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INTRODUCTION

The global use of pesticides, associated with an increasing risk of exposure to all organisms
and the environment, has increased manifold in recent decades (Tang et al., 2021; Zaller, 2020).
Modern agriculture is highly dependent on the use of pesticides, primarily for crop protection
and yield enhancement (Sharma et al., 2019; Sjerps et al., 2019; Rizzo et al., 2021; Syafrudin et
al., 2021). The benefit of their application is undeniable, but on the other hand, there is clear
evidence that the widespread importation of pesticide substances causes irreversible damage to
ecosystems and their inhabitants, including humans (Bogoeva, 2014). Pesticide use causes
biodiversity loss and has a significant impact on aquatic ecosystems (Pérez-Parada et al., 2018;
Sharma et al., 2019; de Souza et al., 2020). Any pollution of water bodies also affects the
organisms living in them (Agrawal et al., 2010). In ecotoxicological studies, biomarkers are
useful tools used in monitoring aquatic ecosystems. Incorporating complex biomarkers at
different levels of biological organization is a suitable approach to detect pollutant-induced
responses (Souza-Bastos et al., 2017). In aquatic ecosystems, one of the commonly used organs
for investigating complex biomarkers for ecotoxicological assessment are fish gills. They are
sensitive to chemicals pollution of the aquatic environment due to their large surface area
coming into contact with it. This makes them efficient tools for biomonitoring the potential
effects of various toxicants. Another commonly used target organ is the liver of hydrobionts, as
exposure to pesticides can cause histological changes in the liver, which are important
biomarkers for pollution assessment of aquatic ecosystems (Yon et al., 2014). The fish kidney is
also a commonly used organ in ecotoxicological studies. The function of the kidney and the
established changes in its histostructure under the influence of toxicants found in the water are
associated with a violation in the maintenance of homeostasis (Igbal et al., 2004). On this basis,
conducting research related to the establishment of morphological and biochemical changes at a
cellular and tissue level can show the state of the studied organ as a result of the action of a
certain environmental pollutant, and this can affect the health of the whole organism (Sachi et
al., 2021). Current regulations governing the use of pesticides are still focused on ecological risk
assessments for individual active ingredients. An important step is the construction of a
conceptual model of the composition of the plant protection products (PPPs) used, their fate in
the aquatic environment and the potential for toxicity to non-target organisms (Scholz et al.,
2012). In the current dissertation, pesticides from different groups - insecticides, herbicides and
fungicides - are used, which are part of widely applicable in agricultural practice PPP.
Considering the topicality of the problem, research in this area is important, both for aquatic
ecosystems and for improving legislation nationally and globally.



I. AIM AND TASKS

The aim of the present study is to assess the contamination of aquatic ecosystems with
priority organic pollutants by using morphofunctional biomarkers in Cyprinus carpio (Linnaeus
1785).

To achieve the aim of the present study, the following tasks were set:
1. Conducting a short-term 96-hour toxicity test with the pesticides pirimiphos-methyl,
propamocarb hydrochloride and 2,4-dichlorophenoxyacetic acid (2,4-D), including:

1.1. Adaptation of test groups of carp (Cyprinus carpio L.).

1.2. Conducting an acute 96-hour exposure with applied different concentrations of the
pesticides.

1.3. Collection and processing of samples from the gills, liver and kidney of the
experimental groups of carp (Cyprinus carpio L.) for histological, histochemical and
biochemical examination.

1.4. Histopathological analysis of gills, liver and kidney of common carp (Cyprinus carpio
L.) under the influence of the applied pesticide concentrations.

1.5. Histochemical analysis of liver of common carp (Cyprinus carpio L.) under the
influence of the applied pesticide concentrations.

1.6. Biochemical analysis of liver of common carp (Cyprinus carpio L.) under the influence
of the applied pesticide concentrations.

1.7. Comparative analysis of the changes that occurred under the action of the tested
pesticides.

2. Evaluation of the histopathological, histochemical and biochemical changes in the target
organs of common carp (Cyprinus carpio L.) under the influence of the applied pesticides,
and their application as biomarkers of contamination of aquatic ecosystems with
pesticides.

I1. MATERIALS AND METHODS

1. Materials

1.1. Characteristics of common carp (Cyprinus carpio L.) and the applied
pesticides

The object of the present study is common carp (Cyprinus carpio L.), which has a high
commercial value worldwide and is widely used as a bioindicator of toxicity in aquatic
environments (Ahmad et al., 2015). It inhabits freshwater environments, especially lakes and
rivers, rarely salt water (Barus et al., 2001).

The PPPs used are Actelik 50 EK, Rival and Aminopielik, respectively with the active
ingredients pirimiphos-methyl, propamocarb hydrochloride and 2,4-D. Pirimiphos-methyl is an
organophosphorus insecticide that is responsible for the phosphorylation of acetylcholinesterase
(AChE), regulating the hydrolysis of acetylcholine in the synaptic cleft of the insect nervous
system (Donarski et al., 1989; ElerSek & Filipic, 2011; Khan, 2021). Propamocarb
hydrochloride was first introduced to control comycete pathogens in ornamental crops and some
vegetables (Pieroh et al., 1978), used to control Pythium spp. and Phytophthora spp. (USEPA,
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1995) and belongs to the carbamate family of pesticides (Wang et al., 2016; Li et al., 2020). 2,4-
Dichlorophenoxyacetic acid (2,4-D) is a synthetic auxin herbicide that, due to its effectiveness,
selectivity, low cost and broad spectrum in pest control, has become one of the most frequently
used herbicides in agricultural and urban areas worldwide (Dehnert et al., 2018).

2. Methods

2.1. Experimental set

The fish used in the present experiment were supplied by the Institute of Fisheries and
Aquaculture, Plovdiv. The experimental individuals were of the same size-age group, without
external pathological changes. For the experiment, 7 aquariums (100 L.) were used, with n=10
for each experimental concentration and for the control group, which was no added toxicant.
Two concentrations were used for each pesticide: pirimiphos-methyl — 10 pg/L and 60 pg/L,
propamocarb hydrochloride — 40 pg/L and 80 pg/L and 2,4-D — 50 pg/L and 100 pg/L L. The
duration of each of the experiments is 96 hours. Water parameters (t°C, pH, dissolved oxygen,
electrical conductivity) were recorded every day of the experiment (APHA, 2005).

2.2. Histopathological analysis of gills, liver and kidney of Cyprinus carpio L.

Fish dissection was performed according to Rosseland et al. (2003), respecting the animal
welfare requirements of Directive 2010/63/EU. The histological processing of the samples was
carried out according to the standard methodology of Romeis (1989) in the scientific laboratory
of "Histology and Embryology" at the Department of "Developmental Biology", Faculty of
Biology. The assessment of histopathological changes in gills, liver and kidney was performed
according to the scale of Bernet et al. (1999) for the groups of alterations and modified by
Saraiva et al. (2015). According to Bernet et al. (1999) is also defined a Significance Factor (W),
which has a constant value and is categorized into three grades. According to Saraiva et al.
(2015), a 5-point scale was used to determine the severity of each change in the histological
structure of the organ, as follows: (0) — no changes (up to 10%); (1) — very mild degree of
change (from 10% to 20%); (2) — mild degree of change (from 20% to 30%); (3) — moderate
degree of change (from 30% to 50%); (4) — severe degree of changes (from 50% to 80%); (5) —
very severe degree of alteration (over 80%).

The indices of the established histopathological changes for each group of changes are the
product of the degree of the specific disorder in the group and W. The sum of these final values
determines the Index (1) for the corresponding group of changes. The sum of all indices
determines the Organ Index (lp) for pathological change. 1o refers to a class, according to
Zimmerli et al. (2007) as follows: Class I (Index < 10)-normal histological structure with mild
pathological changes (reversible); Class Il (Index 11-20)-normal histological structure with
moderate pathological changes (reversible); Class Il (Index 21-30)-moderate degree of
histological structure change (reversible); Class IV (Index 31-40)-severe degree of histological
structure change (irreversible); Class V (Index > 40) — very severe degree of histological
structure change (irreversible).



2.3. Histochemical analysis of liver of Cyprinus carpio L.

The histochemical examination was carried out in the scientific laboratory of "Histology
and Embryology" at the Faculty of Biology of the PU "Paisii Hilendarski". Cryostat sections of
excised livers were stained to demonstrate lipids with Sudan Black B (Culling, 1974; Sheehan &
Hrapchak, 1980) and PAS-reaction (McManus, 1948) to demonstrate glycogen, as described by
Pearse (1972). Histochemical changes in the liver of the experimental subjects were presented
according to a semi-quantitative scale described by Mishra & Mohanty (2008).

2.4. Biochemical analysis of liver of Cyprinus carpio L.

The biochemical study of the liver enzymes lactate dehydrogenase (LDH), aspartate
aminotransferase (ASAT), alanine aminotransferase (ALAT), cholinesterase (ChE) and catalase
(CAT) was carried out at the Technological Center of Plovdiv University. Measurement of LDH
activity was performed according to the method of Vassault (1983). ALAT and ASAT activity
was measured according to a method developed in parallel by Henley & Pollard (1955) and
Wroblewski & Ladue (1956), modified by Reitman & Frankel (1957). ChE activity was
measured according to Burtis-Ashwood (1994) and CAT according to Beers & Sizer (1952).
The amount of total protein was determined according to the method of Bradford (1976) by
measuring absorbance at 595 nm. The activity of the studied enzymes is presented as specific
enzyme activity (U/mg protein).

