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Abstract Integrated chemical and biomarker approaches
were performed to estimate if there is ongoing toxicity in the
River Bregalnica, namely connected with the presence of
metals. The study was performed in water, sediment, and bar-
bel (Barbus peloponnesius), collected in two seasons, from
two suspected polluted and one reference zones. The water
analyses revealed higher mean values in polluted sites for
most of the examined physicochemical parameters. Metal
concentrations (Zn, Cu, Cd, Mn, Pb, and Fe) in water were
more or less constant, whereas in sediment, they were higher
at the two polluted locations. Condition factor (CF), as a gen-
eral health indicator, revealed better overall condition in bar-
bel from the reference site. In general, blood parameters re-
vealed higher values in the polluted localities. Irrespective of
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sex and/or season, the frequency of micronuclei (MN) and
vacuolated nuclei (VN) were with higher rates in polluted
sites. Similarly, the frequencies of the leucocytes (Le),
binuclei (BN), and irregularly shaped nuclei (ISN) were also
significantly increased in the polluted localities, but they
seemed prone to be influenced by sex and/or season.
However, strong positive correlations between blood bio-
markers and most water physicochemical parameters and met-
al in sediment were estimated. Our data support that the River
Bregalnica’s lower course receives significant genotoxic pol-
lution, likely via metal industry effluents, agricultural runoff,
and domestic sewage, and reinforced the utility of MN and
other nuclear abnormalities as sensitive and suitable bio-
markers for genotoxicity when used in monitoring studies.

Keywords Blood - Fish - Genotoxicity - Metals -
Micronuclei - Sediment contamination - Water quality

Introduction

The main water resource in Eastern Macedonia that sustains
life in that region is the River Bregalnica and its watershed.
The Bregalnica is the second largest river (225 km) in R.
Macedonia. The river flows through densely populated areas
and receives untreated wastewaters from the industry, mining,
and households, which are pumped directly into the river,
threatening the drinking water supply, and disturbing the frag-
ile ecological balance. Moreover, the Valey of Kocani, situat-
ed in the middle course of the river, is the principal rice pro-
duction region (Andreevska et al. 2013), which results in ad-
ditional negative pressure in the middle and lower parts of the
river course, namely having in mind the past and current lib-
eral and uncontrolled uses of agrochemicals with unknown
effects on local species. Therefore, recent efforts have been
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focused on studying the pollution of the river, which generally
refers to physicochemical and metal contamination (Stafilov
et al. 2009; Serafimovska et al. 2011; Balabanova et al. 2011,
2013; Dimitrovska et al. 2012; Ili¢ Popov et al. 2014; Ramani
etal. 2014). However, the investigations concerning the effect
of this contamination on the aquatic organisms that inhabit the
river ecosystem are scarce (Barisic¢ et al. 2015; Jordanova et al.
2016), although this kind of investigations is essential for the
preservation of biodiversity and further deterioration of the
ecosystem.

In aquatic eco-toxicological studies, fish are mostly used as
a bioindicator organism, since they are at the higher levels of
food chain and therefore may bioaccumulate toxicants from
the food, water, and sediment (Koca et al. 2005). Barbel
(Barbus peloponnesius, Valenciennes, 1844) is the dominant
species along the river axis (Kostov et al. 2010) and is a typ-
ical benthophagous fish (Georgiev 1998), inhabiting all over
the water flow of the River Bregalnica. Contrary to other local
fish, the barbel is less mobile and colonizes special regions of
the river. Consequently, the health status of this fish can better
reflect the environmental status of particular extensions of the
river. Moreover, as it was outlined by Minissi et al. (1996), the
genus Barbus have wild geographic distribution all around
Europe, which enables comparisons of the in situ monitoring
results between different rivers and different countries.

Many from the wide range of hazardous substances or their
mixtures that end up into the aquatic ecosystems have cyto-
toxic potential and could provoke genotoxic damage in biota
(Costa et al. 2008; Muranli and Giiner 2011), which could be
reflected on next generations, generating adverse reproductive
effects or even extinction risk (Boettcher et al. 2010).
Therefore, the need for the assessment of genotoxic potential
in the surface waters becomes one of the necessary tasks in
field studies. In this vein, the presence of micronuclei (MN) in
erythrocytes from the peripheral blood of fish, as an indicator
of chromosomal damage, has been increasingly used (Ali
et al. 2008; Strunjak-Perovic et al. 2008; Osman et al. 2010;
Fuzinatto et al. 2013). Studies have been showing that expo-
sure of fish to different types of pollutants, under field or
laboratory conditions, causes significant increases in the base-
line natural incidence of MN in peripheral blood erythrocytes
(Al-Sabti and Metcalfe 1995; Ayllon and Garcia-Vezquez
2000; Cavas and Ergene-Goziikara 2003, 2005; Ergene et al.
2007). Beside MN, nuclear abnormalities could be considered
as valuable indicators of genotoxic damage and could be used
in routine genotoxicity surveys as complements of the MN
frequency (Ergene et al. 2007; Carrola et al. 2014).

On the other hand, hematological assessment of peripheral
blood is important in evaluating the health of many organisms,
including fish. In fact, knowledge of the baseline blood char-
acteristics and the subsequent hematological investigations
offer sensitive indexes that can effectively reflect physiologi-
cal and pathological states of fish (Kori-Siakpere et al. 2005).
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For example, altered leukocytic counts were evaluated in fish
exposed to various types of pesticides (Das and Mukherjee
2003; Adhikari et al. 2004; Mgbenka et al. 2005), or metals
(Nussey et al. 1995; Mazon et al. 2002), and are recognized as
a non-specific secondary stress indicator, suitable for
assessing fish health and responses to contaminants (Pierson
et al. 2004). In this vein, the condition factor is a biometric
index that is almost routinely applied in monitoring studies, as
a first non-specific indicator of the fish health status, being
indicative of cumulative organism-level changes (Facey
et al. 2005).

