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Abstract

This work was carried out to investigate the toxic potential of recent application of two fungicides, penconazole and copper
nanoparticles, on the African catfish Clarias gariepinus. Haematological and serological indices of catfish blood were evaluated after
three months of exposure to sub-lethal doses of penconazole and copper nanoparticles. During the experiment, C. gariepinus was
exposed to three different concentrations (1.8, 3 and 4.2 pug/L) of the two fungicides. Haematological and biochemical parameters
and the induction of micronucleated red blood cells (RBCs) and nuclear lesions were evaluated as biomarkers for the toxicity of the
two fungicides. Our results revealed that both chemicals could potentially cause haemato-serological and genotoxic alterations in the
experimental catfish. The deteriorations in the investigated parameters were dependent on the concentrations of the administered
chemicals. On the other hand, least significant difference (LSD) tests indicated that the tested parameters were more adversely
influenced by penconazole than by copper nanoparticles. The mean RBC counts and haemoglobin (Hb) and haematocrit (Hct)
levels decreased with increasing concentrations of both pesticides (1.8, 3, 4.2 ug/L). In relation to the levels of the control fish,
glucose, glycerol, protein, alanine amino transferase (ALT) and aspartic amino transferase (AST) were also altered in the blood of fish
exposed to both pesticides. The induction of micro nucleated RBCs and nuclear lesions was determined to be related to the exposure

concentrations of the selected fungicides.
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Introduction

Management of water quality, control of water pollution and environmental protection are major issues for preserving suitable
living conditions for the future. Egypt has been listed among the ten countries that will be threatened by water deficiency by the year
2025 due to the rapidly increasing population [1]. Approximately 97% of Egypt’s water resources are from the Nile River [2], which has
become polluted due to discharge of untreated waste, dumping of industrial effluent and runoff from agricultural fields [3,4]. One of the
most severe impacts of such pollution is biodiversity loss. The African catfish Clarias gariepinus is the most common fish in Egypt. The
African catfish has been used in fundamental research and toxicological studies [5], since it has a well-documented biology and is easy

to rear in captivity [6]. During recent decades, the use of insecticides has increased dramatically, contaminating soil, water and biota.
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These pesticides are generally used for controlling agricultural pests [7] and may reach aquatic ecosystems, leading to toxic effects and
altered haematology and biochemistry in fishes [3,8]. The potential genotoxicity of pesticides in aquatic organisms is poorly understood.
Penconazole and copper nanoparticle fungicides have economic roles, being used as sprays in crop production; despite this, they have the
potential to deteriorate the environment if applied in high doses, causing necrosis, specific structural changes or even death in animals
[9,10]. Although penconazole is widely found in the aquatic environment, little is known about its acute toxicity in fish [11]. Despite the
potential advantages of copper nanoparticles, many issues surrounding these compounds have still not been addressed. The concept of
monitoring aquatic pollution using biomarkers has become important for modern environmental assessment as biomarkers can help
to predict the presence of pollutants involved in monitoring programmes [12]. Blood parameters are considered good physiological
biomarkers of the whole body and, therefore, they are important in diagnosing the structural and functional status of fish exposed to
environmental pollutants [13]. Haematological and serological parameters have become promising biomarkers for measuring the impacts
of water pollution in fish, because blood variables respond to low doses of pollutants [4]. Micronuclei (MN) and nuclear lesion (NL) tests
are the most widely applied of these methods since they detect the genotoxicity of a wide range of compounds, especially in fishes. Assays
of MN and NLs are sensitive tools for detecting genotoxicity resulting from surface runoff of agricultural fungicides [14]. According to
the available literature, there are no available data regarding the potential haematological, serological and genotoxic consequences of
penconazole and copper nanoparticles on the African catfish C. gariepinus. Therefore, this study was carried out to determine the toxicity

of penconazole and copper nanoparticles in African catfish using haematological, biochemical and genotoxic biomarkers.