2.5. Statistical data processing

It was performed using GraphPad Prism v.9.2.0. Differences between concentrations and
control were tested for significance by Student's t-test for independent samples, at significance
level (p<0.05), with normally distributed data.

I1l. RESULTS AND DISCUSSION

1. Histopathological alterations in carp gills after acute exposure with the tested
pesticides

1.1. Control group
The results show normal morphology of the gill histological structure in the control group

(Table 1, Figure 1).

Figure 1. Normal morphology of the gill
histological structure in the control group,
x200, H&E
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1.2. Histopathological alterations in gills of common carp (Cyprinus carpio L.)
after acute exposure with pirimiphos-methyl

Table 1. Histopathological alterations in gills of common carp (Cyprinus carpio L.) after acute (96 h)
exposure with pirimiphos-methyl

Score value
Reaction Functional unit . Importan Pirimiphos-
pattern of the tissue Al ce factor | Contr methyl
ol |10 pg/Li60 pg/Li
Changes in the Filament Vasodilation Weei1=1 0 2% 2*
circulatory Seconary lamellae | Vasodilation Woac, =2 0 3* 4*
system Secondary lamellae | Aneurysm Wocs =2 0 0 2%
Index for changes in the circulatory system lgc=0 | lgc=8 |loc=14
Gill epithelium . _
Degenerative (filament) Necrosis Wors =3 0 0 !
changes Gill epithelium . _
(secondary lamellag) Necrosis Were =3 0 ! !
Index for degenerative changes lgr=0 | lgr=3|lcr=6
Edema W(;pl =1 0 1 1
Proliferation of _ « «
Gill epithelium stratified epithelium | We2=2 | O | 3 2
Proliferative (filament) Plrollfe[atlonnof Weps = 1 0 1 0
changes g aqdu ar cells
Fusion Weps =3 0 3* 3*
i - *
Gl LA Wes 1 {0 L 1|2
- * *
(secondary lamellae) stratified epithelium Wops = 2 0 2 2
Index for proliferative changes lgp =0 |lgp =22 |Ip=20
Index for organ Ig lc=0 [Ic=33 |Ic=40

* p<0.05

Figure 2. Histopathological
alterations in gills of
Cyprinus carpio L. after
acute (96 h) exposure with
pirimiphos-methyl (H&E):
A, B — vasodilatation in the
filament (10 pg/L), x 400; C
— fusion of the secondary
lamellae (10 pg/L), x 400; D
—  degenerative  changes
(necrosis) (60 pg/L), x 400;
E — vasodilatation in the
filament (60 pg/L), x 200; F
—aneurysms of the secondary
lamellae (60 pg/L), x 400.



1.3. Histopathological alterations in gills of common carp (Cyprinus carpio L.)
after acute exposure with propamocarb hydrochloride

Table 2. Histopathological alterations in gills of common carp (Cyprinus carpio L.) after acute (96 h)
exposure with propamocarb hydrochloride

Importa Score value
Reaction Funtional unit of Alteration r? = Propamocarb
pattern the tissue factor Contr| hydrochloride
ol |40 pg/L |80 pg/L
Changes in the Filament Vasodilation Weer=1 0 2* 2*
circulatory Secondary lamellae | Vasodilation Wacp =2 0 2% 2%
system Secondary lamellae | Aneurysms Wees =2 0 1 0
Index for changes in the circulatory changes lc=0 | lgc=8 |[loc=6
Gill epithelium . _
Degenerative (filament) Necrosis Wor: =3 0 0 0
changes Gill epithelium . _
(secondary lamellae) Necrosis Worz=3 | 0 0 0
Index for degenerative changes lcr=0 | ler=0 [lcr=0
Edema Wepr =1 0 3* 2*
Proliferation of _ « -
Gill epithelium stratified epithelium Werz =2 0 > 4
(filament) Proliferation of 1
Weps =1 0 0
Proliferative glandular cells o
changes Fusion Woeps = 3 0 4* 4*
it —_ * *
Gill epithelium IF:aT-?:"art-“ﬂm? Woeps = 1 0 2 2
secondary lamellag) | Froliferation o = * *
i ) stratified epithelium Woes =2 0 4 3
Index for proliferative changes lgp=0 |lgp=36 [lgp=30
Index for organ Ig 1c=0 | 1s=44 |15=36
* p<0.05
Figure 3. Histopathological

alterations in gills of Cyprinus
carpio L. after acute (96 h)
exposure with propamocarb
hydrochloride (H&E): A -
vasodilatation in the filament
(40 pg/L), x400; B — fusion of
the secondary lamellae (40
ug/L), x 400; C — aneurysms of
the secondary lamellae (40
ug/L),x200; D — vasodilatation
in the secondary lamellae (80
ug/L),x400; E — lamellar lifting
(80 pg/lL), x 200; F -
proliferation ~ of  stratified
epithelium in the filament (80
ug/L), x 400.



1.4. Histopathological alterations in gills of common carp (Cyprinus carpio L.)
after acute exposure with 2,4-D

Table 3. Histopathological alterations in gills of common carp (Cyprinus carpio L.) after acute (96 h)
exposure with 2,4-D

Reaction Functional unit Importan Score value
pattern of the tissue Al it ce factor Contro Lol
J 50 pg/L| 100 pg/L
Changes in the Filament Vasodilation Wec1=1 0 2* 3*
circulatory Secondary lamellae | Vasodilation Wgc2 =2 0 2% 3*
system Secondary lamellae | Aneurysms Wees = 2 0 0 0
Index for changes in the circulatory system lec=0 [lgc=6 | lgc=9
Gill epithelium _
Degenerative (filament) Hexposa Wor: =3 0 ! 0
changes Gill epithelium _
secondary lamellae) | 11¢<PO32 Worz =3 0 0 1
Index for degenerative changes lgr=0 lgr=3| Icr=3
Edema W(;pl =1 0 2* 2*
Proliferation of _ - -
Gill epithelium  tratified epithelium | "verz=2 | 0 8 4
Proliferative (filament) Proliferation of Weps = 1 0 1 0
changes glaqdular cells
Fusion Woeps =3 0 3* 3*
< — * *
Gill epithelium  (Famerarifing | Wers =1 1 0 2 3
—_ * *
secondary lamellae) Stratified epithelium Woeps = 2 0 2 2
Index for proliferative changes lgp=0 |lgp=24 | 1gp=26
Index for organ lg Ic=0 |Is=33 | 15=38
* p<0.05
Figure 4. Histopathological

alterations in gills of Cyprinus
carpio L. after acute (96 h)
exposure with 2,4-D (H&E),
x400: A - proliferation of
stratified epithelium in the
filament (50 pg/L); B -
vasodilatation in the filament
(50 pg/L); C — degenerative
changes (50 pg/L) 2; D — fusion
of the secondary lamellae (100
ug/L); E — vasodilatation in the
filament (100 pg/L); F -
proliferation of  stratified
epithelium (100 pg/L).



Based on the obtained results and the classification scheme, the gill index (lg) for
pirimiphos-methyl at a concentration of 10 pg/L is 33, and at 60 pg/L it is 40. The values fall
into class 1V - a severe degree of irreversible change (Table 1, Figure 2). For propamocarb
hydrochloride, the Ig value is 44 (at 40 pg/L) and falls into class V - very severe
histopathological irreversible changes in gill tissue. At 80 pg/L, the Ig is 36 and falls into class
IV - a severe degree of histopathological changes, also of an irreversible nature (Table 2, Figure
3). After exposure to 2,4-D, the calculated Ig is 33 at 50 pg/L of applied herbicide and 38 at 100
pg/L. Both concentrations fall into class IV, indicating the presence of severe irreversible
histopathological changes (Table 3, Figure 4).

Our results are similar to those reported by Xing et al. (2012), Al-Mamoori et al. (2014),
Devi & Mishra (2013), Kunjamma et al. (2008), Makinde et al. (2015), Vigario & Saboia-
Morais (2014), Ortiz et al. (2003), Rocha et al. (2015) and others. In contrast to the authors, the
present study established the degree of histological changes and the index of pathological
changes in the organ. This allows, based on the obtained results, to determine the degree of the
negative impact of the toxicant and to make an objective comparative assessment.

Based on the comparative analysis, the degree of toxicity of the experimental pesticides can

be summarized in the following descending order (Figure 5):

Proliferative
changes > . >
- Degenerative
Gills changes > . >
Changes in the
circulatory system > . >

Figure 5. Comparative analysis of the toxic effects of the used pesticides on the histological structure
of common carp gills (Cyprinus carpio L.)

Pirimiphos-methyl Propamocarb hydrochloride . 24D

2. Histopathological alterations in carp liver after acute exposure with the tested
pesticides
2.1. Control group

The results show normal morphology of the liver histological structure in the control group
(Table 4 and Figure 6).