Although studies that include standard hematology and
MN scrutiny are widely applied, there are not such investiga-
tions for fish in water bodies in the R. Macedonia.
Considering the increased pollution investigations for the
River Bregalnica, we assume that fish inhabiting the river
are facing different levels of stress, as a result of the presence
of different types of contaminants, including genotoxic sub-
stances. So, this research was designed to study the
genotoxicity of the River Bregalnica by evaluating the nuclear
damage of the barbel erythrocytes from the peripheral blood,
in two seasons and both sexes. Concretely, our aims were to
(1) assess the frequency of MN and nuclear abnormalities in
barbel erythrocytes; (2) estimate the frequency of blood
leucocytes (Le) and the Fulton’s condition factor (CF) as com-
plementary proxies of the individual fish’s health; (3) examine
water and sediment for selected heavy metals, as well as gen-
eral physicochemical parameters; and (4) perform the correla-
tion analyses for biomonitoring and chemical data sets.

Material and methods
Sampling localities

To collect representative material in accordance with the aims
of this study, the sampling of water, sediment, and barbels
were carried out on three sampling localities along the River
Bregalnica (Fig. 1), chosen in the upper, middle, and lower
parts of the river (Milevski et al. 2008), according to the loca-
tion of potential and known sources of pollutants. First sam-
pling station used as a reference/control area is located before
the city of Berovo, in the upper part of the river (22° 51’ 27.9"
E, 41° 41’ 59.8" N; altitude 856 m), which does not receive
effluents of urban, industrial, or agriculture origins. The sec-
ond sampling zone (site A) is located in the middle part of the
River Bregalnica (22° 20" 58.5" E, 41° 51" 45.4" N; altitude
317 m), which has been subjected to strong pollution from (1)
agriculture activities with dominating rice fields in which pes-
ticide use is substantial; (2) mining activities from the active
zinc-lead mine which waste material exposed to the rain
through the river Zletovica comes into the River Bregalnica;
and (3) household water from the town of Kocani and
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Fig. 1 Location of the sampling sites along the River Bregalnica: reference site (R), site A (A), and site B (B)

surrounding villages directly discharges into the river. The
third sampling zone (site B) is located in the lower part of
the river, downstream to the city of Stip (22° 10’ 27.0" E,
41° 43" 55.0" N; altitude 250 m)—the largest town in the
eastern part of R. Macedonia—being subjected not only to
treated sewage, but also to direct untreated household water
discharges and waste from textile factories as a potential risk.

Chemical and physicochemical analysis of water
and sediment

During the 2007-2008, water samples were taken monthly
(12 sampling campaigns) from the selected sites. At each oc-
casion, water samples were collected in 2-L polyethylene bot-
tles, kept in portable coolers, and transported to the laboratory
for further analysis. The following parameters: pH, water tem-
perature, dissolved oxygen (DO) concentration, and oxygen
saturation were measured directly on the field, using a porta-
ble digital multiparameter pH meter (WTW pH 197i—3A30-

110) and an oxygen meter (YSI Model 51 DO meter).
Concerning the sediment samples, they were collected twice
during the investigated period, in autumn-winter (AW) and
spring-summer (SS). In the laboratory, a standard analytical
method recommended by APHA (1992) for the metal analy-
sis, as well as for the investigation of alkalinity, hardness,
carbonates (COs3), hydrogen carbonates (HCOs3), sulfates, ni-
trates, nitrites, ammonia, total phosphorus, and CODyy,,, was
used. Concentrations of the metals (Zn, Cu, Pb, Mn, Fe, Cd) in
all the samples were measured by a flame atomic absorption
spectrometer (Model Varian SpectraAA 55) and electrother-
mal atomic absorption spectrometry, using Zeeman back-
ground correction (Varian SpectraAA 640). Results were
expressed in micrograms per liter (ug L") and milligrams
per kilogram (mg kg™') for concentration of metals in the
water and their content in the sediment, respectively.

The monitored parameters in the water were interpreted
according to Macedonian water quality standards
(Regulation for Water Classification and Regulation for
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categorization of Watercourses, Lakes, Accumulations and
Underground waters, Official Gazette of the Republic of
Macedonia 1999). According to this classification, there are
five classes of waters, where the quality of the first class is the
best and the water quality of the fifth class is the worst.

Fish collection and sex determination

Fish capture and handling complied with the all the current
laws for the animal welfare of the Republic of Macedonia. A
total of 107 specimens of the barbel were collected from the
selected localities in two seasons: AW and SS. Standardized
electric fishing procedures described in the CEN directive,
“Water Analysis—Fishing with Electricity” for wadeable
and non-wadeable rivers, were used (CEN EN 14011:
2003). The stunned fish were maintained alive by transporting
them in water to a local field laboratory. Fish were humanely
euthanized by one experienced researcher, via instantaneous
cervical transection followed by pithing (Leary et al. 2013).
Then, the total length (TL) and fork length (FL) were mea-
sured to the nearest millimeter (mm), while body weight (BW)
to the nearest gram (g). CF was calculated using the following
formula: CF = body weight (g) x 100 / fork length (cm®). For
sex determination, gonads were removed, fixed in Bouin’s
fixative, embedded in paraffin, cut into 5-pum-thick sections,
stained with hematoxylin and eosin, and examined by light
microscopy.

