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Abstract. The present study primarily aims to investigate the histopathological effects which a
glyphosate based herbicide could cause on the gills of two economically important Cyprinid fish
(common carp and bighead carp), and to determine which species is more sensitive in terms of glyphosate
contamination. The pesticide concentrations tested in laboratory conditions were decreasing (72 mg/l, 40
mg/l and 20 mg/l) and prepared by dilution of the stock solution of the commercial product used in plant
protection. The experiment was short-term of 96 h. In general, the herbicide caused different pathological
alterations in the fish gills, such as lamellar lifting, edema, proliferation of the glandular cells and
epithelium, covering the gill filament, fusion, vasodilatation of the secondary lamellae and aneurysms. In
addition, we observed a tendency towards the enhancement of the gill histological changes which degree
of expression was proportional to the increasing pesticide concentrations. However, bighead carp was
more sensitive compared to common carp when it comes to the tested chemical and the alterations in the
gill histological structure were more pronounced.

Keywords: histopathology, fish, biomarkers, pesticide, contamination

Introduction

Pollution of water is mainly due to contamination with hazardous chemicals from
agricultural runoff and waste water from household and different industries. One of the
major chemicals from agricultural runoff are pesticides which play an important role in
the agricultural productivity and have been widely applied to protect agricultural crops.
On the other hand, they can cause severe damage to non-target organisms, both in the
terrestrial and aquatic environment (Magar and Shaik, 2013; Grung et al., 2015).
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The glyphosate herbicides, post-emergent herbicides with a broad-spectrum and low
selectivity, have been intensively applied on numerous field cultures, urban and
industrial areas to control unwanted plants, including the macrophytes in aquatic
systems (Nedelkoska and Low, 2004; Kolpin et al., 2006; Cavas and Konen, 2007). In
addition, most of the commercial formulations of herbicide-based glyphosate consist of
glyphosate isopropylamine salt (IPA) and a surfactant in order to increase the
herbicide’s efficacy (Tsui and Chu, 2003).

Fish are among the group of non-target aquatic organisms which represent the largest
and most diverse group of vertebrates and a number of characteristics make them
excellent experimental models for toxicological research (Raisuddin and Lee, 2008). In
this sense, fish are often used as indicators of pesticide water contamination due to the
fact that they respond to it with physiological and behavioral alterations (Banaee et al.,
2011, 2013; Murthy et al., 2013).

Cyprinidae is a family of freshwater fish which consists of 1600 species. This makes
it the most diverse family. The most popular species, common carp (Cyprinus carpio
Linnaeus, 1758) is a wide-spread and econocmically important fish which has immense
significance for aquaculture. Carp is also very popular in sports fishing due to its fast
growth rate, hardiness and prolific breeding in confined water. Furthermore, it has been
proposed as a test organism in toxicological research because it is relatively insensitive
and as a consequence, survives and accumulates contaminants even at heavily polluted
sites (Snyder et al., 2004; Brumbaugh et al., 2005; Reynaud and Deschaux, 2005; Oruc
and Usta, 2007; Reynders et al., 2008; De Boeck et al., 2010; Georgieva et al., 2014;
Stoyanova et al., 2015). Bighead carp (Aristichthys nobilis Richardson, 1845) is another
Cyprinid species which has become popular in aquaculture in recent years. It is usually
bred with common carp and silver carp (Hypophthalmichthys molitrix Valenciennes,
1844) for better results. Similarly to common carp, it grows quite rapidly and its meat
has started increasingly to be preferred for consumption in more countries (Cihat, 1975;
Karapetkova and Jivkov, 2010). However, it has not been that widely studied in terms
of the effects of different pollutants compared to common carp (Li et al., 2005; Hu et
al., 2010; Li et al., 2014). Thus, in the present study we propose this Cyprinid species
together with common carp as model species for ecotoxicological research.

Viana et al. (2013) suggest that the biomonitoring and risk assessment processes
should include analyses at different levels of biological organization, from sub-cellular
and cellular analysis of tissues and organs, to those of population and community levels.
Therefore, Van der Oost et al. (2003) also suggest the use of biomarkers as biological
indicators from an exposure to a stressor responding in various ways which can be
successfully applied. In this sense, according to Van Dyk and Pieterse (2008) histology
is an important diagnostic and sensitive tool to detect the direct effects of chemical
compounds on target organs and can therefore, be used to assess the health of fish
populations in contaminated aquatic systems. The advantage of histology as a biomarker
lies in its intermediate location with regard to the level of biological organization.
Furthermore, the histological changes appear as a medium-term response to sub-lethal
stressors, and histology provides a rapid method to detect the effects of irritants,
especially chronic ones, in various tissues and organs (Devi and Mishra, 2013;
Binukumari and Vasanthi, 2014). Thus, the histopathological changes due to various
pesticides have been extensively studied in different fish species (Ullah and
Zorriehzahra, 2015).