Materials and Methods
Experimental design

African catfish, C. gariepinus, with a mean weight of 175 + 7 gm and mean length of 25 + 5 cm from the Egyptian Nile River were
purchased at Assiut City. The fish were transported to the Laboratory of Fish Biology, Zoology Department, Faculty of Science, Al-Azhar
University, Assiut, Egypt for acclimatization for two weeks. During this period, the fish were kept in 120-litre rectangular tanks and fed 3%
of their body weight with commercial feed pellets (40% crude protein, 4.22% fat, 5.88% crude fibre, 10.30% ash and 10.03% moisture).
Laboratory conditions were maintained and adjusted as necessary (conductivity 2000 ps/cm; pH = 7.5; oxygen 90 - 95% saturation;
temperature 25°C; photoperiod 12:12 light:dark). The selected fungicides (penconazole and copper nanoparticles) were administered
at sub-lethal concentrations (1.8, 3, 4.2 pug/L) for three months. Seven groups were set up in replicates as follows: one for the control
group, three for the penconazole doses (1.8, 3, 4.2 pg/L) and three for the copper nanoparticle doses (1.8, 3, 4.2 pg/L). These serial
concentrations were selected according to the previously determined LC, values for both fungicides. At the end of the experiment, 5
fish from each tank were randomly taken for blood sampling. Blood samples were taken from the caudal region for haematological,

biochemical and genotoxic investigations.

Haematological parameters

Whole blood was used for the estimation of red blood cell (RBC) counts and haemoglobin (Hb) and haematocrit (Hct) concentrations
by using an automated technical analyser (Celltac « MEK- 6400]/K). White blood cell (WBC) counts and WBC differentials were calculated
according to [15]. Neutrophils, lymphocytes, eosinophils and monocytes were counted using an Olympus oil immersion light microscope

at 1000x magnification.

Biochemical parameters

Plasma samples were analysed for total protein, glucose, cholesterol, triglyceride, alanine amino transferase (ALT), aspartic amino
transferase (AST), calcium and urea contents. Colorimetric determinations of the selected biochemical parameters were performed using
a spectrophotometer (Jasco-V530). The absorbency of the detected sample was examined at an appropriate wavelength ranging from
340 to 546 nm according to the parameter tested. Commercial diagnostic kits from Bio-Merieux chemicals were used for the following

biochemical assays:
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e Serum total protein (g/dl) was determined using a biuret test according to [16]. Quantitative estimation of serum glucose (mg/dl)
was estimated by enzymatic colorimetric methods as described by [17].

¢ Serum cholesterol (mg/dl) was estimated by enzymatic colorimetric methods as described by [18].

e Serum triglycerides (mg/dl) were estimated according to the method of [19].

e Activities of alanine amino transferase (ALT, U/I) and aspartate amino transferase (AST, U/I) were determined calorimetrically
according to [20].

e Quantitative estimation of urea (mg/dl) was estimated according to the method of [16].

Genotoxicity and DNA damage using micronuclei tests

To assess DNA damage, MN and NL formation were analysed as described by [21,22]. A blood sample was smeared on a clean
microscope slide. After fixation in pure methanol for 20 minutes, slides were air-dried and then stained with 5% Giemsa solution for 30
minutes. Ten slides per treatment were prepared from each fish and 1000 cells were scored under 1000x magnification to determine the

frequencies of MN and NLs in RBCs. Coded and randomized slides were scored blindly by a single observer.

The frequency of distribution of MN and NLs were calculated as follows:

Number of cells containing micronuclei
RBC (MN/NL) % = x 1000
Total number of cells counted

Results
Haematological analysis

The mean and standard deviation (SD) values of the haematological parameters of the African catfish C. gariepinus from the control
and fungicide-exposed groups are presented in table 1. Compared to the mean values of RBCs (5.56 +.19), Hb (13.25 +.41) and Hct (44.11
+ 2.27) recorded from control catfish, values were significantly decreased in the treated groups with the increasing concentrations (1.8
pg/L, 3 ug/L, 4.2 ug/L) of copper nanoparticle and penconazole fungicides. LSD tests (Table 2) showed that the mean differences between
RBCs, Hb and Hct in the control group and copper nanoparticle-treated fish were (2.111%), (6.529%) and (17.050%) respectively (p < 0.01).
In addition, the difference in mean values of the same parameters namely, RBCs (2.881%), Hb (7.696*) and Hct (17.489%), between control
and penconazole-treated fish achieved the highest statistical significance (p < 0.01).0n the other hand and from a statistical point of view,
penconazole could potentially have a more severe adverse effect on these parameters than copper nanoparticles. This effect was evident
from the LSD results for copper nanoparticles vs. penconazole: RBCs (0.770%), Hb (1.167*) and Hct (7.439%), p < 0.01. Furthermore,
the immune parameters, namely, WBCs and their differentials, were also altered in the fungicide-exposed groups compared to those of
the control group. The mean value of WBCs counted from the blood of the control catfish was (8.57 *.26), while this level increased in
the blood of fish exposed to the experimental fungicides. WBCs exhibited a remarkable elevation paralleling the increase in fungicide
concentrations, with values of 9.20 + .76, 11.44 + .33 and 15.52 + 1.13 in fish exposed to 1.8, 3 and 4.2 ug/L copper nanoparticles,
respectively and 9.67 +.290, 12.64 + .32 and 17.488 +.79 in fish exposed to 1.8, 3 and 4.2 pg/L penconazole, respectively (Table 1). The
mean percentage distribution of lymphocytes, monocytes and eosinophils increased dramatically at the low concentration of 1.8 ug/L for
both fungicides, declined at 3 pg/L and increased again at 4.2 pg/L, except for eosinophils in penconazole-treated groups. LSD tests (Table
2) showed that WBCs and WBC differentials differed significantly between control and fungicide-treated catfish (0.05 = p < 0.01), except