DR ; —_— Figure 6. Normal morphology of the liver
: histological structure in the control group,
x400, H&E



2.2. Histopathological alterations in liver of common carp (Cyprinus carpio L.)

after acute exposure with pirimiphos-methyl
Table 4. Histopathological alterations in liver of common carp (Cyprinus carpio L.) after acute (96 h)
exposure with pirimiphos-methyl

. Score value
Reaction FUI?CtIOI’Ia| . Importanc Pirimiphos-
unit of the Alteration
pattern tissue e factor Control methyl
10 pg/L [60 pg/L
Changes in the Hyperaemia Wiei=1 0 3* 3*
circulatory Liver
system Intracellular edema | Wi, =1 0 0 0
Index for changes in the circulatory system l.c=0 lic=3 | Ic=3
Granular
degeneration Wira =1 0 5 4
Degenerative Liver ?j/eag;:eurf::tion Wire =2 0 4* 4*
changes Necrobiosis Wirs =2 0 1 1
Necrosis Wirs=3 0 1 2%
Fatty degeneration| Wg, =1 0 2% 3*
Index for degenerative changes 1.r=0 1.r=20 |I.r=23
CPf:z:;eegatlve Liver Hypertrophy Wip =1 0 0 0
Index for proliferative changes 1.p=0 1.p=0 1.p=0
Activation of RES| W ;=1 0 0 0
Inflammation Liver Lymphocyte 0 0 0
infiltration Wy =2
Index for inflammatory processes 1,=0 1,=0 1,=0
Index for organ I, 1.=0 1.=23 |[1.=26

* p<0.05

~11 ~

Figure 7. Histopathological alterations
in liver of Cyprinus carpio L. after
acute (96 h) exposure  with
pirimiphos-methyl (H&E), x400: A, B
— granular degeneration (10 pg/L); C —
vacuolar degeneration (10 pg/L); D —
granular degeneration (60 pg/L); E —
karyolysis (60 pg/L); F — hyperaemia
(60 pg/L)



2.3. Histopathological alterations in liver of common carp (Cyprinus carpio L.)

after acute exposure with propamocarb hydrochloride
Table 5. Histopathological alterations in liver of common carp (Cyprinus carpio L.) after acute (96 h)
exposure with propamocarb hydrochloride

Functional Score value
Reaction unit of the Alteration Importance Propamoca_rb
pattern tissue factor Control hydrochloride
40 pg/L | 80 pg/L
Changes in the Liver Hyperaemia Wiai=1 0 4* 4*
circulatory Intracellular
system edema Wice=1 0 0 0
Index for changes in the circulatory system l.c=0 lic=4 | lic=4
Granular _ - "
degeneration Wim =1 0 5 5
Vacuolar _ * 5
. . degeneration Wire =2 0 4 5
Degenerative Liver —
changes Necrobiosis Wigs =2 1 1
Necrosis Wirs=3 2% 2%
Fatty degenerarion| Wr,=1 0 2* 4*
Index fordegenerative changes 1 r=0 1 r=23 | I,r=27
E;g::;zl;atlve Liver Hypertrophy Wi =1 0 0 0
Index for proliferative changes 1.p=0 1.p=0 | Ip=0
Activation of RES| Wy ;=1 0 0 0
Inflammation Liver !_ymphqcyte Wi = 2 0 1 1
infiltration
Index for inflammatory processes 1,=0 1L,=2 | 1,=2
Index for organ I I = 11=29 | 1,=33

* p<0.05

~12 ~

Figure 8. Histopathological alterations
in liver of Cyprinus carpio L. after
acute (96 h)  exposure  with
propamocarb hydrochloride (H&E),
x400: A — granular degeneration (40
ng/L); B, C — vacuolar degeneration (40
ng/L); D — karyolysis (80 ng/L); E — fatty
degeneration (80 pg/L); F — hyperaemia
(80 pg/L)




2.4. Histopathological alterations in liver of common carp (Cyprinus carpio L.)

after acute exposure with 2,4-D
Table 6. Histopathological alterations in liver of common carp (Cyprinus carpio L.) after acute (96 h)

exposure with 2,4-D

Reaction Functional Imoortanc Score value
patter unit of the Alteration e?actor Control 2,4-D
tissue 50 pg/L|100 pg/L
Changes in the Liver Hyperaemia Wicai=1 0 4* 4*
circulatory Intracellular
system edema Wice=1 0 0 0
Index for changes in the circulatory system 1.c=0 lic=4 | lic=4
Granular _ - -
degeneration Wim =1 0 4 5
Degenerative Liver égac:nﬂ?;tion Wigs =2 0 4% 5%
changes 9 —
Necrobiosis Wirs =2 0 1 1
Necrosis Wirs =3 0 2* 2*
Fatty degeneration| Wi g, =1 0 2% 5%
Index for degenerative changes 1.r=0 1,g=22 | 1,gr=28
Proliferative . _
changes Liver Hypertrophy Wip =1 0 0 0
Index for proliferative changes Ip=0 1.p=0 1.p=0
Activation of RES| W ;=1 0 0 0
Inflammation Liver Lymphocyte _
infiltration Wiz =2 0 ! !
Index for inflammatory processes 1,=0 1,=2 1L=2
Index for organ I, I = 1,=28 1,.=34
*n<0.05
Figure 9. Histopathological
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alterations in liver of Cyprinus
carpio L. after acute (96 h) exposure
with 2,4-D (H&E), x400: A —
hyperaemia (50 pg/L); B — vacuolar
degeneration (50 pg/L); C -
hyperaemia (50 pg/L); D - fatty
degeneration (100 pg/L); E -
hyperaemia (100 pg/L); F — vacuolar
degeneration (100 pg/L)




Based on the obtained results, the liver index (I,) for pirimiphos-methyl falls into class 111
for both concentrations, indicating a moderate degree of histological structure change, and the
processes are reversible (Table 4, Figure 7). Propamocarb hydrochloride I at 40 pg/L is 29 and
falls into class 111 with a moderate degree of reversible changes. I, at 80 pg/L is with a value of
33 and falls into class IV, with a severe degree of histological structure change, and the
processes are irreversible (Table 5, Figure 8). 2,4-D I, at 50 pg/L falls into class Ill, indicating
that there is a moderate degree of histological change. I, at 100 pg/L falls into class IV, with a
severe degree of irreversible histological changes. (Table 6, Figure 9).

A number of authors found similar histopathological changes in the liver of fish treated
with toxicants (Subburaj et al., 2020; Farhan et al., 2021; Ezemonye & Ogbomida, 2010; Al-
Otaibi et al., 2019; Nagaraju & Rathnamma, 2014; Babatunde et al., 2014; Cattaneo et al., 2008,
Vigario et al., 2014 and others). Along with this, the results found regarding the I, for the degree
of toxicity of the three applied pesticides allow establishing an objective comparative
assessment. The summarized results in relation to the established disorders in the four categories
of liver changes, the degree of toxicity of the tested pesticides can be summarized in the
following descending order (Figure 10):

Degenerative —_— >
changes

. Changes in the
Liver . = e >
circulatory system

Inflammation = . >

Figure 10. Comparative analysis of the toxic effects of applied pesticides on the histological structure
of common carp liver (Cyprinus carpio L.)

Pirimiphos-methyl Propamocarbhydrochloride ] 2.4-0

3. Histopathological alterations in carp kidney after acute exposure with the
tested pesticides
3.1. Control group

The results show normal morphology of the kidney histological structure in the control
group (Table 7 u Figure 11).

L TN

Figure 11. Normal morphology of the kidney
histological structure in the control group,
x400, H&E




3.2. Histopathological alterations in kidney of common carp (Cyprinus carpio L.)
after acute exposure with pirimiphos-methyl

Table 7. Histopathological alterations in kidney ot common carp (Cyprinus carpio L.) after acute
exposure with pirimiphos-methyl

Funtional Importa Score value
REEGEET unit of the Ateration nce Pl it
pattern . Control methyl
tissue factor
10 pg/L | 60 pg/L
Changes in the Haemorrhage Wka1=1 0 0 0
circulatory Kidney Hyperaemia Wkeo =1 0 0 0
system Aneurysms Wkez =1 0 0 0
Index for changes in the circulatory system lkc =0 lkc =0 lkc =0
Vacuolar _ " -
degeneration Wicea = 1 0 2 2
Hyaline _
Tubule degeneration Wicre = 1 0 0 !
Necrobiosis Wirs = 2 0 0 1
. Necrosis Wirs = 3 0 0 1
Degenerative latation of th
changes Dilatation of the - - -
Bowman's capsule Wices = 1 0 2 3
Glomerulus Contraction Wirs = 1 0 1 1
Necrobiosis Wkrr =2 0 0 0
Necrosis Wirs = 3 0 0 0
Interstitial tissue | Necrosis Wiro = 3 0 0 0
Index for degenerative changes lkr=0 lkr=5 lkr=12
Hypertrophy Wipr =1 0 2% 2%
Tubule Hyperplasia Wipp = 2 0 0 0
Hypertrophy Wips =1 0 0 0
Hyperplasia Wips = 2 0 0 0
Proliferative Glomerulus Thickening of
changes Bowman's capsular | Wes = 2 0 0 1
membrane
o Hypertrophy Wips = 1 0 3* 3*
Interstitial tissue Edema Wigpr = 2 0 1 1
Index for proliferative changes lkp=0 lkp=7 | Ikp=9
Infiltration Wiy = 2 0 0 0
Inflammation Kidney IActivation of Wiz = 2 0 3 3
melanomacrophages
Index for inflammatory processes li=0 ki =6 li =6
Index for organ I k=0 1x=18 1=27

* p<0.05
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3.3. Histopathological alterations in kidney of common carp (Cyprinus carpio L.)

after acute exposure with propamocarb hydrochloride

Table 8. Histopathological alterations in kidney of common carp (Cyprinus carpio L.) after acute
exposure with propamocarb hydrochloride

