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Abstract. The aim of this study was to evaluate metals bioconcentration factor (BCF) in gills, liver, kidneys and muscle
in relation with genotoxicity effects of metal mixture in peripheral blood, kidneys, gills and liver erythrocytes of the
Atlantic salmon (Salmo salar). Fish were exposed to maximum-permissible waterborne concentrations of Zn—0.1, Cu—
0.01, Ni—0.01, Cr—0.01, Pb — 0.005 and Cd — 0.005 mg/L, respectively for 7 and 14 days. Genotoxicity was studied
using the micronucleus test. In addition, erythrocyte nuclear abnormalities (ENAs) were analysed. Our study indicates
that metal BCF in Atlantic salmon is tissue-dependent. Based on the BCF classification scale, the relatively low values
of metals bioconcentration were assessed, except for Zn (gills) and Cu (liver) (359.6 and 594.0, respectively). Zn inten-
sively concentrated in fish tissues, while Pb — least of all. Overall, metals were concentrated mostly in the liver, least —
in the muscle. Significant differences among BCF values of Pb in gills and muscle and Cd in gills were measured
between 7 and 14 d exposure groups. Treatment with metal mixture significantly increased micronucleus frequencies
after 7 d of exposure in liver and peripheral blood erythrocytes. Significant genotoxicity response was not observed after
14 d treatment. The erythrocytic nuclei abnormalities determined in S. salar blood were nuclear bud on filament (NBf),
nuclear bud (NB), blebbed (BL), kidney shaped, vacuolated (VacNuc), 8-shaped nuclei and fragmented-apoptotic (FA)
erythrocytes. Significant elevation in total ENAs level was detected in kidneys and liver erythrocytes after 7 d treatment,
while after 14 d —in gills and kidneys erythrocytes. No significant differences among analysed responses were measured
between 7 and 14 d exposure groups, except total ENAs level in liver erythrocytes.

Keywords: Salmo salar, metal mixture, bioconcentration factor (BCF), genotoxicity, nuclear abnormalities, micronu-
clei.
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Introduction

Metals are the chemical toxicants that can disturb environmental homogeneity due to their indeterminate persistence,
non-degradation, affinity for bioaccumulation and complex interactions (Roy et a/. 2011). Heavy metals (Zn, Cu, Ni,
Cr, Pb, Cd) are assigned to priority hazardous substances (pollutants) in many countries (Directive 2008/105/EC; US
EPA 2009). Bioconcentration and biomagnification processes are capable of leading to adverse effects of metals in
fish, even at low exposure concentrations as metals integrate into important protein synthesis reactions and as a result
perturb vital processes (Valavanidis et al. 2006). In the longer time, the pollutants present in the environment at very
low levels may accumulate within the body of aquatic organisms by diverse mechanisms to the quantity that they exert
noxious effects. Therefore, it is crucial to know the bioaccumulation potential of a pollutant (Palaniappan, Karthikeyan
2009).

Experimental measurement of bioconcentration factor (BCF) is used to assess the potential for a chemical to
bioaccumulate (Parkerton e al. 2008). Bioconcentration is a situation in which the levels of a toxin in an organism
exceed the levels of that toxin in the surrounding environment. This terminology is often used specifically in reference
to aquatic environments and aquatic organisms. BCF is used to express bioconcentration levels in a numeric way. The
BCF can be calculated as the ratio of a toxin concentration in an organism and the levels in the surrounding environ-
ment. The higher the ratio, the more intense the bioconcentration of toxins, in this case, metals in fish. Information on
BCF is required for regulatory purposes within the Registration, Evaluation, Authorization and Restriction of Chemi-
cals (REACH), which regulates chemicals in the European Union (EU) (Crookes, Brooke 2011).

Due to the ability to accumulate persistent pollutants, fish are excellent bioindicators revealing the relative health
of aquatic ecosystems (Lasheen et al. 2012). Aquatic organisms can accumulate chemical compounds by two ways:
directly from the environment (via skin or respiratory surface) and indirectly (by collecting and concentrating a chem-
ical compound from food). Bioaccumulation (bioconcentration, biomagnification) is a dynamic process, by which
chemicals accumulation and excretion occur at the same time (Ivanciuc et al. 2006). Due to specific biochemical,
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physiological properties of the fish body tissues, diverse metal accumulation intensity may occur in different tissues.
Therefore, it is important to identify and assess the potential for bioconcentration and to perform comparative analysis.