in the cases of monocytes and eosinophils between fish treated with copper nanoparticles or penconazole (p > 0.05).
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Treatments
Parameter (unit) S Copper nanoparticle concentrations Penconazole concentrations

1.8 pg/L 3 ng/L 4.2 pg/L 1.8 pg/L 3 ng/L 4.2 pg/L

RBCs (x10°6/ul) 556 +.19 4.77 £ .40 3.38+.66 2.81+.27 3.98+.68 242+ .53 1.74 £.17

Hb (g/dL) 13.25+ 41 8.71 £ .56 6.68 .55 551++.63 7.71 .74 5.14 +1.20 3.93 +.37
Hct (%) 4411+2.27 | 45.17+6.48 | 23.37+3.68 | 18.60 +4.56 | 41.95+10.55 | 22.28+7.53 | 20.20 + 2.46
WBCs (x103/ul) 8.57 +.26 9.20%.76 1144+ .33 | 1552+1.13 | 9.67 £.290 12.64 +.32 | 17.488+.79
Lymphocytes (%) 33.66+2 63.4+4.09 |2133+7.19 | 41.00+£3.77 | 64.88+843 | 33.66+9.11 | 45.22 +3.80
Monocytes (%) 6.50 £ 1.09 9.00 £ 2.0 7.22+330 | 11.00+292 | 9.11+3.40 7.22+6.07 | 8.77 £2.27
Eosinophils (%) 3.77 £ .87 9.44 + 3.24 444+312 | 575+£1.75 | 10.22+4.32 | 522+253 | 455%1.66
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Table 1: Means + SDs of blood parameters of Clarias gariepinus exposed to different

concentrations of Cu nanoparticles and penconazole compared to control values.

Parameters (unit) | Control and Cu-NP | Control and PEN | Cu-NP and PEN
RBCs (x105/pl) 2.111%= 2.881% 0.770%
Hb (g/dL) 6.529% 7.696% 1.167%
Hct (%) 17.050% 17.489* 7.439%
WBCs (x103/ul) -3.855% -4.715= -0.859N
Lymphocytes (%) -8.714* -14.806* -6.092%
Monocytes (%) -3.245= -2.241° -1.388M¢
Eosinophils (%) -3.045* -3.933= -0.111M

Table 2: Generalized LSD multiple comparison of the total means of blood parameters of Clarias gariepinus
exposed to Cu nanoparticles (Cu-NP) and penconazole (PEN) with those of control groups.
%: The mean difference is significant at the 0.05 level.
% The mean difference is significant at the 0.01 level.

NS: The mean difference is not significant.

To confirm the toxic potential of the selected fungicides, Pearson correlation analysis was applied at a confidence level of 0.05. Table
3 shows that RBCs, Hb and Hct were negatively and strongly correlated with the increasing concentrations of Cu nanoparticles (0.05 > p
= 0.01) and penconazole (p < 0.01). On the other hand, WBCs and WBC differentials increased with the increasing concentrations of Cu

nanoparticles and penconazole (0.05 =p < 0.01).