Sample preparation and analysis

Peripheral blood was collected from the caudal vein, with a
heparinized 2.5-ml disposable sterile plastic syringe and
Microlance needles. Immediately after collection, blood
smears (five per fish) were manually made, air-dried, fixed
10 min in methanol, and stained with May-Griinwald/
Giemsa (MGG) method. From each slide, 20 fields (100 fields
per fish) were sampled systematically and analyzed, with an
oil immersion lens, at a magnification of x1000. From each
selected field of view, the total numbers of erythrocytes and of
Le were counted, and the number of white cells per/1000 red
blood cells was estimated. All erythrocytes (8.000 to 16.000
per fish) were inspected for the presence of nuclear
abnormalities and scored according to the classification of
Carrasco et al. (1990) and Strunjak-Perovic et al. (2008).
MN, binuclei (BN), vacuolated nuclei (VN), and irregularly
shaped nuclei (ISN) were classified separately. Only round- or
ovoid-shaped non-refractory particles, with structure similar
to that of chromatin and clearly detached from the main nu-
cleus, with diameters up to one third of the nuclei size, were
interpreted as MN (Fig. 2). BN were those that contained two
round or ellipsoidal nuclei with approximately the same size
(Fig. 3). Blebbed, lobed, and notched nuclei were interpreted
together and denoted as ISN (Fig. 4). VN were those that
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Fig. 2 Light micrograph showing MN (arrow) in periphery blood from
barbel captured at site A (MGG). Bar = 0.01 mm

despite being regularly shaped, nuclei contained one, or rarely
two, well-demarcated round vacuoles (Fig. 5). All investigat-
ed parameters were calculated as mean frequencies, deter-
mined as number of Le, and nuclear abnormalities/1000 eryth-
rocytes (%o).

Statistical analysis

The data for all investigated parameters (except for metal con-
tent in the sediment) were presented as mean values, followed
by the coefficient of variation (CV = SD / Mean). The data
concerning fish parameters additionally were grouped accord-
ing to sex, locality, and season. The statistics was conducted
with the software STATISTICA 7.0 (StatSoft) for Windows
(Microsoft). For every parameter, raw data were first log trans-
formed to promote the premises of normality and homosce-
dasticity and then analyzed by a factorial (three-way)
ANOVA, to test the effects of sex, season, sampling site, and
their interactions. Post hoc analysis recurred to the Tukey
method. Because the transformation could not always statisti-
cally grant homoscedasticity and in view of the absence of a
non-parametric equivalent to a three-way ANOVA, in what

Es
5 —

Fig. 3 Light micrograph showing BN (arrow) in periphery blood from
barbel captured at site A (MGG). Bar = 0.01 mm
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Fig. 4 Light micrograph showing ISN (arrow) in periphery blood from
barbel captured at site A (MGG). Bar = 0.01 mm

regard selected comparisons between two groups, an addition-
al non-parametric approach was conducted using the Mann-
Whitney’s U test. Results from the post hoc parametric and
non-parametric approaches were highly similar. Correlation
analyses for selected variables were used to find specific linear
associations between average metal concentrations in water
and metal content in sediment versus average fish blood pa-
rameters (biomarkers), at a particular location and season,
using the Spearman rank-order correlation test (as homosce-
dasticity could not be granted always). The statistical signifi-
cance level, alpha, was set at 5%, and so, null hypothesis was
rejected whenever p < 0.05.

Results

Physicochemical parameters of the water

The results of physicochemical analyses of the water at the
sampling sites divided by seasons are given in Table 1. In
general, multivariate analysis of variance (MANOVA) re-
vealed that locality alone had the strongest influence on

Fig. 5 Light micrograph showing VN (arrow) in periphery blood from
barbel captured at site A (MGG). Bar = 0.01 mm

almost all water parameters, except for ammonia, total phos-
phorus, and CODy,,,, while temperature, DO, O, saturation,
sulfates, and total phosphorus were also affected by season
alone. Significant temperature fluctuations were recorded in
all localities between the seasons. However, in both seasons,
the highest mean water temperatures were recorded in lower
altitudes of the river (sites A and B), compared with the ref-
erence site. Also, average alkalinity, hardness, CO;, HCO;3,
nitrates, and nitrites were significantly greater in middle and
lower river flows (sites A and B) compared with the reference
one, while sulfates differed between all sites and between
seasons in site A.

Metal analyses in the water and the sediment

The metal concentrations in the water were more or less
constant, with a trend for higher values of Mn and Fe
downstream (Table 2). Statistical analyses showed that sea-
son alone had influence on concentration of Cd, with sig-
nificantly higher values in SS compared with AW (Fig. 6),
while Mn concentrations were affected by both factors in-
dividually (season and locality) and in interaction (Fig. 7).
As for the concentrations of Fe, significantly higher values
were observed in AW season for site A (Fig. 8), compared
with the reference site, and site B. As for the concentra-
tions of Cu (Fig. 9) and Pb (Fig. 10) in the water, no sta-
tistical differences were observed. Furthermore, metal con-
tent in the sediment of the three sampling sites varied con-
siderably (Table 2). For such data, no definitive statistical
analyses were conducted, because we have only two sam-
ples, which are viewed as preliminary and exploratory.
Anyway, the fact is that the content of all the metals in
the sediment (Zn, Cu, Cd, Mn, Pb and Fe) was higher at
site A and site B compared to those in the reference site.