. Score value
Reaction Functlonal ) Importa
unit of the Alteration nce Propamocarb
pattern ] ;
tissue factor | Control hydrochloride
40 pg/L. | 80 pg/L
Changes in the Haemorrhage Wie1=1 0 0 0
circulatory Kidney Hyperaemia Wier =1 0 0 0
system Aneurysms Wiez=1 0 0 0
Index for changes in the circulatory system lxc =0 lxc =0 lxc=0
Vacuolar
degeneration Wices = 1 0 ! 3
Hyaline
Tubule deygeneration Wi = 1 0 1 2%
Necrobiosis Wirs = 2 0 0 0
Necrosis Wkra = 3 0 0 0
Degenerative Dilatation of
changes the Bowman's Wkers = 1 0 2* 2*
Gl | capsule
omerulus Contraction Wirs = 1 0 0 0
Necrobiosis Wkerr = 2 0 0 0
Necrosis Wirs = 3 0 0 0
:E?Jgt't'al Necrosis Wkro = 3 0 0 0
Index for degenerative changes Ikr=0 Ikr=4 Ikr=7
Hypertrophy Wipr =1 0 1 1
Tubule Hyperplasia Wiz =2 0 0
Hypertrophy Wips =1 0 1 1
Hyperplasia Wips =2 0 0 0
Glomerulus Dilatation of
Proliferative the Bowman's Wips = 2 0 0 1
changes capsule
Interstitial Hypertrophy Wips = 1 0 0 0
tissue Edema Wip7 =2 0 0 0
Index for proliferative changes lkp=0 lkp=2 lkp =4
Infiltration Wi =2 0 0 0
Inflammation Kidney Activation of
melano- Wiz =2 0 1 2%
macrophages
Index for inflammatory processes lki=0 I =2 I =4
Index for organ I lk=0 1c=8 k=15

* p<0.05
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3.4. Histopathological alterations in kidney of common carp (Cyprinus carpio L.)
after acute exposure with 2,4-D

Table 9. Histopathological alterations in kidney of common carp (Cyprinus carpio L.) after acute
exposure with 2,4-D

. Functional Score value
R?[E;'ronn unit of the Alteration Importance 2,4-D
p tissue factor Control |50 pg/L [100 pg/L
Changes in the Haemorrhage Wker=1 0 0 0
circulatory Kidney Hyperaemia Wier =1 0 0 0
system Aneurysms Wkes =1 0 0 0
Index for changes in the circulatory system lkc=0 lkc=0 | Ikc=0
Vacuolar
degeneration Wices = 1 0 2 4
Tubule dHeé"’gg;‘r’ ion | Wk =1 0 0 0
Necrobiosis W3 = 2 0 0 0
. Necrosis Wkrs = 3 0 0 0
Degenerative Dilatation of
changes the Bowman's Wies = 1 0 1 2%
Glomerulus capsule -
Contraction Wkrs =1 0 0 1
Necrobiosis Wiy = 2 0 1 1
Necrosis Wkrs = 3 0 1 1
:%?Jst't'al Necrosis Wkro = 3 0 0 1
Index for degenerative changes lkr=0 Ikr=5 | Ikr=15
Hypertrophy Wi = 1 0 0 1
Tubule Hyperplasia Wyp, = 2 0 0 0
Hypertrophy Wips =1 0 1 3*
Hyperplasia Wips = 2 0 0 1
Proliferative Glomerulus Dilatation of
changes the Bowman's Wips = 2 0 0 0
capsule
Interstitial Hypertrophy Wieps = 1 0 1 1
tissue Edema Wepr =2 0 2% 4*
Index for proliferative changes lkp=0 lp=6 | lkp=15
Infiltration Wi =2 0 0 0
Inflammation Kidney Activation of
melano- Wiz =2 0 2% 2%
macrophages
Index for inflammatory processes k=0 =4 | ha=4
Index for organ I lk=0 1k=15 | 1x=34

* p<0.05
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Figure 12. Histopathological alterations in
Kidney of common carp after acute (96 h)
exposure with pirimiphos-methyl (H&E):
A — activation of melanomacrophages (=) and
vacuolar degeneration (=) (10 ug/L), x400; B—
vacuolar degeneration (=) (10 pg/L), x400; C—
dilatation of Bowman’s capsule (») (10 uglL),
x400; D- dilatation of Bowman’s capsule (Hip)
(60 ug/L), x400; E - vacuolar degeneration (=)
(60 ug/L), x400; F — hypertrophy of interstitial
tissue ( ) (60 ug/L), x400

Figure 13. Histopathological alterations in
Kidney of common carp after acute (96 h)
exposure with propamocarb hydrochloride
(H&E): A, B — vacuolar degeneration (=) npu
(40 ug/L), x400; C — hypertrophy of the tubule
(*) (40 ug/L). x400; D- dilatation of Bowman's
capsule ) and vacuolar degeneration (=)
(80 ug/L). x400; E - vacuolar degeneration (==pp
(80 pg/L), x400; F — vacuolar degeneration f=—p,
dilatation of Bowman's capsule ( . ) and
activation of melanomacrophages ( == ) (80
ug/L), x400

Figure 14. Histopathological alterations in
kidney of common carp after acute (96 h)
exposure with 2,4 - D (H&E): A - vacuolar
degeneration (= (50 ug/L), x400; B — necrosis
of glomerulus (4p) (50 ug/L), x400; C — necrosis
of glomerulus (@) and dilatation of Bowman’s
capsule (M) (50 ugL). x400; D, E - vacuolar
degeneration ( == ) (100 ugL), x400; F —
vacuolar degeneration (=) and activation of
melanomacrophages ( == ) (100 pg/L), x400

The kidney index (lx) of fish treated with pirimiphos-methyl at 10 pg/L is 18 and falls into
class Il, and in those treated with 60 pg/L I is 27 and falls into class I11. In both classes, the
changes are reversible (Table 7, Figure 12). Propamocarb hydrochloride I at 40 pg/L is 8 and
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falls into Class I, while at 40 pg/L the I is 15 and falls into Class I1. In both classes, the changes
are reversible (Table 8, Figure 13). 2,4-D Iy at 50 pg/L is 15 and falls into class I, where the
changes were reversible, and at 100 pg/L it is 34 and falls into class 1V, with a severe degree of
irreversible histological changes (Table 9, Figure 14).

Our results are also confirmed in studies by Mostakim et al. (2015), Al-Otaibi et al. (2019),
Boran et al. (2012), Sharmin et al. (2021), Okogwu et al. (2016) and others.

After conducting a comparative analysis based on the results obtained, the degree of
toxicity of the experimental pesticides can be summarized in the following descending order
(Figure 15):

Proliferative
changes . > >

. Degenerative
Kidney changes . > >

Inflammation >. >

Figure 15. Comparative analysis of the toxic effect of applied pesticides on the histological structure of
a common carp (Cyprinus carpio L.) kidney.

Pirimiphos-methyl Propamocarb hydrochloride . 2.4-D

4. Histochemical alterations in liver of common carp (Cyprinus carpio L.) after
acute exposure with the tested pesticides

Table 10 and Table 11 present the results of the histochemical analysis.

Table 10. Histochemical alterations in liver of common carp (Cyprinus carpio L.) after acute (96-h)
exposure with pirimiphos-methyl, propamocarb hydrochloride and 2,4-D, established by PAS-
reaction

Intensity of the L Propamocarb
PAS-reaction Pirimiphos-methyl hydrochloride 24-D
Concentration K 10 60 K 40 80 K 50 100
ng/L ng/L | pg/L pg/L pg/L ng/L | pg/L
Cyprinus carpio +/- ++ + +- ++ ++ +/- ++ ++

(-) — negative reaction to histochemical staining; (+/-) — very weak histochemical reaction; (+) — weak
histochemical reaction; (++) — moderate histochemical staining reaction; (+++) — severe histochemical
reaction
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Table 11. Histochemical alterations in liver of common carp (Cyprinus carpio L.) after acute (96-h)
exposure with pirimiphos-methyl, propamocarb hydrochloride and 2,4-D, established by Sudan Black

B staining
Intensity of
Sudan Black B Pirimiphos-methyl Propamoca'rb 24-D
. hydrochloride
staining

Concentration K 10 60 K 40 80 K 50 100

ng/L ng/L | pg/L ng/L ng/L pg/L | pg/L
Cyprinus carpio | +/- | +++ +/- +- ++ ++ +/- + +

(-) — negative reaction to histochemical staining; (+/-) — very weak histochemical reaction; (+) — weak
histochemical reaction; (++) — moderate histochemical staining reaction; (+++) — severe histochemical

reaction

4.1. Histochemical alterations in liver of common carp (Cyprinus carpio L.) after
exposure with pirimiphos-methyl

At a concentration of 10 pg/L pirimiphos-methyl, a moderate increase in the level of
glycogen is observed compared to the control. At a concentration of 60 pg/L, there is a slight
increase in the level of glycogen compared to the control, but a decrease compared to the lower
concentration of applied pesticide (Table 10, Figure 16).

Figure 16. Intensity of the PAS-
reaction in liver of Cyprinus
carpio L. after exposure with
pirimiphos-methyl: A — control,
x400; B, C — 10 ug/L, x400; D, E,
F — 60 pg/L, x400

Figure 17. Intensity of the
Sudan Black B staining in
liver of Cyprinus carpio L.
after exposure with
pirimiphos-methyl: A -
control, x400; B, C — 10 pg/L,
x400; D, E, F — 60 pg/L, x400



On the other hand, at a concentration of 10 pg/L, a strong increase in lipid stores in the
liver is observed, while at 60 pg/L, no change in the lipid profile is observed compared to the
control (Table 11, Figure 17).

4.2. Histochemical alterations in liver of common carp (Cyprinus carpio L.) after
exposure with propamocarb hydrochloride

The fungicide propamocarb hydrochloride increased the amount of glycogen and lipids
compared to the controls to a moderate extent, similarly at both concentrations tested (Table 10,

Table 11, Figure 18, Figure 19).