Biochemical analysis

African catfish treated with fungicides exhibited lower protein contents than did control fish (Table 4). The decline was dose-dependent
in the case of Cu nanoparticle exposure, for which protein content declined from 6.66 * .76 in the control fish to 5.23 + .22 in the fish
exposed to 1.8 pg/L Cu nanoparticles, to 4.0 £.56 in the fish exposed to 3 pg/L Cu nanoparticles and finally to 2.55 +.59 in the fish exposed
to 4.2 ug/L Cunanoparticles (Table 4). The same trend of a dose-dependent decline was recorded for the serum protein contents of African
catfish exposed to penconazole (Table 4). Serum glucose slightly decreased in the blood of fish exposed to the lower concentration of both
fungicides (1.8 ug/L). Then, the values increased with increasing fungicide concentrations (Table 4). The mean values of cholesterol
and triglycerides increased in the blood of fish exposed to the lower fungicide concentration (1.8 pg/L) and then decreased with the
increase in both fungicide concentrations. In contrast, ALT and AST significantly decreased in the blood of fish exposed to the lower

fungicide concentration (1.8 pg/L) and then increased with the increase of both fungicide concentrations. The mean values of urea were
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significantly increased with the increasing fungicide concentrations compared to those of the control group (Table 4). Penconazole was
found to have stronger impact than copper nanoparticles on the biochemical variables. From the toxicological point of view, the impact of
fungicides on the serum biochemistry of the African catfish could be ranked as follows: control < Cu nanoparticles < penconazole. In total,
the generalized LSD tests (Table 5) showed that most biochemical parameters investigated were potentially adversely affected by the
fungicides, with significance levels ranging from (0.05 = p < 0.01). Biochemical variables were strongly correlated (0.05 = p < 0.01) with
the increasing fungicide concentrations (Table 6). Some variables were negatively correlated with the fungicide concentrations (protein,
cholesterol and triglycerides), while others were positively correlated (0.05 = p < 0.01) with fungicide concentration (glucose, ALT, AST
and urea) (Table 6).

Cu nanoparticle concentrations
Correlation
RBCs Hb Hct WBCs | Lymphocytes | Monocytes | Eosinophil
9] -97%= -97%= -.852 .99 .872 .882 972
(Sig) .014 .013 .037 .004 .054 .056 .051
Penconazole
9] -99= | -1.00% | -99= | 1.00% .97 .892 .98°
(Sig) .004 013 .017 .000 .002 .055 .051

Table 3: Correlation coefficients between haematological parameters of Clarias gariepinus and the

exposure concentrations of Cu nanoparticles and penconazole.
9: The mean difference is significant at the 0.05 level.

aa: The mean difference is significant at the 0.01 level.

Copper nanoparticle concentrations

Parameter (unit) Control 1.8 ug/L 3 pg/L 4.2 pg/L
Protein (g/dl) 6.66 +.76 523+ .22 4.0 £.56 2.55+.59
Glucose (mg/dl) 151.21 +8.06 130.39+7.51 141.70 £ 7.040 175.84 +9.04
Cholesterol (mg/dl) 159.06 +13.78 169.2 +6.91 152.45 +9.29 127.83 +11.78
Triglyceride (mg/dl) 507.08 £ 134.12 616.2 +29.12 518.73 +57.09 211.37 +78.5
ALT (U/1) 53.27 £18.11 30.44 + .98 56.61 +4.78 43.35+6.83
AST (U/1) 67.57 +22.78 33.92+.77 83.31+£9.80 53.71+9.29
Urea (mg/dl) 10.03 +5.18 10+.10 10.88 +.75 11.55+1.33
Penconazole concentrations
Parameter (unit) Control 1.8 ug/L 3 pg/L 4.2 ng/L
Protein (g/dl) 6.66 +.76 4.03 £.070 3.14+.18 2.15+.200
Glucose (mg/dl) 151.21 £ 8.06 150.66 +5.93 156.63 +7.48 187.42 +8.12
Cholesterol (mg/dl) 159.06 +13.78 178.25+11.49 166.36 + 18.61 149.82 +30.29
Triglyceride (mg/dl) 507.08 + 134.12 641.98 + 36.74 582.60 + 85.95 378.72 +228.03
ALT (U/1) 53.27 £18.11 32.18+£2.57 39.87 £5.36 71.62 £9.82
AST (U/1) 67.57 £22.78 36.40 £ 3.00 52.33+£8.94 87.33£10.77
Urea (mg/dl) 10.03 +5.18 13.66 +.13 14.24 + .38 16.28 £+ 4.75