Fish condition and morphometric parameters

The fish BW and TL are presented in Figs. 11 and 12, respec-
tively. For both cases, season and sex were significant factors for
the observed differences, but for BW, the sampling station and
the interaction of season x sex were also significant. Females
were overall heavier and longer than males in all localities, al-
though significantly only in the reference site (in AW) and in site
A (in SS). As for the localities, the only difference in BW was
observed in females from AW, with heavier specimens in refer-
ence site, compared with samples collected in site B. Besides
that, females collected in AW from the reference site were sig-
nificantly longer than females from SS at the same site. As for
the CF (Fig. 13), significant influences existed for each factor
(locality: in both sexes and both seasons; sex: in reference site, in
both seasons; and season: between males from the site A), as
well as by interaction locality x sex. The CVs showed very low
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Table 1 The physicochemical

data' of the sampling sites in the Reference site Site A Site B
River Bregalnica in AW and SS
seasons Parameters Season
Temperature (°C) AW 2.1(1.27) Aa 8.5(0.39) Ab 7.7 (0.40) Ab
SS 12.6 (0.26) Ba 16.4 (0.20) Bb 18.1 (0.26) Bab
pH AW 7.7 (0.02) ab 7.6 (0.02) a 8.1(0.03)b
SS 7.8 (0.01)a 7.6 (0.01) b 8.1(0.02) ¢
DO (mgL™) AW 13.2(0.10) A 10.9 (0.16) A 12.3 (0.15)
SS 9.8(0.09) B 8.1(0.10)B 9.2 (0.11)
O, saturation (%) AW 96.8 (0.04) A 92.4 (0.11) 102.7 (0.13)
SS 92.2 (0.03) Ba 82.1 (0.05) b 95.9 (0.04) a
Alcalinity (meq L") AW 0.8 (0.53) a 1.8 (0.52) b 24044 b
SS 0.6 (0.39) a 1.7 (0.28) b 22(037)b
Hardness (°dH) AW 2.1(0.53)a 5.1(0.52)b 6.7 (0.44) b
SS 1.6 (0.39) a 4.7 (0.28) b 6.3(037)b
CO; (mgL™") AW 33.6(0.53)a 79.6 (0.52) b 104.5 (0.44) b
SS 25.5(0.39) a 74.3 (0.28) b 98.8(0.37) b
HCO; (mg L™ AW 46.6 (0.53) a 110.3 (0.52) b 144.8 (0.44) b
SS 353(0.39)a 103.0 (0.28) b 136.9 (0.37) b
Sulfates (mg L") AW 19.6 (0.24) a 28.4 (0.19) Ab 52.6(0.32) ¢
SS 19.9(0.24) a 39.5(0.25) Bb 62.3 (0.17) ¢
Nitrates (mg L") AW 1.0 (0.37) a 3.8(0.30)b 4.2 (0.16) b
SS 1.6 (0.43) a 3.7(0.27)b 32(025b
Nitrites (mg L") AW 0.03(1.22) a 0.13(045)b 0.16 (0.37) b
SS 0.02 (0.70) a 0.16 (0.38) b 021 (1.29) b
Ammonia (mg L") AW 04 (1.22) 0.8 (0.76) 0.4 (1.13)
SS 0.3 (0.44) 0.2 (0.57) 0.5 (0.89)
Total phosphorus (ug L) AW 0.015 (0.57) 0.016 (0.97) 0.010 (1.77)
SS 0.006 (0.80) 0.008 (1.15) 0.004 (1.23)
Chemical oxygen demand AW 42 (0.41) 4.4 (0.30) 5.1(0.44)
CODy, (mg L' 0,) SS 5.5(0.40) 4.1 (0.34) 4.8 (0.27)

"' The results are presented as mean values accompanied by the coefficient of variation. For every parameter,
different uppercase letters represent differences between the seasons within sampling site (read vertical) and
different lowercase letters represent differences between sampling localities within each season (read horizontal)

interindividual variability for TL and CF and marked biological
unevenness for the BW.

Blood analyses

As to blood analyses, the frequencies of Le, BN, ISN, MN,
and VN are presented in Figs. 14, 15, 16, 17, and 18, grouped
by locality, season, and sex of the fish. All types of examined
nuclear deformities were present in all groups, even in the
reference one, although with low frequency. MANOVA
showed that locality alone was the only factor that has influ-
ence on all parameters. As to interactions, locality x season
influenced the Le and MN frequencies, while season x sex
affected only the frequencies of BN. Generally speaking, for
all parameters, the reference site revealed significantly lower
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values regarding the downstream parts of the river. However,
when analyzing each blood cell parameter separately, some
differences in the pattern of variations become apparent.

The frequency of the Le (Fig. 14) in AW in the reference site
was 16.01%o for females and 9.96%o for males, in site A around
15%o0, while in site B, the values were around 23%o for both
sexes. In SS, highest values were observed in site A (30.45%o
in females and 27.39%0 in males) and lowest ones in both the
reference site (14.34%o in females and 12.28%o in males) and site
B (12.39%o0 in females and 15.55%o in males). Statistical analysis
of the Le frequency revealed significant differences only in
males, but in both seasons: (a) in AW males from the reference
site, it revealed significantly lower values than males from site B,
and (b) in SS males from the reference site, it had lower values
too, differing from males from site A.
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Table 2 Metal concentration in
the water' and metal content in Water (ng L") Sediments (mg kg ')
the sediments® of the sampling
sites in the River Bregalnica in Reference site  Site A Site B Reference site  Site A Site B
AW and SS seasons
Metal ~ Season
Zn AW <10 <10 <10 65 118 400
SS <10 <10 <10 20 272 171
Cu AW 5.48 (0.39) 4.39 (0.49) 4.34 (0.46) 40.9 77.0 62.7
SS 7.72 (0.46) 5.53(0.34) 7.33 (0.68) 7.8 45.6 387
Cd AW 0.07 (025 A 0.06(1.02)A  0.09 (0.69) A  0.16 0.47 0.90
SS 0.16 (0.39) B 0.19(031)B  0.19(032)B  0.05 1.81 0.45
Mn AW 20 (1.03) 123 (0.75) 122 (0.72) 404 1011 2687
SS 16 (0.21) 33 (1.02) 18 (0.50) 84 1866 1311
Pb AW 6.66 (0.77) 6.49 (0.68) 9.46 (0.30) 6 36 93
SS 9.05 (0.25) 8.59 (0.49) 7.86 (0.38) 5 124 35
Fe AW 93(0.87)a 407 (1.17) b 219 (1.10)ab 33,863 44,422 42,655
SS 62 (0.64) 145 (0.54) 71 (0.54) 24,756 36,355 30,715