Figure 18. Intensity of the
PAS-reaction in liver of
Cyprinus carpio L. after
exposure with

propamocarb
hydrochloride: A — control,
x400; B, C —40 pg/L, x400;
D, E, F -80 pg/L, x400

Figure 19. Intensity of the
Sudan Black B staining in
liver of Cyprinus carpio L.
after  exposure  with

propamocarb
hydrochloride: A — control,
x400; B, C 40 pg/L, x400;
D, E, F -80 pg/L, x400

4.3. Histochemical alterations in liver of common carp (Cyprinus carpio L.) after
exposure with 2,4 - D

Moderate accumulation of glycogen and low accumulation of lipids are found in herbicide
2,4-D treatment compared to the control group in a similar manner, at both concentrations.
(Table 10, Table 11, Figure 20, Figure 21).
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Figure 20. Intensity of the
PAS-reaction in liver of
Cyprinus carpio L. after
exposure with 2,4-D: A —
control, x400; B, C —50 ug/L,
x400; D, E, F —-100 pg/L,
x400.

Figure 21. Intensity of the
Sudan Black B staining in
liver of Cyprinus carpio
L. after exposure with
2,4-D: A — control, x400;
B, C—50 pg/L, x400; D, E,
F — 100 pg/L, x400.

Based on the results obtained and according to the semi-quantitative scale used, the toxicity
of the tested pesticides can be summarized in the following descending order (Figure 22):

Accumulation of
glycogen in the —_— . .
cytoplasm of >

hepatocytes

Liver

Accumulation of
lipids in the
cytoplasm of . .
hepatocytes > >

Figure 22. Comparative analysis of the results of the histochemical analysis of the liver of common
carp (Cyprinus carpio L.) under the effect of the applied pesticides

| Pirimiphos-methyl Prog b iydrochlorid .2.4-D
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From the comparative analysis, propamocarb hydrochloride shows the highest degree of
accumulation of glycogen in hepatocytes, while for lipids - pirimiphos-methyl. Similar to
Ayoola (2008), we believe that the changes related to the alteration in the amount of glycogen
and lipids in liver of the experimental individuals may be due to a change in the processes of
glycolysis, which in turn depends on the administered concentrations of the toxicant, the
duration of action or its chemical nature.

5.Biochemical alterations in liver of common carp (Cyprinus carpio L.) after
acute exposure with the tested pesticides
5.1. LDH

The results of the analyzes show a decrease in LDH activity at all exposures of the
applied pesticides (Figure 23). Compared to the control, the most significant decrease in the
specific enzyme activity of LDH is recorded at 50 pug/L 2,4-D, and the least at 40 ug/L
propamocarb hydrochloride.

LDH U/mg pmtein Figure 23. Change in specific enzyme activity
of LDH in liver of Cyprinus carpio L. after 96
AverﬁgEiSD hours of exposure: A — 10 pg/L pirimiphos-
methyl (p<0.05); B — 60 pg/L pirimiphos-methyl
B (p<0.05); C - 40 pg/L propamocarb
hydrochloride (p<0.05); D - 80 png/L
0 = propamocarb hydrochloride (p<0.05); E — 50
ngL 24-D (p<0.05); F — 100 pg/L 2,4-D
5 = (p<0.05)

5.2. ASAT u ALAT

Compared to the control, the specific enzyme activity of ASAT is decreased most
significantly at 40 pg/L propamocarb hydrochloride, and least at 100 pg/L 2,4-D. The specific
enzyme activity of ALAT is most significantly inhibited at 40 ug/L propamocarb hydrochloride
and least at 60 pg/L pirimiphos-methyl (Figure 24, Figure 25).

. Figure 24. Change in specific enzyme activity
ASAT U/mg Pfﬂtem of ASAT in liver of Cyprinus carpio L. after

96 hours of exposure: A — 10 pg/L pirimiphos-
+

Average = SD methyl (p<0.05); B — 60 pg/L pirimiphos-methyl
(p<0.05); C - 40 pg/L propamocarb

hydrochloride  (p<0.05); D - 80 pglL

9 _ propamocarb hydrochloride (p<0.05); E — 50
pg/L 2,4-D (p<0.05); F — 100 pg/L 2,4-D

(p<0.05)

= =] = [~ =
A B C D

- I

control

rri
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Figure 25. Change in specific enzyme activity of
ALAT in liver of Cyprinus carpio L. after 96 hours
of exposure: A — 10 pg/L pirimiphos-methyl
(p<0.05); B — 60 pg/L pirimiphos-methyl (p<0.05); C
— 40 pg/L propamocarb hydrochloride (p<0.05); D —
80 pg/L propamocarb hydrochloride (p<0.05); E — 50
ng/L 2,4-D (p<0.05); F — 100 pg/L 2,4-D (p<0.05)

The strongest decrease in specific enzyme activity is observed at 80 pg/L propamocarb
hydrochloride, and the weakest at 10 pg/L pirimiphos-methyl (Figure 26).

ChE U/mg protein
Average £ SD

I [ |
A B C

control

° i

CAT

~ I

Figure 26. Change in specific enzyme activity of
ChE in liver of Cyprinus carpio L. after 96 hours
of exposure: A - 10 pg/L pirimiphos-methyl
(p<0.05); B — 60 pg/L pirimiphos-methyl (p<0.05); C
— 40 pg/L propamocarb hydrochloride (p<0.05); D —
80 pg/L propamocarb hydrochloride (p<0.05); E — 50
ng/L 2,4-D (p<0.05); F — 100 pg/L 2,4-D (p<0.05)

The strongest decrease in specific enzyme activity was observed at 60 pg/L pirimiphos-
methyl, and the weakest at 80 pg/L propamocarb hydrochloride (Figure 27).

CAT U/mg protein
Average £ SD

control A B

m i

- Il
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Figure 27. Change in specific enzyme activity of
CAT in liver of Cyprinus carpio L. after 96 hours
of exposure: A - 10 pg/L pirimiphos-methyl
(p<0.05); B — 60 pg/L pirimiphos-methyl (p<0.05); C
— 40 pg/L propamocarb hydrochloride (p<0.05); D —
80 pg/L propamocarb hydrochloride (p<0.05); E — 50
ng/L 2,4-D (p<0.05); F — 100 pg/L 2,4-D (p<0.05)



According to the degree of inhibition of the specific enzyme activity, the comparative
analysis for the degree of toxicity of the experimental pesticides can be summarized in the
following descending order (Figure 28):

B> >
> >B
> >
> >
> >

Figure 28. Comparative analysis of the biochemical examination of the liver of common carp
(Cyprinus carpio L.) under the influence of applied pesticides

Pirimiphos-methyl Propamocarbhydrochloride ] 2.4-0

Liver

Similar to the results of the present experiment, Abhijith et al. (2016) found for LDH, Rao
(2006) for aminotransferases, Bonansea et al. (2016), Da Cuiia et al. (2011), Tian et al. (2018)
and Vieira et al. (2018) for ChE, Seidel et al. (2001) and Al-Ghanim et al. (2020) for CAT. In
addition, a comparative analysis is carried out, according to which the degree of toxicity of the
applied pesticides on the specific enzyme activity is determined.
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IV. CONCLUSION AND INFERENCES

CONCLUSION

In summary, we can conclude that the applied pesticides pirimiphos-methyl, propamocarb
hydrochloride and 2,4-D, each tested at two concentrations that are many times lower than the
LCsx, negatively affected the histological structure of the gills, liver and kidney from the studied
individuals common carp (C. carpio L.). Along with this, compensatory-adaptive mechanisms
are activated in the body, which affects the functionality of the carp's organs and can inevitably
lead to a deterioration of the health of the entire organism. There is a tendency to increase the
morphological changes and the degree of their occurrence in proportion to the increasing
concentrations of the applied pesticides. In addition, the results of the conducted histochemical
study show that all tested concentrations of the applied pesticides cause a change in the
carbohydrate and lipid profile of the bioindicator species. A decrease in the specific activity of
the monitored liver enzymes is found in varying degrees, depending on the applied pesticide and
its concentration. Changes in the activity of liver enzymes, like other applied analyses, can be
used as a diagnostic marker for the effects of toxicants in aquatic ecosystems. Based on the data
from the conducted research, comparative analyzes are also carried out, providing an objective
assessment of the toxicity degree of the pesticides.

The results of the present study for establishing histopathological, histochemical and
biochemical biomarkers in Cyprinus carpio L. could be used to determine maximum permissible
concentrations of organic pollutants in biota, as well as for ecological biomonitoring purposes,
applying an assessment model based on correlational dependencies between established
biomarkers.
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INFERENCES

1. After exposure to pirimiphos-methyl, propamocarb hydrochloride and 2,4-D,
histopathological alterations, including proliferative and degenerative changes, changes in the
circulatory system of the organ and inflammation are found in the examined gills, liver and
kidney of common carp (Cyprinus carpio L.).

< The index of histopathological changes in gills is highest when treated with the

fungicide propamocarb hydrochloride.

< The index of histopathological changes in the liver is highest with exposure to the

herbicide 2,4-D.

< The index of histopathological changes in the kidney is highest when treated with the

herbicide 2,4-D.

< When comparing the indices of histopathological changes of the three organs, it is

found that they are highest in gills, followed by liver and lowest in kidney.

« All changes vary in degree of manifestation in relation to the applied concentrations of
pesticides, with a tendency to increase the degree of manifestation in direct proportion to
the concentration of the toxicant.

2. After exposure to pirimiphos-methyl, propamocarb hydrochloride and 2,4-D, histochemical

changes including glycogen and lipid accumulation are found in the liver of common carp

(Cyprinus carpio L.).