Table 4: Means * SDs of biochemical indices of Clarias gariepinus exposed to different concentrations of

Cu nanoparticles and penconazole in relation to control values.
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Parameters (unit) Control and Cu-NP | Control and PEN | Cu-NP and PEN
Protein (g/dl) 2.571= 3.25% 0.821M
Glucose (mg/dl) 3.77° -13.58= -15.81=
Cholesterol (mg/dl) 9.76% -5.942 -15.18=
Triglyceride (mg/dl) 59.84 -26.68% -85.25%
ALT (U/1) 10.25% 7.52% -5.26=
AST (U/1) 10.63= 9.86% -2.22%
Urea (mg/dl) 0.38" -1.26° -4.26%

Table 5: Generalized LSD multiple comparisons of the total means of biochemical parameters of Clarias gariepinus

exposed to Cu nanoparticles (Cu-NP) and penconazole (PEN) with those of control groups.
9: The mean difference is significant at the 0.05 level.
aa: The mean difference is significant at the 0.01 level.

NS: The mean difference is not significant.

Correlation Cu nanoparticle concentrations
Protein | Glucose | Cholesterol | Triglyceride | ALT AST | Urea
9] -.99x .98 -1.00* -922 .98 .89° .80°
(Sig) .005 .014 .006 .058 .0172 |.0539 | .051
Penconazole
() -98= 97 -.99= -952 942 972 872
(Sig.) .008 .051 .008 .025 .056 .036 | .021

Table 6: Correlation coefficients between serological indices of Clarias gariepinus and the exposure

concentrations of Cu nanoparticles and penconazole.
9: The mean difference is significant at the 0.05 level.

@ The mean difference is significant at the 0.01 level.

Exposure concentrations
Parameter (unit) Control Copper nanoparticles Penconazole
(1.8 ng/L) (3 ng/L) (42 pg/L) | (1.8pg/L) | (3 ng/L) (4.2 ng/L)
MN% 3.33+1.52 9+2 15.11+5.37 | 20.66+1.5 17 +2 22.88 £5.62 29+33
BN% 1.33£1.52 3.66 £.57 8.77 £ 4.63 14+2 15+2 17.66 + 2.50 201
Lobed% 000 1.33+.57 3.33+2.23 333+23 | 733+£152 | 10.55+3.35 | 14.33+2.08
Heart-shaped% 0.33£0.57 2.33+2.08 266+141 | 333+153 | 533+.57 | 6.22+1.20 7.77 £1.15
Kidney-shaped% 000 667 +.57 1.11+£092 | 1.66+1.15 | 433+.57 | 455+1.23 5.66 +1.15
Irregularly shaped% 000 33+.57 1.22+1.09 2.33+.57 2+1 3.22+1.56 3.66 £ 2.08
Notched N% 000 000 0.55+0.72 1+.00 1.66 +.57 | 2.44+1.23 3.33%1.15

Table 7: Means + SDs of micronuclei and nuclear lesions (%o) from the blood of Clarias gariepinus

exposed to different concentrations of Cu nanoparticles and enconazole in relation to control values.
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Parameter (unit) Control and Cu-NP | Control and PEN | Cu-NP and PEN
MN% -11.778= -19.556*= -7.778=
BN% - 7.444% -16.333%= - 8.888=
Lobed% -3.333M -10.555%= -7.222%=
Heart-shaped% -2.333% - 5.888%= - 3.555%
Kidney-shaped% -1.111™ -4.555% - 3.444%
Irregularly shaped% -1.22288 -3.222% - 2.000%
Notched N% -0.555M -2.44% -1.888=

Table 8: Generalized LSD multiple comparisons of the total means of micronuclei and nuclear lesions in the

blood of Clarias gariepinus exposed to Cu nanoparticles (Cu-NP) and penconazole (PEN) with those of control groups.
%: The mean difference is significant at the 0.01 level.

NS: The mean difference is not significant.

Correlation Cu nanoparticles concentrations
MN BN Lobed | H.-shaped | K.-shaped | Ir.- shaped | Notched N
03] 1.00= | 1.00= | 1.00* .86° 1.00% .99 .992
(Sig.) .017 | .002 .004 .033 .002 .004 .041
Penconazole
() 1.00* | 1.00* .992 1.00% .99+ 942 .95+
(Sig) .008 | .051 .008 .025 .056 .036 .021

Table 9: Correlation coefficients between MN and NLs in RBCs of Clarias gariepinus and the

exposure concentrations of Cu nanoparticles and penconazole.
9: The mean difference is significant at the 0.05 level.
%; The mean difference is significant at the 0.01 level.

