days), which may result in acclimatization pro-
cess or due to cells proliferation in tested organism tissues.
Time-related decrease in the rate of nuclear abnormalities
after exposure with metals was noticed in freshwater fish
Labeo rohita exposed to CdCl2 (0.37 and 0.62 mg/L) for
100 days. Induction in erythrocytic nuclear abnormalities
increased with the exposure period up to the tenth day, but
after 15 days of the exposure, the rate of nuclear abnor-
malities began to decline (Jindal and Verma 2015).
Treatment with B(a)P induced a significant increase in
DNA strand breaks in mussel P. viridis hepatopancreas
after 1 day of exposure, followed by a gradual decrease
in strand breaks after 3–6 days, and after 12 days, the
frequency of DNA strand breaks returned to the control
level (Ching et al. 2001).

Tissue-specific genotoxicity has been assessed in
M. galloprovincialis cells in vitro after exposure to heavy
metals Zn, Cu, Cd, and Pb. Gill cells were more sensitive to
Zn exposure among hemolymph and digestive gland cells
(Zhang et al. 2017).

Correlation between DNA damage and hazardous priority
substances was estimated in the haemocytes of freshwater
mussels Unio pictorum, U. tumidus, and S. woodiana
(Kolarević et al. 2016). DNA damage in haemocytes of
S. woodiana, whichwere collected from polluted environment
sites, significantly correlated with Zn concentration in water
(Kolarević et al. 2013). Statistically significant differences of
elevated DNA damage in soft tissues of zebra mussels
(Dreissena polymorpha) from the harbor (Great Lakes tribu-
taries) and the measured concentrations of heavy metals in
comparison with the reference site were presented by Jaruga
and co-authors (Jaruga et al. 2017). Accumulation of metals in
organisms depend upon abiotic (metal solubility, metal speci-
ation, and complexion) and biotic (growth, biochemical com-
position, reproductive condition, metabolism, and excretion)
factors. Different metal bioconcentration factor for mussels
from sediments and from water was demonstrated in bivalves
earlier (Jitar et al. 2015).

After 4-day exposure, there were found the highest induction
of ∑Gentox in both A. cygnea tissues, while gill’s condition
index (GI) showed a noticeable decrease. Experimental studies
have revealed a negative correlation between MN, NB, and
biological parameters and gross morphometric indices in fish
(Stankevičiūtė et al. 2016). Moreover, statistical discriminant
function analysis (DA) indicates that Cu, Cd, GI, ∑Cytox (in
gills), and ∑Gentox (in gills) significantly (p < 0.05) contribute
to separation between exposure days. Determined
cellular effects (geno-, cytotoxicity) demonstrate visible
interfaces between applied biomarkers (metals accumulation
and morphometric indices); the necessity to investigate them
is evident. Genotoxic and cytotoxic effects caused by pollutants
are leading to changes in biological parameters and may also
affect health at individual and at population levels in time.

Conclusion

In conclusion, this study revealed that six-metal mixture at the
maximum permissible concentrations was geno- and cytotox-
ic to A. cygnea mussels. Tissue- and time-specific changes in
responses of nuclear abnormalities were assessed.
Neurotoxicity studies have shown the metal mixture ability
to reduce AChE activity in mussel’s hemolymph after short-
term (4 days) and long-term (28 days) exposure. Time-
dependent metal accumulation in A. cygnea gills and signifi-
cant relations between Cu, Cd, ∑Gentox (in gills), and
∑Cytox (in gills) demonstrate bioavailability of used trace
metals for the bioindicator and time-related DNA damage.
Realistic scenario of induced environmental genotoxicity
and cytotoxicity in A. cygnea mussels by environmentally
relevant trace metal concentrations is obvious and must be
investigated.
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