% The amount of glycogen and lipids in the liver with all three tested pesticides
increased compared to the control group. The highest degree of accumulation of glycogen
is found in propamocarb hydrochloride and 2,4-D, while the highest degree of
accumulation of lipids is found in pirimiphos-methyl treatment.

3. After exposure to pirimiphos-methyl, propamocarb hydrochloride and 2,4-D, biochemical

changes are found, including a alterations in the specific enzyme activity of LDH, ASAT,

ALAT, ChE and CAT in the liver of common carp (Cyprinus carpio L.) . The specific enzyme

activity of LDH is most strongly inhibited by 2,4-D, that of ASAT, ALAT and ChE — by

propamocarb hydrochloride, and that of CAT — by pirimiphos-methyl.

4. The established biochemical changes under the influence of the experimental pesticides

confirm the observed histological and histochemical ones, which is an indicator of a disturbance

in the functions of the liver, related to the processes of glycolysis, glyconeogenesis and
lipogenesis.

V. CONTROBUTIONS

1. Of original scientific character:

1.1. The present study on the effect of pirimiphos-methyl and propamocarb hydrochloride on
common carp (Cyprinus carpio L.) is the first of its kind.

1.2. In connection with the applied pesticides, the first complex morphophysiological study was
carried out in laboratory conditions, including histopathological analysis of gills, liver and
kidney, as well as histochemical and biochemical analysis of liver, to clarify the degree of
toxicity of three active ingredients of PPP on common carp (Cyprinus carpio L.).

~27 ~



1.3. The performed histochemical analysis of the liver of common carp (Cyprinus carpio L.) for
the influence of the toxicity of the herbicide 2,4-D is the first of its kind.

2. Confirmatory:

2.1. Common carp (Cyprinus carpio L.) can be used as a good bioindicator for pesticide
contamination of aquatic ecosystems.

2.2. The followind histopathological changes were found in gills: proliferative - lamellar lifting,
edema, proliferation of the covering epithelium and glandular cells in it and fusion; degenerative
in the epithelial tissue of the filament and secondary lamellae; in the circulatory system —
vasodilatation of the filament and secondary lamellae, and aneurysms.

2.3. The following histopathological changes were found in the liver: proliferative mainly
concerning the hepatocytes - hypertrophy; degenerative - granular, vacuolar and fatty
degeneration, necrobiosis and necrosis; in the circulatory system — hyperemia; inflammation -
lymphocytic infiltration.

2.4. The following histopathological changes were found in the kidney: proliferative -
hypertrophy and hyperplasia in the epithelial cells of the renal tubules and glomerulus,
thickening of the membrane of Baumann's capsule, hypertrophy and edema of interstitial
hematopoietic tissue; degenerative - vacuolar and hyaline-droplet degeneration of the epithelial
cells of the renal tubules, necrobiosis and necrosis of the renal tubules and glomerulus, dilatation
of Bauman's capsule, shrinkage of the renal corpuscles, necrosis of the interstitial tissue;
inflammation — activation of melanoma macrophages.

2.5. Histopathological and histochemical changes represent compensatory-adaptive mechanisms
for the survival of fish in pesticide-contaminated water.

2.6. Depending on the concentration of applied pesticides, the activity of liver enzymes in fish
changes (inhibits or activates).

3. With a methodical and applied nature:

3.1. The advantages of the scale used to determine the degree of changes in the histological
structure of the gills, liver and kidney are indicated.

3.3. Histopathological, histochemical and biochemical analyzes can serve as tools to assess the
effect of various toxicants on bioindicator species.

3.4. The established changes in gill, liver and kidney can be successfully applied as biomarkers
and included in a model for the assessment of contamination of aquatic ecosystems with
pesticides, with the aim of preparing an adequate normative base regarding the presence of
organic pollutants in aquatic ecosystems.

Publications:

1. Georgieva, E., Yancheva, V., Velcheva, I., Stoyanova, S., lliev, I., Vasileva, T., Bivolarski,
V., Petkova, E., Laszlo, B., Nyeste, K., Antal, L. “Which one is more toxic? - Evaluation of
chlorpyrifos and cypermethrin toxic effects on selected biomarkers in common carp (Cyprinus
carpio, Linnaeus 1758)”. Toxics. 2021, May 31;9(6):125. doi: 10.3390/toxics9060125. 1F=4.6,

QL.

~28 ~



2. Kovacheva, E., Georgieva, E., Velcheva, 1., Nikolova, M., Todorova, B., Todorova-
Bambaldokova, D., Yancheva, V., Stoyanova, S., Tomov, S. ,,Acute histopathological changes
in Common carp (Cyprinus carpio Linnaeus, 1785) gills: pirimiphos-methyl, 2, 4 -
dichlorophenoxyacetic acid and propamocarb hydrochloride effects*. Ecologia Balkanica, 2022,
Vol. 14, Issue 2, pp 143-159., Q4.

3. Kovacheva, E., Georgieva, E., Velcheva, 1., Nikolova, M., Todorova, B., Todorova-
Bambaldokova, D., Yancheva, V., Stoyanova, S., Tomov, S. ,,Histochemical and biochemical
changes in Common carp (Cyprinus carpio Linnaeus, 1785) liver after cypermethrin and
chlorpyrifos treatment. Ecologia Balkanica, 2022, Vol. 14, Issue 2, pp 123-141., Q4.

4. Georgieva, E., Kovacheva, E., Yancheva, V., Velcheva, I., Hrischev, P., Atanassova, P.,
Tomov, S., Stoyanova, S. “Pesticides induce fatty degeneration in liver of Cyprinus carpio
(Linnaeus 1758) after acute exposure”. Ecologia Balkanica, 2023, Vol. 15, Issue 2, pp 77-82.,
Q4.

Participation in conferences with a report:

1. Histopathological measures in gills of Common carp, Cyprinus carpio (Linnaeus, 1875) after
xenobiotics exposure, Eleonora Petkova, Stela Stoyanova, Iliana Velcheva, Vesela Yancheva,
Elenka Georgieva, The 5th Balkan Scientific Conference BalkanBio, 15"-16™ of April 2021,
Plovdiv.

Participation in conferences with posters:

1. “Acute and chronic assessment of pesticide toxicity on histochemical and biochemical
changes in the liver of common carp (Cyprinus carpio 1758, Linnaeus)”, Georgieva E.,
Velcheva 1., Yancheva V., Stoyanova S., Ivanova A., Petkova E., lliev I., Vasileva T,
Bivolarski, V., presented at the International Seminar on Ecology, Sofia, 2021.

2. ,Acute toxicity of pesticide exposure and histopathological changes in Common carp
(Cyprinus carpio Linnaeus, 1785)“, Elenka Georgieva, lliana Velcheva, Vesela Yancheva,
Eleonora Petkova, Dobrinka Todorova-Bambaldokova, Stela Stoyanova, presented at the VIII
National Conference with international participation "Morphological Days", which was held
from June 10 to 12, 2022 in the city of Sofia.

3. ,Effects of microplastics (MPs) on common carp (Cyprinus carpio Linnaeus, 1758)%,
Todorova-Bambaldokova, D., Petkova, E., Yancheva, V., Stoyanova, S., Todorova, B.,
Velcheva, 1., Georgieva, E., presented at the Third National Youth Conference on Biology, held
on 01.11.2022 in Plovdiv, Bulgaria.

4. | Histopathological effects in Cyprinus carpio L. gills caused by propamocarb hydrochloride
fungicide*, Petkova, E., Todorova-Bambaldokova, D., Yancheva, V., Stoyanova, S., Todorova,
B., Velcheva, I., Georgieva, E., presented at the Third National Youth Conference on Biology,
held on 01.11.2022 in Plovdiv, Bulgaria.

5. "Histochemical changes in the bioindicator species carp (Cyprinus carpio Linnaeus, 1758)
under the influence of pesticides”, Kovacheva, E., Georgieva, E., Stoyanova, S., Yancheva, V.,
Velcheva, |., presented at the X1V National Conference on Medical Biology, held on 02.06-
04.06.2023 in Varna, Bulgaria.

~29 ~



Participation in conferences with oral presentations:

1. ,,Multi-biomarker approach for PBDEs effects in Common carp (Cyprinus carpio Linnaeus,
1785)“, Stoyanova, S, Velcheva, I., Yancheva, V., Todorova, B., Petkova, E., Todorova-
Bambaldokova, D., Georgieva, E., presented at the International Seminar on Ecology, which
was held in an electronic environment in the period 29.09.-30.09. 2022

2. ,,Toxicological effects of commonly applied pesticides in Common carp (Cyprinus carpio
Linnaeus, 1785)“, Georgieva, E., Velcheva, I., Yancheva, V., Todorova, B., Petkova, E.,
Todorova-Bambaldokova, D., Stoyanova, S., presented at the International Seminar on Ecology,
which was held in an electronic environment in the period 29.09.-30.09. 2022

Participation in projects:

1. CII 19 B® 010 (2019-2020) Investigating the ex situ effect of water pollution with pesticides
on the biological indicator Cyprinus carpio (Linnaeus, 1785) using multi-biomarkers. Funded by
the Scientific Research Fund at the PU "P. Hilendarski".

2. MY19-b®-014 (2019-2020) Evaluation of the impact of Cypemethrin and Chlorpyrifos on
the zebra mussel (Dressena polymorpha Pallas, 1771) by applying complex biological
approaches according to DIRECTIVE 2013/39/EU. Funded by the Scientific Research Fund at
the PU "P. Hilendarski".