L.-shaped = lobed shaped, K.-shaped = kidney shaped, Ir.- shape = irregularly shaped.

Genotoxicity studies

MN and six types of NLs were assessed in the blood of control and fungicide-treated African catfish. These abnormalities included
binucleated (BN), heart-shaped, kidney-shaped, notched, irregularly shaped and lobed nuclei (Figure 1). The per thousand (%o) distribution
of MN RBCs and NLs scored from control groups were lower than those scored from groups exposed to different concentrations of Cu
nanoparticles and penconazole (Table 7 and Figure 1). The mean% value for MN scored from RBCs of the control catfish group was 3.33
* 1.52%o. This value increased dramatically to 9 + 2% in fish treated with 1.8 pg/L copper nanoparticles, to 15.11 + 5.37% with exposure
to 3 pg/L copper nanoparticle and reached a mean value of 20.66 + 1.5% in the blood of catfish exposed to 4.2 ug/L Cu nanoparticles.
In accordance with the MN results, the % value of BN cells increased significantly from 1.33 + 1.52% in the control fish to 14 * 2% in
the blood of fish exposed to the highest Cu nanoparticle concentration (4.2 pg/L). Additionally, the distributions of the heart-shaped
nuclei (0.33 £ 0.57%) showed the same increasing trend between the control group and the group exposed to 4.2 pg/L Cu nanoparticles
(3.33 £ 1.53%). Similarly, significant increases were recorded for % values in MN [(17 + 2), (22.88 + 5.62), (29 * 3.3)], BN cells [(15 * 2),
(17.66 = 2.50), (20 %= 1)] and heart-shaped nuclei [(5.33 +.57), (6.22 = 1.20), (7.77 + 1.15)] (Table 7) in the blood of catfish exposed to
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increasing concentrations (1.8, 3 pg/L and 4.2 pg/L) of penconazole, respectively, when compared to those of control fish. Lobed, kidney-
shaped, irregularly shaped and notched nuclei were completely absent from the blood of African catfish in the control group. These four
biomarkers of genotoxicity were recorded only in the exposed groups and increased proportionally with increasing concentrations of the
tested fungicides. The generalized multiple comparison LSD test revealed the presence of significant differences (0.05 = p < 0.01) between
the mean values of MN and NLs in the blood of the control fish and those in the blood of African catfish exposed to Cu nanoparticles and
penconazole (Table 8). The mean values of MN, BN cells and heart-shaped nuclei recorded from the control group compared to those from
fungicide-exposed fish could be ranked as follows: control < Cu nanoparticles (1.8 ug/L) < Cu nanoparticles (3 pg/L) < Cu nanoparticles
(4.2 pg/L) < penconazole (1.8 pg/L) penconazole (3 pg/L) < penconazole (4.2 ng/L). The correlation (Table 9) between the fungicide
concentrations and blood variables was strong at significance levels ranging between (0.05 = p < 0.01). The correlation of MN and NLs was
strong (MN (r=1, p=0.01); BN cells (r = 1, p < 0.01); lobed nuclei (r = 1, p < 0.01); heart-shaped nuclei (r = 0.8, p < 0.05); kidney-shaped
nuclei (r =1, p < 0.01); irregularly shaped nuclei (r =9, p < 0.01); and notched nuclei (r =9, p < 0.05)) and increased positively with the
increasing dose (Figure 1). The same trend was recorded for penconazole, being positively correlated with the MN and NL values (0.05 >
p <0.01).