Aquatic organisms are typically exposed to mixtures of metals. Considerable amount of data show that certain
metals affect accumulation of other metals in fish. Interactions among metals are related to their competitive uptake
from the surrounding environment and different allocation in fish tissues. Interactions among metals may be different
(additive, synergistic or antagonistic), therefore, the effects of their various mixtures on fish survival may also vary
(Jezierska, Witeska 2001; Svecevicius ef al. 2014).

Transition metals play an important role in oxidative reactions and are known for their potential to cause oxidative
stress (Valavanidis et al. 2006). DNA is particularly susceptible to oxidative damage by reactive oxygen species (ROS).
Micronucleus (MN) test together with erythrocyte nuclear abnormalities (ENAs) assay could be used as biomarkers of
genotoxicity of a variety of genotoxic agents. As concluded by Luzhna et al. (2013), the role of metals in micronuclei
formation and DNA damage arise from: binding to DNA and proteins, altered gene expression, mutations, altered cell
cycle, chromosome non-disjunction, cytoskeleton dysfunction. Depending on the metal, clastogenic and aneugenic
effects could lead to MN formation. Erythrocyte nuclear abnormalities could arise during the DNA replication process
(Gomes et al. 2015).

Due to their susceptibility to water quality and commercial importance, Salmonids species were selected for
experimental study (McCain 1998). The aim of this study was to evaluate metals bioconcentration factor (BCF) at
steady-state in fish body tissues (gills, liver, kidneys and muscle) in relation with genotoxicity effects of metal mixture
(Zn, Cu, Ni, Cr, Pb and Cd) in peripheral blood, kidneys, gills and liver erythrocytes of the Atlantic salmon (Sa/mo
salar).

Material and methods
Experimental set-up

The experimental treatments were conducted on hatchery-reared one-year-old Atlantic salmon (Salmo salar Linnaeus,
1758) smolts, average total weight 42.1+4.43 g and average total length 167.4+7.17 mm (mean+SD, N = 21, respec-
tively). The fish was obtained from Meskeriné fish hatchery (Svencionys District, Lithuania) and kept for acclimation
in holding tanks (1000-L volume) supplied with flow-through aerated deep-well water at least two weeks prior to
testing (minimum water flow rate 1 L/g of their body mass per day). Fish were kept under a natural light cycle and fed
commercial salmonids feed (ALLER PLATINUM) daily in the morning; the total amount was no less than 1% of their
wet body mass per day. During the experiment, the fish were fed in the same manner. Fish were accepted as acclimated
to a new medium when their behavior became normal and they fed well. Deep-well water was used as the dilution
water.

Reagent grade metal salts («(REACHIM» Company, Russia) were used as the toxicants. Stock solution was pre-
pared by dissolving necessary amount of the salt in distilled water, the final concentration being recalculated according
to the amount of metal ion.

The tests were conducted under semi-static rotating water-current conditions on 3 groups (2 treatments and one
control, each group consisting of seven individuals) using polyethylene (PE) plastic tanks of 35-L total volume filled
to a level of 30 L with continuously aerated dilution water. Test fish were exposed for the 7 and 14 days period to a
six metal mixture at a concentration corresponding to Lithuanian inland water standards or Maximum-Permissible-
Concentrations (MPC) for the receiving water-bodies (Directive 2008/105/EC) (Table 1). Test solutions and clean
water were renewed every day, and test fish were transferred into freshly prepared solutions after they were fed.

Table 1. Metals and their test waterborne concentrations (mg/L) in test media

Concentration
Metal Source Maximum-Permis- Measured
sible-Concentration

(MPC) (mg/L) (mean+SD)
Zn ZnS04-7H20 0.1 0.115+0.014
Cu CuSO4-5H0 0.01 0.009+0.001
Ni NiSO4-7H20 0.01 0.011=0.002
Cr K2Cr207 0.01 0.012+0.002
Pb | Pb(NO3) 0.005 0.0045+0.0004
Cd Cd(CH3COO)2-2H20 0.005 0.0052+0.0003
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Analytical procedures

The main physico-chemical parameters of the water (temperature, dissolved O, pH and conductivity) were measured
routinely with a hand-held multi-meter (WTW Multi 340i/SET, Germany). Designed nominal metal concentrations in
the tanks were checked during blank tests (without fish) (¥ = 4) with an atomic absorption spectrophotometer (SHI-
MADZU AA-6800, Japan) by graphite furnace technique using proprietary software. Each water sample was acidified
with reagent-grade nitric acid (final concentration 0.5% v/v) and analysed in triplicate. Mean measured concentrations
were within 5% — 20% of the target.