3. ®I121-b®-008 (2021-2022) Ex situ assessment of contamination of aquatic ecosystems with
xenobiotics by application of complex biomarkers in selected bioindicator species. Funded by
the Scientific Research Fund at the PU "P. Hilendarski".

V. REFERENCES

1) Boroesa, U. 2014. Ilectuumaure U TEXHUAT yBpexaaul epeKT BbPXY YOBEILIKOTO 3ipaBe. Bbirapcku
MeauuuHCkH KypHai, VIII, Ne2.

2) Abhijith, B.D., Ramesh, M., Poopal, R.K. 2016. Responses of metabolic and antioxidant enzymatic
activities in gill, liver and plasma of Catla catla during methyl parathion exposure. J. Basic Appl. Zool., 77,
31-40.

3) Agrawal, A., Pandey, R. S., Sharma, B. 2010. Water pollution with special reference to pesticide. J.
Water Resource Prot., 2, 432-448.

4) Ahmad H., Yousafzai A.M., Siraj M., Ahmad R., Ahmad I., Nadeem M.S., Ahmad W., Akbar N.,
Muhammad K. 2015. Pollution problem in river Kabul: accumulation estimates of heavy metals in native
fish species. Biomed. Res. Int., 537368.

5) Al-Ghanim, K.A., Mahboob, S., Vijayaraghavan, P., Al-Misned, F,A., Kim, Y.O., Kim, H.J. 2020. Sub-
lethal effect of synthetic pyrethroid pesticide on metabolic enzymes and protein profile of non-target Zebra
fish, Danio rerio. Saudi J. Biol. Sci., 27(1), 441-447.

6) Al-Mamoori, A.M.J., Al-Zubaidy, F.M., Al-Rezzaq, A.J.A., Hadi, M.A,, Yass, M.J. 2014. Biomarkers of
Chlorfos toxicity in Common Carp Cyprinus carpio. J. Environ. Sci. Toxicol. Food Technol., 8(1), 109-112.
7) Al-Otaibi, A.M., Al-Balawi, H.F.A., Ahmad, Z., Suliman, E.M. 2019. Toxicity bioassay and sub-lethal
effects of diazinon on blood profile and histology of liver, gills and kidney of catfish, Clarias gariepinus.
Braz. J. Biol., 79(2), 326-336.

8) APHA. 2005. Standard methods for examination of water and wastewater, 21st Ed. Washington,
American Public Health Association.

9) Ayoola, S.0. 2008. Histopathological effects of glyphosate on juvenile African catfish (Clarias
gariepinus). Am. Eur. J. Agric. Environ. Sci., 4, 360-362.

10) Babatunde, M., Oladimeji, A.A, Rafindadi, A. 2014. Histopathological changes in the gills, livers and
brains of O. niloticus (Trewavas) exposed to paraquat in chronic bioassay. Int. J. Sci. Technol., 4, 101-110.

~30 ~



11) Barus, V., Peaz, M., Kohlmann, K. 2001. Cyprinus carpio (Linnaeus, 1758). In Banarescu, P.M.,
Paepke, H.J., editor. The freshwater fishes of Europe, v. 5/1l; Cyprinidae 2/Ill, and Gasterosteidae.
Germany, AULA-G GmbH Wiebelsheim, 85-179.

12) Beers, Jr.R. and Sizer, I. 1952. A spectrophotometric method for measuring the breakdown of hydrogen
peroxide by catalase. J. Biol. Chem., 195(1), 133-140.

13) Bernet, D., Schmidt, H., Meier, W., Burkhardt-Holm, P., Wahli, T. 1999. Histopathology in fish:
proposal for a protocol to assess aquatic pollution. J. Fish Dis., 22, 25-34.

14) Bonansea, R.I, Waunderlin, D.A., Amé, M.V. 2016. Behavioral swimming effects and
acetylcholinesterase activity changes in Jenynsia multidentata exposed to chlorpyrifos and cypermethrin
individually and in mixtures. Ecotoxicol. Environ. Saf., 129, 311-319.

15) Boran, H., Capkin, E., Altinok, I., Terzi, E. 2012. Assessment of acute toxicity and histopathology of
the fungicide captan in rainbow trout, Exp. Toxicol. Pathol., 64, 175-179.

16) Bradford, M.M.A. 1976. A rapid and sensitive method for the quantification of microgram quantities of
protein utilizing the principle of protein-dye binding. Anal. Biochem., 72, 248-254.

17) Burtis, C.A. and Ashwood, E.R. 1994. Tietz Text-book of Clinical Chemistry. 2th Ed. W.B. Sunders
Company, Philadelphia.

18) Cattaneo, R., Loro, V.L., Spanevello, R., Silveira, F.A., Luz, L., Miron, D.S., Fonseca, M.B., Moraes,
B.S., Clasen, B. 2008. Metabolic and histological parameters of silver catfish (Rhamdia quelen) exposed to
commercial formulation of 2,4- dichlorophenoxiacetic acid (2,4-D) herbicide, Pestic. Biochem. Physiol., 92,
133-137.

19) Culling, C.F.A. 1974. Handbook of histopathological and histochemical techniques, 2nd Ed.
Butterworth, London, UK.

20) Da Cuiia, R.H., Rey Vazquez, G., Piol, M.N., Guerrero, N.V., Maggese, M.C., Lo Nostro, F.L., 2011.
Assessment of the acute toxicity of the organochlorine pesticide endosulfan in Cichlasoma dimerus
(Teleostei, Perciformes). Ecotoxicol. Environ. Saf., 74, 1065-1073.

21) de Souza, R.M., Seibert, D., Quesada, H.B., de Jesus Bassetti, F., Fagundes-Klen, M.R., Bergamasco,
R. 2020. Occurrence, impacts and general aspects of pesticides in surface water: a review. Process Saf.
Environ. Prot., 135, 22-37.

22) Dehnert, G.K., Freitas, M.B., Dequattro, Z.A., Barry, T., Karasov, W.H. 2018. Effects of low,
subchronic exposure of 2,4 - formulations on early life stages of fathead minnows (Pimephales promelas).
Environ. Toxicol. Chemistry, 37, 2550-2559.

23) Devi, Y., Mishra, A. 2013. Histopathological alterations in gill and liver anotomy of fresh water, air
breathing fish Channa Punctatus after pesticide Hilban® (Chlorpyrifos) treatment. Adv. Biores., 4(2), 57-
62.

24) Donarski, W.J., Dumas, D.P., Heitmeyer, D.P., Lewis, V.E., Raushel, F.M. 1989. Structure activity
relationships in the hydrolysis of substrates by the phosphotriesterase from pseudomonas-diminuta.
Biochem., 28, 4650-4655.

25) Elersek, T. and Filipic, M. 2011. Chapter 12: Organophosphorus pesticides - Mechanism of their
toxicity. In: The Impacts of Pesticide Exposure, Stoytcheva, M. (Ed.). IntechOpen Limited, London, UK,
243-260 pp.

26) Ezemonye, L. and Ogbomida, T.E. 2010. Histopathological effects of Gammalin 20 on African catfish
(Clarias gariepinus). Appl.Environ. Soil Sci., 138019.

27) Farhan, M., Wajid, A., Hussain, T., Jabeen, F., Ishaque, U., Iftikhar, M., Daim, M.A., Noureen, A.
2021. Investigation of oxidative stress enzymes and histological alterations in tilapia exposed to
chlorpyrifos. Environ. Sci. Pollut. Res., 13105-13111.

28) Henley, K.S., Pollard, H.M. 1955. A new method for the determination of glutamic oxalacetic and
glutamic pyruvic transaminase in plasma. J. Lab. Clin. Med., 46, 785.

29) Igbal, F., Qureshi, 1.Z., Ali, M. 2004. A Histopathological changes in the kidney of common carp,
Cyprinus carpio following nitrate exposure. J. Sci. Res., 15, 411-418.

30) Khan, H.ALA. 2021. Variation in susceptibility to insecticides and synergistic effect of enzyme
inhibitors in Pakistani strains of Trogoderma granarium. J. Stored Prod. Res., 91, 101775.

31) Kunjamma, K.P.A., Philip, B., Bhanu, S.V., Jose, J. 2008. Histopathological effects on Oreochromis
mossambicus (Tilapia) exposed to chlorpyrifos. J. Environ. Res. Dev., 2(4), 553-559.

~31~



32) Makinde, G.E.O., Olaifa, F.E., Banjo O.T. 2015. Acute toxicity and histopathological changes in gill
andliver of catfish (Clarias Gariepinus) juvenile exposed to 2,4-D amine (Herbex D SI®). J. Biol. Agr.
Health., 5(4), 145-149.

33) Mishra, A.K. and Mohanty, B. 2008. Acute toxicity impacts of hexavalent chromium on behavior and
histopathology of gill, kidney and liver of the freshwater fish, Channa punctatus (Bloch), Environ. Toxicol.
Pharmacol., 26, 136-141.

34) Mostakim, G.M., Zahangir, Md, M., Mishu, M.M., Rahman, Md K., Islam, M.S. 2015. Alteration of
blood parameters and histoarchitecture of liver and kidney of silver barb after chronic exposure to
Quinalphos. J. Toxicol, 415984.

35) Nagaraju, B. and Rathnamma, V. 2014. Histopthalogical changes in the gill and liver of freshwater fish
Labeo rohita (Hamilton) exposed to Novaluron. Innoriginal Int. J. Sci., 1(1), 16-18.