Hats

Figure 1: Photomicrographs of RBCs of Clarias gariepinus exposed to Cu nanoparticles and penconazole: micronuclei (A), binuclei

(B), heart shaped nucleus (C), kidney shaped nucleus (D), notched nuclei (E), irregularly shaped nucleus (F) and lobed nucleus (G).
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Discussion

Freshwater fauna suffer from the intensive use of pesticides for spraying crops. New pesticides are added daily. Fungicides are
pesticides that specifically inhibit or kill fungi underlying diseases important to man. In agriculture, fungicides are used to protect tubers,
fruits and vegetables during storage or are applied directly to ornamental plants, trees, field crops, cereals and turfgrasses [23]. Despite
their benefits, Cu nanoparticles and penconazole have the potential to deteriorate the environment if applied in high amounts. These
compounds, for instance, distribute in organs and tissues of animals and cause specific structural changes [9]. Their increase in organisms
up to the toxic threshold (maximum tolerated dose) results in dystrophy and tissue necrosis. According to the available literature,
this study is the first assessment of the effects of penconazole and Cu nanoparticle fungicides on the haematological, biochemical and
toxicological parameters of African catfish. Clearly evidenced impacts of penconazole and Cu nanoparticles were recorded here in the
values of the selected biomarkers. According to the results of the present work, the detected alterations in the haematological, serological

and genotoxic variables could be used as potential biomarkers to evaluate the ecotoxicity of the examined fungicides in aquatic organisms.

Fungicides and haematology

Since haematological parameters are influenced by a variety of environmental stressors, they have the potential to be used as
biomarkers of aquatic pollution. Their evaluation in fish has become an important means of understanding the toxicological impacts
of exposure hazards [3,24-27]. In the present work, exposure of C. gariepinus to sub-lethal concentrations of copper nanoparticles and
penconazole elicited changes in some haematological parameters. The decrease in the haematological parameters could be attributed
to the toxo-chemical effect of increasing concentrations of both fungicides. The RBC, Hb and Hct values were appreciably reduced. This
reduction may be attributed to haemolysis caused by the fungicidal action in the fish. In addition, the decrease may also be attributed
to limited RBC synthesis due to impaired osmoregulation across the gill epithelium and accumulation of the toxicant in the gill region
[28,29]. On the other hand, RBCs affected by toxicity may be disintegrated, causing a reduction in the Hb and Hct concentrations [30].
In the present study, the mean values of Hb under increasing copper nanoparticle and penconazole concentrations (1.8, 3, 4.2 ug/L)

decreased dramatically compared to those of control fish.

Severe decreases in Hb have been shown to impair the oxygen supply to various tissues, resulting in a slow metabolic rate and low
energy production [31]. Similarly, [32] found that Hb (%) decreased in freshwater catfish (Heteropneustes fossilis) after exposure to the
insecticide deltamethrin. Regarding the immune system response to toxicity, the WBCs showed a significant increase when fish were
exposed to fungicides. This result agrees with those of several previous studies, for example [33] and [30] indicated the presence of
a defensive response of fish against toxic invasions, indicated by elevated WBC numbers. Furthermore, exposure to toxicants such as
fungicides has the potential to stimulate the lymphocytes as a defence response against the stressor, hence the observed proliferation of
WBCs in the peripheral blood [34]. Other leukocyte differentials such as those of monocytes and eosinophils were comparable throughout
the experimental period. Similar observations have also been reported in other fishes and amphibians treated with different toxicants
[35-37].

Fungicides and blood biochemistry

In toxicological studies using acute exposures, changes in concentrations and activities of biochemical variables may reflect alterations
in the physiological status of an organism. Proteins are the most important compound in living organisms and play essential roles in
the construction and physiology of cells and in cellular metabolism [38]. Exposure of aquatic animals to sub-lethal concentrations of
toxic chemicals is usually associated with growth and biochemical consequences [39]. In the present investigation, the protein content
decreased in the blood plasma of C. gariepinus exposed to different concentrations of Cu nanoparticles and penconazole compared to the
control levels. The decrease in total protein may be due to the inhibition of RNA synthesis that controls protein metabolism [40]. Similar