! The results are presented as mean values accompanied by the coefficient of variation. * The results are presented
as single values in appropriated season. Different uppercase letters represent differences between the seasons
within sampling site (read vertical), and different lowercase letters represent differences between sampling local-
ities within each season (read horizontal)

Asto the MN (Fig. 15), for both sexes and in both seasons,
the lowest values were recorded in fish from the reference site
(from 0.1 to 0.3%0¢). The MN frequency was much higher at
the site A (from 3.55 to 4.80%o), reaching the highest values at
site B (from 5.19 up to 22.17%0). The MN frequency at both
polluted sites (A and B) significantly differed from the refer-
ence site; such differences were observed in both seasons and
were valid for both sexes.

Differences in the BN frequency (Fig. 16) were observed in
males from both seasons, with significant differences between

males from the reference site (in AW—0.09, SS—0.14%o0) and
site B (in AW—0.34, SS—0.60%¢). As for the ISN, although
the locality was the only influencing factor, different modes of
variation were observed in females and males (Fig. 17).
Namely, in males from both seasons, a significantly lower
frequency was observed in the reference site (in AW—0.44,
SS—0.69%0) compared with both polluted sites (site A in
AW—1.30, SS—1.90%o, site B in AW—1.50, SS—3.16%0).
In females, only SS individuals differed significantly. The
highest values were noted in the site A (1.83%o), somewhat

Fig. 6 The concentration of Cd 0,30
in the water of the sampling sites —$— Season: AW
in the River Bregalnica in AW and =% - Season: SS
SS seasons. The data are 0,25 B B
expressed as mean, and vertical
bars denote a 0.95 confidence B
interval 0,20} I T
- 0,15
i A
o
2 A A
8 o010
0,05} J
0,00
-0,05 s : :
Reference Site Site A Site B
Locality
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Fig. 7 The concentration of Mn 250
in the water of the sampling sites == Season: AW
in the River Bregalnica in AW and SF- Season: SS
SS seasons. The data are 200 }
expressed as mean, and vertical
bars denote a 0.95 confidence
interval
150
o
g 100
f=
=
50
ol
-50

lower in site B (1.19%0) and lowest in the reference site
(0.39%0). However, statistical calculations revealed significant
differences only between females from the reference site and
those from site B. Concerning VN (Fig. 18), the lowest values
for that type of nuclear abnormality were recorded in the ref-
erence site, for both sexes in both seasons (female from AW—
0.12, SS—0.03; male from AW—0.04, SS—0.06%¢), while
the highest values were noted in AW female (19.57%o0) and SS
male (20.13%o0) from the site A and AW male (23.71%0) and
SS female (25.03%0) from the site B. Regardless these facts,
the observed values in the reference site were always signifi-
cantly lower compared with both other sites (site A and site
B), for both sexes and seasons.

Reference Site Site A Site B

Locality

In general, the CVs showed high interindividual variability
for all examined parameters. The CVs for Le ranged from 40
to 133%, values that were also observed for ISN (from 43 to
133%). Variation of VN was even somewhat higher than that
of the two previous parameters (from 53 to 162%). The MN
and BN revealed the highest variance; CVs for MN ranged
from 95 up to 400%, while for BN from 75 to 331%.

Correlation analyses
Linear correlation analyses were investigated in females and

males separately. This type of analyses was conducted to
check associations between average values of blood

Fig. 8 The concentration of Fe in 700
the water of the sampling sites in
the River Bregalnica in AW and 600
SS seasons. The data are
expressed as mean, and vertical 500 |
bars denote a 0.95 confidence
interval
400 |
7 300 |
(=2}
2
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100 |
0
-100
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|
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Fig. 9 The concentration of Cu 12 T
in the water of the sampling sites 1" —$— Season: AW
in the River Bregalnica in AW and —%- Season: SS
SS seasons. The data are 10 T .
expressed as mean, and vertical
bars denote a 0.95 confidence 9
interval -
8 —_
.
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parameters vs. average values of physicochemical parameters
of the water. We also investigated correlation between average
values of blood parameters vs. average values of concentra-
tion of metals in the water and metals in sediments. All linear
correlation analyses were made regarding the localities and
seasons. The correlation coefficients and respective statistical
significance are displayed in Table 3. In summary, in females,
data show that (1) MN was strongly and positively correlated
with sulfates, nitrates, nitrites, alkalinity, CO3;, HCO;, and
hardness; (2) VN were positively correlated only with nitrites;
and (3) ISN was strongly correlated with the content of Cd,
Mn, Pb, and Zn in the sediment. In males, (1) MN was strong-
ly positively correlated with sulfates, nitrites, alkalinity, CO3,

HCO3;, hardness, and contents of Mn and Zn in the sediment;
(2) ISN also strongly positively correlated with nitrites and
sulfates; (3) Le revealed strong positive correlations with the
content of Cd, Mn, Pb, and Zn in the sediment; and (4) VN
was strongly (but now negatively) correlated with Cu in the
water.