Metal bioaccumulation analysis

After the testing was completed, fish (of control and metal-exposed groups) were sacrificed. Fish were measured (total
body length (L) and fork-length (/¢), mm) and weighed (total body weight (Q) and body weight without stomach weight
(9), g). Later they were used in the removal of needed tissues: muscle without skin (~3 g), gills (whole organ), liver
(whole organ) and kidneys (whole organ); organs were weighed to an accuracy of + 0.001 g. Fish samples were hot air
oven-dried at 85 °C for 24 hours until reached constant weight, pre-digested tightly in a concentrated ultrapure HNO;
(60%) and H,O; (30%) (Lach-Ner, Chempur, respectively) at a ratio of 5:1 v/v for eight hours at a room temperature
and then microwave-digested quickly (Jia et al. 2005). After that cooling solutions were filtered through a 0.45 pm
glass filter and diluted with deionized water. Metal concentrations were measured by atomic absorption spectropho-
tometry on Varian Spectr AA 55 (USA) with a graphite furnace technique in accordance with standardized procedure
ISO 15586:2003 final concentration being expressed as mg/kg of wet weight. Accuracy of analytical procedure was
checked using certified reference material fish homogenate (IAEA—407). Recoveries were in acceptable range (within
10%) of the certified values.

Bioconcentration factors (BCF) estimations

Tissues with BCF greater than 1,000 are considered high, and less than 250 low, with those between classified as
moderate (Landis et al. 2011).

BCEF values in this study were calculated as reported by Gobas et al. (2009) where bioconcentration factor (BCF)
is defined as the ratio of the steady-state metal ions concentrations in the fish vs the concentration in water:

_ Chn (mg | kg wet fish)
Cwater (mg / L) -

Micronucleus (MN) and erythrocyte nuclear abnormalities (ENAs) analyses

BCF

@)

Blood was immediately taken from the caudal vein. A drop of blood was directly smeared on microscopic slides and
air-dried. After the sacrifice, small pieces of cephalic kidneys, liver and gills were dissected, softly dragged along clean
slide and allowed to dry for 1-2 h (BarSiené ef al. 2006). Dried smears were fixed in methanol for 10 min. and were
stained with 10% Giemsa solution in phosphate buffer pH = 6.8 for 8 min. (BarSiené et al. 2004). A light microscope
Olympus BX51 (Tokyo, Japan) was used to examine a total of 4,000 cells per sample. Final results were expressed as
the mean value (%o) of sums of analysed individual lesions scored in 1000 erythrocytes per fish sampled from every
study group. The formation of micronuclei (MN), nuclear buds (NB), nuclear buds on filament (NBf), 8-shaped nuclei,
fragmented-apoptotic (FA), kidney-shaped, blebbed (BL), vacuolated (VacNuc) erythrocytes were identified using
criteria described by Fenech ef al. (2003) and Bar$iené et al. (2014).

Statistical analysis

The statistical analysis was performed using STATISTICA 7.0 (StatSoft Inc., Tulsa, Oklahoma, USA) software pack-
age. Significance of differences between the non-exposed and treated groups were tested using one-way analysis of
variance ANOVA followed by Bonferroni post hoc test. The results were expressed as mean + standard error or stand-
ard deviation. The level of significance was established at p <0.05.

Results and Discussion
Bioconcentration factor (BCF) assessment

BCF values were calculated in gills, liver, kidneys and muscle tissues after salmon exposure to metal mixture (com-
posed of Zn, Cu, Ni, Cr, Pb and Cd) for 7 and 14 days. According to BCF classification scale, low BCF values of
analysed metals were measured in fish tissues after 7 and 14 d exposure period (Fig. 1). However, average values of
BCF for Zn [(in gills (356.8-359.6), in kidneys (293.6-294.0)] and Cu [in liver (566.7-594.0)] were recorded. As
shown in Fig. 1, metal accumulation intensity in salmon tissues was similar after 7 and 14 d exposure period. Signifi-
cant differences (p < 0.05) among BCF values of Pb in gills and muscle and Cd in gills were measured between 7 d
and 14 d exposure groups. BCF shows the potential of particular metals to bioaccumulate in specific tissue. BCF values
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of Zn, Ni, Cr and Cd in different tissues followed the same sequence: gills>kidneys>liver>muscle; while Cu —
liver>kidneys>gills>muscle; Pb (after 7 d): muscle>kidneys>gills>liver, after 14 d — muscle>gills>kidneys>liver.