36) Okogwu, O., Anionwo, Q., Anoke, D.C., Ugwuezi, PO. 2016. Behavioural, haematological and
histopathological changes in the african catfish, Clarias gariepinus exposed to 2,4- dichlorophenoxyacetic
acid (2,4-D). Nigerian J. Biotechnol., 30, 26.

37) Ortiz Juan, B., Gonzalez de Canales, M.L., Sarasquete, C. 2003. Histopathological changes induced by
lindane (y-HCH) in various organs offish. Scientia Marina, 67(1), 53-61.

38) Pearse, A.G.E. 1972. Histochemistry: Theoretical and Applied, 3rd Ed. Churchill Livingstone, London,
1518.

39) Pérez-Parada, A., Goyenola, G., de Mello, F.T., Heinzen, H. 2018. Recent advances and open guestions
around pesticide dynamics and effects on freshwater fishes. Curr. Opin. Environ. Sci. Health, 4, 38-44.

40) Pipkin, F.B. 1984. Medical statistics made easy. Churchill Livingstone, Edinburgh London Melpourne
and New York, 137 pp.

41) Rao, V.J. 2006. Sublethal effects of an organophosphorus insecticide (RPR-Il) on biochemical
parameters of tilapia, Oreochromis mossambicus. Comp. Biochem. Physiol. Part C, 143(4), 492-498.

42) Reitman, S. and Frankel, S. 1957. A colorimetric method for determination of serum glutamic
oxaloacetic and glutamic pyruvic transaminases. Am. Clin. Pathol., 28, 56-63.

43) Rizzo, G., Monzon, J.P., Ernst, O. 2021. Cropping system-imposed yield gap: proof of concept on
soybean cropping systems in Uruguay. Field Crop Res., 260, 107944.

44) Rocha, T.L., Rezende dos Santos, A.P., Yamadab, A.T., de Almeida Soaresc, C.M., Borgesc, C. L.,
Baildoc, A. M., Sabdia-Morais, S. M. T. 2015. Proteomic and histopathological response in the gills of
Poecilia reticulata exposed to glyphosate-based herbicide. Environ. Toxicol. Pharmacol., 4, 175-186.

45) Romeis, B. 1989. Mikroskopische technik. Miinchen: Urban und Schwarzenberg, p. 697. Radic, Z.,
Taylor, P. 2006. Structure and function of cholinesterases. Toxicol. Organophosphat. Carbamate Comp., 1,
161-186.

46) Rosseland, B.O., Massabuau, J.C., Grimalt, J., Hofer, R., Lackner, R., Raddum, G., Rognerud, S.,
Vives, |. 2003. Fish ecotoxicology: European mountain lake ecosystems regionalisation, diagnostic and
socio—economic evaluation (EMERGE). Fish sampling manual for live fish. Norwegian Institute for Water
Research (NIVA), Oslo, 8.

47) Sachi, T.C., Bonomo, M.M., Sakuragui, M.M., Modena, P.Z., Paulino, M.G., Carlos, R.M., Fernandes,
J.B., Fernandes, M.N. 2021. Biochemical and morphological biomarker responses in the gills of a
Neotropical fish exposed to a new flavonoid metal-insecticide. Ecotoxicol. Envirom. Saf., 208, 111459.

48) Saraiva, A., Costa, J., Serrdo, J., Cruz, C., Eiras, J.C. 2015. A histology-basedfish health assessment of
farmedseabass (Dicentrarchus labrax L.). Aquacult., 448, 375-381.

49) Scholz, N., Fleishman, E., Brooks, M., Mitchelmore, C., Werner, 1., Johnson, M., Schlenk, D., Brown,
L. 2012. A perspective on modern pesticides, pelagic fish declines, and unknown ecological resilience in
highly managed ecosystems. BioScience, 62, 428-434.

50) Seidel, E.R., Ragan, V., Liu, L. 2001. Peroxynitrite inhibits the activity of ornitine decarboxylase. Life
Sci, 68, 1477-1483.

51) Sharma, A., Kumar, V., Shahzad, B., Tanveer, M., Sidhu, G.P.S., Handa, N., Thukral, A.K. 2019.
Worldwide pesticide usage and its impacts on ecosystem. SN Appl.Sci., 11, 1-16.

52) Sharmin, S., Islam, T., Sadat, A., Jannat, R., Alam, R., Shahjahan, M. 2021. Sumithion induced
structural erythrocyte alteration and damage to the liver and kidney of Nile tilapia. Environ. Sci. Pollut. Res.,
28, 36695-36706.

~32 ~



53) Sheehan, D.C. and Hrapcjak, B.B. 1980. Theory and Practice Histotechnology, 2nd Ed. CV Mosby, St.
Louis, (MO), 52, 14-167.

54) Sjerps, R.M., Kooij, P.J.,, van Loon, A., Van Wezel, A.P. 2019. Occurrence of pesticides in Dutch
drinking water sources. Chemosphere, 235, 510-518.

55) Souza-Bastos L.R., Bastos L.P., Carneiro P.C.F., Guiloski I.C., de Assis H.C.S., Padial, A.A., Freire,
C.A. 2017. Evaluation of the water quality of the upper reaches of the main Southern Brazil river (Iguagu
river) through in situ exposure of the native siluriform Rhamdia quelen in cages. Environ. Pollut., 231, 1245-
1255.

56) Subburaj, A., Jawahar, P., Jayakumar, N., Srinivasan, A., Ahilan, B. 2020. Effects of acute toxicity of
chlorpyrifos (EC 50%) and associated histological alterations in gills, liver and kidney of Mozambique
tilapia, Oreochromis mossambicus. Indian J. Anim. Res., 1-8.

57) Syafrudin, M., Kristanti, R.A., Yuniarto, A., Hadibarata, T., Rhee, J., Al-Onazi, W.A., AlIMohaimeed,
A.M. 2021. Pesticides in drinking water-a review. Int. J. Environ. Res. Public Health, 18 (2), 468.

58) Tang, F.H.M., Lenzen, M., McBratney, A., Maggi, F. 2021. Risk of pesticide pollution at the global
scale. Nat. Geosci., 14, 206-210.

59) Tian, X., Yang, W., Wang, D., Zhao, Y., Yao, R., Ma, L., Ge, C., Li, X, Huang, Z., He, L., Jiao, W.,
Lin, A. 2018. Chronic brain toxicity response of juvenile Chinese rare minnows (Gobiocypris rarus) to the
neonicotinoid insecticides imidacloprid and nitenpyram. Chemosphere, 210, 1006-1012.

60) USEPA. 1995. U.S. Environmental Protection Agency. Propamocarb Hydrochloride R.E.D. FACTS -
Prevention, Pesticides and Toxic Substances (7508W).

61) Vassault, A. 1983. Lactate dehydrogenase, In: Methods of Enzymatic Analysis, Enzymes:
Oxireductases, Transferases, Bergmeyer M.O. (Ed.). Academic Press, New York.

62) Vieira, C.E.D., Pérez, M.R., Acayaba, R.D., Raimundo, C.C.M., dos Reis Martinez, C.B. 2018. DNA
damage and oxidative stress induced by imidacloprid exposure in different tissues of the Neotropical fish
Prochilodus lineatus. Chemosphere, 195, 125-134.

63) Vigario, A.F., Saboia-Morais, S.M.T. 2014. Effects of the 2,4-D herbicide on gills epithelia and liver of
the fish Poecilia vivipara. Pesq. Vet. Bras., 34(6), 523-528.

64) Wroblewski, F., Ladue, J.S. 1956. Serum glutamic pyruvic transaminase in cardiac and hepatic disease.
Proc. Soc. Exp. Biol. Med., 91, 569-571.

65) Xing, H., Li, S., Wang, Z,, Gao, X., Xu, S., Wang, X. 2012. Oxidative stress response and
histopathological changes due to atrazine and chlorpyrifos exposure in common carp. Pest. Biochem.
Physiol., 103, 74-80.

66) Yon, N.D., Akbulut, C., Abar, M., Kayhan, F.E., Kaymak, G. 2014. Histological changes in the liver of
the Swordtail fish, Xiphophorus helleri (Pisces: Poecilidae) after exposure to Deltamethrin. Eur. Int. J.
Appl. Sci. Technol., 1(3), 27-38.

67) Zaller, J.G. 2020. Daily Poison. Pesticides - An Underestimated Danger. Springer Nature, Cham,
Switzerland.

68) Zimmerli, S., Bernet, D., Burkhardt-Holm, P., Schmidt-Posthaus, H., Vonlanthen, P., Wahli, T., Segner,
H. 2007. Assessment of fish health status in four Swiss rivers showing a decline ofbrown trout catches.
Aguat. Sci., 69, 11-25.

69) Pieroh, E.A., Krass, W., Hemmen, C. 1978. Propamocarb, einneues Fungizid zur Abwehr von
Oomyceten im Zierpflanzen- und Gemiisebau. Meded. Fac. Landbouw. Rijksuniv. Gent, 43, 933-942.

70) Wang, Z., Jiang, Y., Peng, X., Xu, S., Zhang, H., Gao, J., Xi, Z. 2016. Exogenous 24-epibrassinolide
regulates antioxidant and pesticide detoxification systems in grapevine after chlorothalonil treatment. Plant
Growth Regul., 81, 455-466.

71) Li, C., Sun, H., Juhasz, A.L., Cui, X., Ma, L.Q. 2016. Predicting the relative bioavailability of DDT and
its metabolites in historically contaminated soils using a tenaximproved physiologically based extraction test
(TI-PBET). Environ. Sci. Technol., 50, 1118-1125.

72) McManus, J.F.A. 1948. Histological and histochemical uses of periodic acid. Stain Techn., 23, 99-108.

~33 ~