Discussion
The River Bregalnica is considered one of the most polluted

rivers in the Republic of Macedonia, due to collection of the
wastewater from households and industry from the bigger

Fig. 10 The concentration of Pb 16
in the water of the sampling sites
in the River Bregalnica in AW and 14
SS seasons. The data are
expressed as mean, and vertical
bars denote a 0.95 confidence 12
interval
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Fig. 11 Changes in the BW, of 70 y
the female and male barbels == Sex: female
sampled from the selected sites =% Sex: male
and in different seasons. The data 60y
are expressed as mean, and
vertical bars denote a 0.95
. 50
confidence interval
_ 40t
&0
z
2
30F
20
10t
Locality: Site A Locality: Site A
Reference Site Site B Reference Site Site B
Season: AW Season: SS

cities, such as Berovo, Delcevo, Kocani, and Stip, and accord-
ing to Dimitrovska et al. (2012), the water quality was below
the stipulated national regulation. In line with the latter, the
use of Macedonian water quality standards (Regulation for
Water Classification and Regulation for Categorization of
Watercourses, Lakes, Accumulations and Underground
Waters, Official Gazette of the Republic of Macedonia,
1999) allowed a rating of second category for the upper part
of the River Bregalnica (reference site) and of the third cate-
gory for the middle and lower parts of the river (sites A and B).

According to the physicochemical parameters in our study,
the values obtained for some of the measured parameters are
in accordance with the Macedonian standards. For example,

pH, DO, and O, saturation were within the allowed values for
this watercourse category. However, this investigation re-
vealed that several measured parameters, such as the concen-
tration of the nitrites, and Cd, Mn, and Fe in the water
exceeded the legal requirements. Namely, there was an in-
creased concentration of nitrogen compounds (mainly nitrites)
in sites A and B that indicated a presence of organic com-
pounds and/or unsatisfactory microbiological quality in the
water. The intensive agricultural activities along the middle
and lower courses of the water could be contributing to the
higher concentration of nitrogen compounds. Moreover, the
middle and lower parts of the River Bregalnica were charac-
terized with increased hardness and sulfates, which could be

Fig. 12 Changes in the TL, of the 19
female and male barbels sampled
from the selected sites and in 181
different seasons. The data are
expressed as mean, and vertical 177
bars denote a 0.95 confidence
interval 16+
15}
g
< 14
-
|
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Fig. 13 Changes in the CF, of the 1,6 y
female and male barbels sampled == Sex: female
from the selected sites and in =+ Sex: male
different seasons. The data are 1.5
expressed as mean, and vertical
bars denote a 0.95 confidence 14
interval '
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Locality: Site A Locality: Site A
Reference Site Site B Reference Site Site B
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interpreted as a mineral component of the river water, because
these variables had a common origin in rock dissolution and
soils, but higher concentrations for the sulfates also indicated
anthropogenic inputs to total solutes (Li et al. 2011).

There are investigations in which differences in morpho-
metric parameters were observed between fish from polluted
and unpolluted sites. For example, in the study of George-
Nascimento et al. (2000), Paralichthys spp. collected from
the control site were significantly greater in length and BW
than those collected from polluted sites. In our study, lower
water quality recorded in lower parts of the river was associ-
ated with the reduced BW, noted in females from site B, com-
pared with females from the reference site in AW season. In

the investigated barbel, beside locality, seasonal and sex influ-
ence was noticed for the morphometric parameters (BW and
TL). As it was expected, females were heavier and longer than
males in all localities, although significantly only in the refer-
ence site in AW and in site A in SS. The same differences in
the length and weight of the females and males barbel were
already noticed (Soric’ and Jankovi¢ 1989; Sori¢ 1992;
Vasiliou and Economidis 2005). In barbel, sexual maturation
in males takes place earlier than in females, which may be the
reason for the smaller body size of the males (Vasiliou and
Economidis 2005). In fact, earlier maturation and smaller
body size in males than in females are common in many fish
species (Vasiliou and Economidis 2005). Unlike the

Fig. 14 Changes in the Le 50 T
frequency of the female and male 4 == Sex: female
barbels sampled from the selected 5 =& Sex: male
sites and in different seasons. The 20| 7
data are expressed as mean, and b
vertical bars denote a 0.95 35| b T
confidence interval -
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Fig. 15 Changes in the MN 35 y
frequency of the female and male % Sex: female
barbels sampled from the selected 30 ¢ Sex: male b
sites and in different seasons. The
data are expressed as mean, and 25
vertical bars denote a 0.95
confidence interval 20 ¢
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morphometric parameters, fish from polluted sites (sites A and
B) revealed significantly lower condition regardless the sea-
son or sex. This is not an isolated case since decreased CF was
also reported for other barbel species collected from the pol-
luted areas. For example, significantly lower CF was detected
for Barbus bocagei collected from river Tajo, which has been
under influence of industrial, urban, and agricultural activities
(Carballo et al. 2004), and for Barbus meridionalis collected
from the river Ripoll, at sites located after point sources of
urban and metallurgical industry effluents (Maceda-Veiga
et al. 2010). As it can be noticed, the sources of pollution in
the aforementioned investigations have similarities with the
kind of pollution in our polluted localities, so we can assume

that lower CF in our barbel is, at least partly, provoked by
direct pollution input in the river.

The blood analyses are in line with the CF data and respec-
tive conclusions. The frequencies of Le in the blood smears do
not seem to result from influences of natural factors as sex or
season. Our results have parallels in the literature, as for ex-
ample, no significant sex differences in blood parameters were
observed in Cichlasoma dimerus (Vazquez and Guerrero
2007), Centropomus parallelus (Santos et al. 2009), and
Rutilus kutum (Nikoo et al. 2010). However, the results from
our study show that regarding the localities, the fish likely
experienced stimuli that elevated the Le frequency, despite
being statistically significantly only in males. Males from SS

Fig. 16 Changes in the BN 2,5
frequency of the female and male % Sex: female
barbels sampled from the selected Sex: male
sites and in different seasons. The 2,0
data are expressed as mean, and
vertical bars denote a 0.95
. 1,5
confidence interval
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10 ab 1b _
g -
z a 4
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Fig. 17 Changes in the ISN 5 y
frequency of the female and male % Sex: female b
barbels sampled from the selected Sex: male
sites and in different seasons. The 4r
data are expressed as mean, and
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at site A and AW at site B revealed significantly higher fre-
quencies of Le than those from the reference site. Those great-
er values could be at least partly attributed to the increased
water temperature, especially at site B, where the geothermal
system of Kezhovica-Ldzhi is situated, at the right bank of the
River Bregalnica (Ramani et al. 2014). In some other fish
species, significant seasonal variations were associated with
increased water temperature and reduced photoperiod, both of
which inducing leukocytosis (Guijarro et al. 2003; Kavadias
et al. 2004).