Generally, metal levels in fish body tissues usually follow the ranking: liver>gills>kidneys>muscle. The highest
metal concentration was detected in the liver of salmon, the least — in muscle. Liver is an important target organ involved
in metabolic and detoxification mechanisms (Liebel et /. 2013). Based on the data, metals exposure may cause an in-
crease in metallothionein (MT) levels in animals, including fish (Hogstrand, Haux 1991). Reduced levels of proteins,
lipids activities in the muscles were measured after fish exposure to metals. According to Allen-Gill and Martynov (1995),
low levels of metals accumulated in muscles are due to slower synthesis of proteins in this tissue. BCF values revealed
metals accumulation patterns in tissues of Atlantic salmon. Metals accumulation in the tissues showed the following
sequences: gills: Zn>Cu>Cd>Cr>Ni>Pb; liver: Cu>Zn>Cd>Cr>Ni>Pb; kidneys: Zn>Cu>Cd>Cr>Ni>Pb and muscle:
Cu>Zn>Pb>Cr>Ni>Cd. Zinc and Cu showed the highest levels of accumulation in the tissues. Essential metals (copper,
zinc) are vital for the health of fish, involved in all aspects of biological function. However, an excess amount of such
metals produces cellular and tissue damage, forming dangerous free radicals. Consequently, there is a fine balance be-
tween metal deficiency and surplus and it is crucial for organisms to maintain metal homeostasis via tight regulation by
maintaining a balance between uptake and excretion (Bury et al. 2003). Bioaccumulation levels of Cd (in gills, liver and
kidneys) and Pb (in muscle) take third place in the sequences. Cd and Pb have no known biological functions and are
considered as non-essential toxic metals, which tend to accumulate in carnivorous fish tissues (Yousafzai et al. 2010). Pb
and Cd disrupt calcium uptake in gills and may affect the metabolism of essential trace element by having an effect on
normal tissue distribution of Zn and Cu (Komjarova, Blust 2009; Birceanu et al. 2008).
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Fig. 1. Bioconcentration factor (BCF) in the selected organ tissues exposed to metal mixture for 7 and 14 d (mean = SEM, N = 7).
Asterisks (*) denote significant differences among exposure groups (p < 0.05)

According to Sauliuté and Svecevicius (2014) study result, salmon exposure to metal mixture (Zn, Cu, Ni, Cr,
Pb, Cd) and single metal (Ni, Cr, Pb) at standing water-current conditions for 14 days showed different BCF values of
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metals in fish tissues. BCF values of analysed metals were lower in comparison to this study. However, higher BCF
level was measured for Zn in muscle (BCF = 283). Significantly higher BCF values of metals after fish exposure to
metal mixture than to single metal were reported in that study. This could be influenced by synergistic interaction
within metal mixture. Contrary to our result (during rotating water-current conditions), Sauliuté and Svecevicius (2014)
study showed the highest BCF values in salmon muscle, the least in kidneys. The reasons why the Atlantic salmon
accumulated the highest amounts of metals in the muscle are due to the experimental design and fish behavior (fish
activity was low — lying on the bottom of the tank). Atlantic salmon is a very active rheophilous species which actively
searches for food and performs distant and long-term anadromous and catadromous migrations. As confirmed by field
studies, fish activity can promote the release of metals from the tissues (Svecevicius et al. 2014; Mohammadnabizadeh
et al. 2014; Jezierska, Witeska 2001; Ray 1978). Therefore, in this study a new experimental system using rotating
water-current condition was developed, which particularly reflect fish natural living conditions.