results were verified in Oreochromis niloticus after exposure to malathion [8] and C. gariepinus after exposure to carbofuran [41]. The
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observed hypoproteinaemia could be caused by the reduction in protein from the inhibition of blood protein synthesis in the liver and
damage to the subcellular structures responsible for protein synthesis [42] or by damage to renal tissue [43]. Blood glucose levels have
long been used as indicators of stress in fish. Chemical pollutants modulate the metabolism of carbohydrates, causing hyperglycaemia by
stimulating glycogenolysis in fish [44]. Compared to the control group, serum glucose slightly decreased in the blood of fish exposed to
the lower concentration of both fungicides (1.8 ug/L). Then, the values increased with the increasing fungicide concentrations. Increased
levels of glucose were previously recorded in blood of fishes exposed to heavy metals [44,45] and other pollutants [4,46-48]. This can be
attributed to the alteration in the activity of glucose-6-phosphate dehydrogenase and lactate dehydrogenase previously detected by [49].
It has been reported that exposure of fish to pollutants [50] increased cholesterol and triglyceride concentrations in the blood. In the
present work, the blood cholesterol and triglyceride levels increased in the blood of fish exposed to the lower fungicide concentration (1.8
pg/L) and then decreased with the increase of both fungicide concentrations. Such an alteration in cholesterol concentrations could be
explained as a result of liver damage, leading to inhibition of enzymes that convert cholesterol into bile acid [51]. In the present study, ALT
and AST significantly decreased in the blood of fish exposed to the lower fungicide concentration (1.8 ug/L) and then increased with the
increase of both fungicide concentrations. The increase in the level of these enzymes was previously recorded in the blood of Nile tilapia
and African catfish after exposure to pesticides [48], heavy metals [45,52], nonylphenols [46] and UV rays [22]. Increased levels of ALT
and AST indicate an adaptive response to the leakage of these enzymes into the blood stream due to the presence of fungicides. Increased
levels of urea indicate kidney damage [53,54]. Similar findings were reported by [55] who recorded a significant increase in urea in Nile
tilapia due to cadmium exposure. In the present results, penconazole was found to have a stronger impact than copper nanoparticles on

the biochemical variables.

Fungicides and genotoxicity

MN tests in fish have potential for detecting clastogenic substances in aquatic environments. Since teleost RBCs are nucleated, MN
have been scored in fish RBCs as a measure of clastogenic activity. In addition to MN formation, many different nuclear abnormalities have
been reported for fish species [4,12,22], but there is not a consensus about the type of aberrations to be included in MN tests. According
to [56], BN cells have a similar origin to MN and are established genotoxic indicators. NL formation is a bioindicator of abnormal cell
division due to blocking of cytokinesis. Such abnormal cell division results in genetic imbalance of the cells, which may also be involved in
carcinogenesis [57]. Overuse of the fungicide penconazole in agricultural production could induce a potential risk for damage to genetic
material [58]. showed that, after 9 days, penconazole impaired the genetic base and caused the induction of micro nucleated RBCs in the
blood of the fish Carassius auratus. In our study, significantly higher frequencies of MN and NLs were observed in the blood of fish exposed
to Cu nanoparticles and penconazole than in the blood of the control fish. Such increases were significantly dose dependent. The present
results are in agreement with [58] who tabulated the mean value of MN as 25%, which was higher than the 2% in the control fish that he
studied. The results of this study confirmed the usefulness of the RBC MN and NLs as powerful monitoring tools for detecting genotoxic
agents in the freshwater environment [22]. Although the mechanism responsible for nuclear abnormalities has not been fully explained,
these abnormalities are considered to be indicators of genotoxic damage and therefore, they may complement the scoring of MN in
routine genotoxicity surveys [59]. The frequencies of MN and NLs detected in the present study were significantly (0.05 = p < 0.01) higher
in the blood of catfish exposed to penconazole than in that of fish exposed to Cu nanoparticles, indicating that penconazole in more toxic

than Cu nanoparticles in terms of genotoxic potential.

Conclusion

Penconazole and copper nanoparticles fungicides could potentially cause haemato-serological and genotoxic alterations in the
experimental catfish, depending on the concentrations of the administered chemicals. In the present work, exposure of C. gariepinus to
sub-lethal concentrations of copper nanoparticles and penconazole elicited reduction in RBC, Hb and Hct values, attributing to the toxo-

chemical effect of increasing concentrations of both fungicides. The result of this work indicated the presence of a defensive response of
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fish against toxic invasions by elevated WBC numbers. In the present investigation, the protein content decreased in the blood plasma
of C. gariepinus exposed to different concentrations of Cu nanoparticles and penconazole compared to the control levels. In contrast,
the levels of ALT and AST increased with the increase of both fungicide concentrations, indicating an adaptive response to the leakage
of these enzymes into the blood stream due to the presence of fungicides. The induction of micro nucleated RBCs and nuclear lesions
was determined to be related to the exposure concentrations of the selected fungicides. According to the present results, the tested

parameters were more adversely influenced by penconazole than by copper nanoparticles.
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