Although the influence of natural factors cannot be exclud-
ed, the anthropogenic pressure and associated pollution im-
pacts present at sites A and B offer a most logical causative

explanation for the changes. Indeed, we found a strong posi-
tive correlation between male total Le frequency and the con-
tent of the heavy metals (Cd, Mn, Pb, and Zn) in the sediment.
Significant differences registered in males could be connected
with the animal feeding status (Joshi 1980) or species-specific
characteristic (Pavlidis et al. 2007). Despite correlation is not
necessarily causation, it is apparent that among all other fac-
tors, the elevated metal content in the sediment registered in
middle and lower parts of the river may be one causative agent
for the increased Le. It is well established that white blood
cells act as a primary defense line (Tierney et al. 2004), name-
ly for fighting infections (Mekkawey et al. 2011). According
to Ates et al. (2007), metal toxicity can stimulate the immune

Fig. 18 Changes in the VN 45 y
frequency of the female and male = Sex: female
40 E Sex: male
barbels sampled from the selected
sites and in different seasons. The 35
data are expressed as mean, and 30|
vertical bars denote a 0.95
confidence interval 25t
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Table 3 The results from correlation analyses' between blood
parameters in female and male barbels vs. physicochemical and metal
analyses from the water and the sediment

Variables Spearman’s Rho p value
Female barbel
MN (%) vs. Sulfates (mg L") +0.89 <0.05
MN (%o) vs. nitrates (mg LY +0.83 <0.05
MN (%o0) vs. nitrites (mg LY +0.83 <0.05
MN (%o) vs. alcalinity (meq L") +0.94 <0.01
MN (%0) vs. CO5 (mg L1 +0.94 <0.01
MN (%0) vs. HCO3 (mg L") +0.94 <0.01
MN (%o) vs. hardness (°dH) +0.94 <0.01
VN (%o0) vs. nitrites (mg L") +0.83 <0.05
ISN (%0) vs. Cd (mg kg ") +0.94 <0.01
ISN (%0) vs. Mn (mg kg ) +0.94 <0.01
ISN (%) vs. Pb (mg kg™") +0.94 <0.01
ISN (%o0) vs. Zn (mg kgﬁl) +0.94 <0.01
Male barbel
MN (%o) vs. sulfates (mg L™ +0.89 <0.05
MN (%o) vs. nitrites (mg LY +0.94 <0.01
MN (%o0) vs. alcalinity (meq LY +0.94 <0.01
MN (%) vs. CO5 (mg L1 +0.94 <0.01
MN (%) vs. HCO3 (mg L") +0.94 <0.01
MN (%o) vs. hardness (°dH) +0.94 <0.01
MN (%o) vs. Mn (mg kg ") +0.94 <0.01
MN (%) vs. Zn (mg kg ") +0.94 <0.01
VN (%0) vs. Cu (ug L") -0.83 <0.05
ISN (%o) vs. sulfates (mg L") +0.94 <0.01
ISN (%o) vs. nitrites (mg LY +0.89 <0.05
Le (%0) vs. Cd (mg kg™ +0.89 <0.05
Le (%o) vs. Mn (mg kg ") +0.89 <0.05
Le (%0) vs. Pb (mg kg ™" +0.89 <0.05
Le (%0) vs. Zn (mg kg ") +0.89 <0.05

! Only significant correlations are presented

system and trigger blood leukocytosis. Also, an increase in the
number of Le was deemed to be a normal reaction of fish
against exposure to foreign substances, such as copper
(Nussey et al. 1995; Mazon et al. 2002). However, we should
bear in mind that in sites A and B, agriculture additionally
burdens the river with pesticides (Stipanicev et al. 2017) and
that many investigations revealed altered Le counts derived of
pollution from agricultural activities. A rise in the total Le
count has been reported for Heteropneustes fossilis, exposed
to sublethal amounts of fenthion (Srivastava and Mishra 1983)
and deltamethrin (Kumar et al. 1999). The same rise was re-
ported for Labeo rohita fingerlings, exposed to sublethal con-
centrations of cypermethrin and carbofuran (Das and
Mukherjee 2003; Adhikari et al. 2004), and for Clarias
albopunctatus fingerlings, exposed to sublethal doses of the
insecticide actellic (Mgbenka et al. 2005). However,

@ Springer

exposure of teleosts to different classes of pesticides
may cause not only increases, but also decreases in
the differential count of Le (Singh and Srivastava
2010). Anyway, taking all the facts, the elevated Le
frequency herein more likely resulted from cumulative
effects of local toxicant stressors.

Unlike Le, the barbel erythrocyte MN frequency had stron-
ger variations along the river course, with higher values seen
in both seasons and sexes at sites A and B. Accordingly, bar-
bel collected from the reference site revealed the lowest fre-
quency of the MN in the erythrocytes, which varied within
narrow limits (from 0.1 to 0.3%0). Anyway, when interpreting
the trend, we must bear in mind that in a field study of wild
fish, an inherent weakness is the lack of a true negative control
(Cavas and Ergene-Goziikara 2005). A rate of MN sponta-
neous induction very close to our findings was regis-
tered for Barbus plebejus (0.5%0) in a control fish group
obtained by artificial reproduction and kept in well wa-
ter (open system) (Minissi et al. 1996). Also, in Barbus
barbus from the Danube River, a baseline rate of only
0.6%0 was reported (Boettcher et al. 2010). The low
spontancous MN frequency at our reference site thus
supports that the barbels from that location constitute
an appropriate control group.