Micronucleus (MN) and erythrocyte nuclear abnormalities (ENAs) analyses

Fig. 2 shows MN frequencies in S. salar gills, kidneys, liver and peripheral blood erythrocytes. Significant increases
occurred at 7 d of exposure in liver and blood erythrocytes. Significant genotoxicity response was not observed after
14 d treatment. The presence of micronuclei is an irreversible change and reflects genotoxic damage (Javed et al.
2016). Exposure to single metals such as Cd, Pb, Cr, Cu, Zn and Ni at high concentrations is known to induce MN in
peripheral blood erythrocytes in different fish species (Gomes ef al. 2015; Ahmed et al. 2013; Cavas 2008; Bagdonas,
Vosyliené 2006). There are experimental studies showing capacity of single metal (such as Cr) to induce MN even at
low (environmentally relevant) concentrations (Zhu et al. 2004). Micronuclei induction after fish exposure to environ-
mentally relevant metal mixture concentrations is scantily discussed. Significant MN induction was observed in blood
after treatment with Cd, Cu, Pb, Zn and Cu, Zn metal mixtures using higher concentrations in several fish species
(Harabawy, Mosleh 2014; Obiakor ef al. 2010).
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Fig. 2. Genotoxicity responses in Salmo salar gills, kidneys, liver and peripheral blood erythrocytes (mean = SEM, N =21). As-
terisks (*) denote significant differences from control during exposure time (p < 0.05)

The erythrocytic nuclei abnormalities determined in S. salar blood were nuclear bud on filament (NBf), nuclear
bud (NB), blebbed (BL), kidney-shaped, vacuolated (VacNuc), 8-shaped nuclei and fragmented-apoptotic (FA) eryth-
rocytes. Levels of total ENAs are shown in Fig. 3. Significant ENAs induction was found in S. salar kidneys and liver
erythrocytes after 7 days of exposure, while after 14 d of exposure — in gills and kidneys erythrocytes. No significant
differences among analysed responses were measured between 7 d and 14 d exposure groups, with the exception of
total ENAs level in liver erythrocytes. ENAs induction in different tissues erythrocytes is scantily discussed. Erythro-
cyte nuclear abnormalities are markers of genetic instability. It is suggested that ENAs could arise from the DNA
replication process (Gomes et al. 2015). Induction of various ENAs such as lobed, blebbed, notched, bud, vacuolated
and condensed nuclei after treatment with single Cd was reported (Gomes et al. 2015). Binucleated, kidney-shaped
nuclei, blebbed nuclei, lobed nuclei, bilobed nuclei, notched nuclei, hook-shaped nuclei and vacuolated nuclei induc-
tion in Nile tilapia, Oreochromis niloticus was reported after treatment with Cd, Cu, Pb and Zn (1.25 mgL"! of each)
metal mixture (Harabawy, Mosleh 2014). As Gomes et al. (2015) study shows, MN induction exhibited the lowest
frequency in most of Cd treatments, while the specific ENAs showed the highest frequencies in all treatments. As
shown in Fig. 2, significant ENAs induction was noticed in S. salar gills and kidneys erythrocytes, while MN frequen-
cies in these tissues were statistically insignificant during all exposure time. The results of this study suggest using MN
test in combination with ENAs assay, which together bring better results considering genotoxicity evaluation after
treatment with metal mixture at low exposure concentrations.
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Fig. 3. Erythrocyte nuclear abnormalities level in Salmo salar gills, kidneys, liver and peripheral blood erythrocytes (mean +
SEM, N = 21). Asterisks (*) denote significant differences from control during exposure time,
while # — differences among exposure groups (p < 0.05)

Conclusions

This study attempted to investigate the genotoxic potential and bioconcentration factor of complex metal mixture at
environmentally relevant (maximum-permissible waterborne concentrations) concentrations, whose effects on aquatic
organisms are still poorly investigated. The obtained results showed that used metal mixture caused genotoxic damage
in S. salar erythrocytes. The results of this study suggest using MN test in combination with erythrocyte nuclear ab-
normalities assay, which together brings better results considering genotoxicity evaluation after metal treatment. Our
study indicates that metal BCF in Atlantic salmon is tissue-dependent. However, measured BCF values of analysed
metals were low in fish tissues after 7 and 14 d exposure period. The highest metal concentration was detected in the
liver of salmon, the least — in muscle. Significant differences among BCF values of Pb (gills, muscle) and Cd (gills)
were measured between 7 and 14 d exposure groups.
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