As for other biomarkers of pollution, besides knowing the
normal range of spontaneous MN induction, the variations
associated with natural factors should also be taken into con-
sideration, when doing applications in situ (BarSiené et al.
2006). Herein, season and fish sex seem not to have major
influences on the frequency of erythrocyte MN in any of the
investigated localities. The most remarkable result was that
the MN frequency appears to be related to the localities ex-
amined and consequently suggesting that poorer water and
sediment quality may be the basis of the increased values.
As we already mentioned, the source of pollution in sites A
and B originates from multiple toxic entries in those parts of
the river. So, different types of pollution at each site may be
the reason for the observed trends in the MN frequencies. Site
A is considered the most polluted locality in our study, having
the highest heavy metal content in sediments (especially in
SS) and being subjected to an additional input of domestic
wastewater and agricultural runoff. Yet, the MN%o at site A
(despite seeming lower on a first glance) did not significantly
differ from site B. The no difference may be because under
field conditions, genotoxicants tend to adsorb onto particulate
matter, and so, the sediment compartment is the intermediate
or final receptor of insoluble or slightly soluble pollutants
(Rocha et al. 2009; Boettcher et al. 2010). Additionally, the
impact of mixtures can blur simplistic dose-response patterns.
For instance, Costa et al. (2008) noticed that organic contam-
inants in sediments have stronger genotoxic potency than
heavy metals, but mixed influences of these two pollutants
may result in lower genotoxic stress. These authors suggested



Environ Sci Pollut Res (2017) 24:10493-10509

10507

that metals (such as Cu, As, Cd, and Pb) may have an inhib-
itory effect on genotoxicity when interacting with organic
contaminants, at least during early exposure. Also, Ossana
and Salibian (2013) stated that incidentally increasing of both
organic and inorganic contaminants in addition to metal pol-
lution could contribute to increases in the frequency of MN. In
summary, the MN frequency may vary according to the type
of pollution (Ali et al. 2008). Here, analyses suggest that in-
creased metal content in sediments was probably not the only
reason for more numerous MN. We can suspect about this
from the positive correlations between the MN and sulfates,
nitrites, alkalinity, CO3, HCOj3, and hardness, for both sexes,
and nitrates for females.

Our results for erythrocyte nuclear abnormalities (BN, ISN,
and VN) followed the MN trends, namely because they were
influenced by locality only. In general, there were higher fre-
quencies of abnormalities in localities downstream from the
reference site. Such pattern attained all the abnormalities, in
males, and for both seasons. In females, higher values in middle
and lower parts of the river existed for VN (both seasons) and
ISN (SS). These somewhat different patterns of males and fe-
males were noted also in correlation analyses, where various
types of associations exist, especially for ISN (with metals from
the sediment in females and with nitrites and sulfates in males).
The various patterns of males versus females need future inves-
tigations, namely considering the scarcity of data about sex dif-
ferences in the frequency of nuclear abnormalities other than
MN. To our knowledge, variations between sexes were ob-
served only for MN—being attributed to female hormonal status
(Al-Sabti and Metcalfe 1995)—as a result of decreasing the
body burden of lipophilic mutagens during the spawning period
(Huges and Hebert 1991) or as a result of higher susceptibility of
males (Liu et al. 2013).

Irrespective of the previously mentioned and consider-
ing the use of erythrocyte nuclear abnormalities as proxies
of genotoxicity (Carrola et al. 2014), our global data sup-
port that harmful substances entering the studied lower part
of the river evoke genotoxic stress in barbel (and likely in
other fish). Anyway, unlike the MN, the mechanisms un-
derlying the emergence of most nuclear abnormalities in
fish erythrocytes have not yet been explained. Likewise,
there is still no consensus about the type of morphological
nuclear irregularities that may also result from genotoxic
stress and that should be considered as MN analogous
(Ayllon and Garcia-Vazquez 2000), making the results ob-
tained in different investigations difficult to compare. In
spite of this, some authors (Ayllon and Garcia-Vazquez
2000; Cavas and Ergene-Goziikara 2003, 2005; BarSiené
et al. 2006, 2015) defend that morphological nuclear alter-
ations other than MN are offering complementary informa-
tion for genotoxicity analyses in blood erythrocytes and in
other cell types and should be included in routine
genotoxicity tests.

Conclusions

In conclusion, increased frequency of MN and of other nucle-
ar abnormalities in blood erythrocytes, together with that of Le
at the most polluted sites A and B, as a prime consequence of
the influence of the localities, and not of the animals’ sex or
year season, confirms that lower course of the River
Bregalnica receives significant genotoxic pollution. Along
the similar line are higher metal concentrations of Mn, Cd,
and Fe in the water in sites A and B than allowed third cate-
gory rating according to the Macedonian Water Quality
Standards (Official Gazette, 1999). Supplementary, in these
localities, agricultural activities as well as urban and industrial
runoff contribute to the overall genotoxic effect. Moreover,
the correlation analyses revealed that higher values for blood
parameters are, at least in part, linearly associated with metals
in the sediment and increased values for most water physico-
chemical parameters. In this vein, the results of this study
further support published works stating that the frequency of
MN and nuclear abnormalities are sensitive and suitable bio-
markers for genotoxic pollution when used in monitoring
studies. Finally, we can state that the benthophagous barbel,
abundant in a wide zoogeographic distribution, being in close
contact with sediments, and showing some good biomarker
correlations with loads of some heavy metals, is here rein-
forced as a suitable sentinel fish for studying in situ genotoxic
pollution in the Balkans.
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