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(3):2295-2305.
http://www.aloki.hu @ ISSN 1589 1623 (Print) @ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1603_22952305
© 2018, ALOKI Kft., Budapest, Hungary



Georgieva et al.: Glyphosate-based herbicide alters the histological structure of gills of two economically important Cyprinid species
- 2297 -

The gills are efficient tools for monitoring of aquatic ecosystems because of their
large area which is in contact with the water and their high permeability (Oliveira
Ribeiro et al., 2005; Evans et al., 2005; Vigliano et al., 2006). They are the main
respiratory organ and have a large surface area, a thin water-blood diffusion distance
and play an important role in osmoregulation and acid base equilibrium. In fish, the gills
are also the main target organs of xenobiotic molecules. The changes in gill tissue affect
respiration and ion uptake in freshwater fish (Fernandes and Mazon, 2003; Fanta et al.,
2003; Bhuvaneshwari et al., 2015). Moreover, Nowak (1992) states that the gill
histological changes, such as hyperplasia and hypertrophy, epithelial lifting, and
aneurysms have been more pronounced in this particular organ after pesticide exposure.

The impact of glyphosate on fish has been studied mainly in commercial products
which included other active ingredients and not just glyphosate itself (Neskovic et al.,
1996; Ramirez-Duarte et al., 2008; Ayoola, 2008). We did not find any data regarding
the effects of glyphosate on bighead carp which is economically important species in
aquaculture and it is artificially bred together with common carp for better results. Thus,
the present study primarily aims to investigate the histological effects which a
glyphosate based herbicide could possibly cause on the gills of two economically
important Cyprinid freshwater fish (common carp and bighead carp) and to determine
which species is more sensitive in terms of pesticide contamination. The second
objective aims to establish the degree of expression of each histological alteration which
could be observed.

Material and Methods
Chemicals and experimental setup

The test pesticide in the present study was a glyphosate (IUPAC name N-
(phosphonomethyl)-glycine) based herbicide which is used to control grasses,
herbaceous plants, including deep-rooted perennial weeds, some broadleaf trees, shrubs,
and conifers (Standing Committee on Plant Health, 2001). We used decreasing
glyphosate concentrations of 72 mg/l, 40 mg/l and 20 mg/l under laboratory conditions
for a total acute period of 96 h. All three concentrations were prepared in advance by
dilution of the commercial product stock solution used in plant protection, given by the
company which produces the chemical. The concentrations we used are lower than
those actually applied in agriculture as a particular amount of the chemicals enter the
water ecosystems through rainfall and wind drift.

Forty healthy common and bighead carps were obtained from the Institute of
Fisheries and Aquaculture, Bulgaria where the fish are reared under strict controlled
conditions. The fish were of the same size-group (mean length 17.6 cm £ 2.9 and mean
body mass 46.3 g = 8.4 for common carp and mean length 18.65 cm + 1.33 and mean
body mass 53.02 g +5.3 for bighead carp) with no observed external pathological
abnormalities. After transportation, the fish were moved in 100 | glass aquaria with
chlorine-free tap water (by evaporation) to acclimatize for a week. They were randomly
divided into four groups, including control (n=10) and not fed during the experiment.

The water physico-chemical characteristics, such as pH, temperature, dissolved
oxygen, oxygen saturation and conductivity were measured once per day according to a
standard procedure (APHA, 2005). All experiments were conducted in accordance with
Directive 2010/63/EU.
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Histopathological analysis

The fish dissection was performed according to the procedures given in the
EMERGE Protocol (Rosseland et al., 2003). The samples were placed in vials with 10%
neutral buffered formaldehyde solution (pH 7.0). Then they were rinsed in tap water,
dehydrated in a graded series of ethanol concentrations, cleared in xylene, embedded in
paraffin wax with melting point of 54—56 °C, sectioned to a thickness of 5—7 um using a
rotary microtome (Leica RM 2125) and mounted on sterilized glass slides. The sections
were then deparaffinised, stained with hematoxylin and eosin (H&E) for histological
examinations and prepared for light microscopy analysis (Romeis, 1989).

Semi—quantitative scoring

Ten paraffin sections were produced from the gills of each specimen. Each section
was taken from a different location from the paraffin block, instead of in series. The
histological alterations in the gill structure of each paraffin section were analyzed by
observing the whole gill surface. The degree of expression was studied, including the
corresponding changes in the gill surface in relation to the normal histological structure.
The histological alterations in the gill epithelium were determined semi—quantitatively
by using the grading system of Pierce et al. (1978) and Zimmerli et al. (2007) which we
combined and modified. Each grade represented specific histological characteristics and
was categorized as follows:

(0) — no histological alterations which represented normal histological structure;

(1) — mild histological alterations;

(2) — moderate histological alterations;

(3) — severe histological alterations;

(4) — very severe histological alterations in the gill surface architecture.

Statistical analysis

The statistical program which was used was Graph Pad Prism 7 for Windows. In
order to study the differences between the degree of expression of each histological
alteration between the control and treated with different glyphosate concentrations
groups, t-test was applied. P value was set at 0.05. This was possible as for each degree
of expression a numerical value from 0 to 4 was given. Ten fish from each test group
and species were analyzed. The results are presented as average.

Results and Discussion

No histopathological changes were observed in the control fish gills. Gill structural
details of the control carps are shown in Figure 1A and 2A. With regard to the grading
system, proposed as the control carp histological characteristics, these were evaluated as
relatively normal (0). Comparing both Cyprinids exposed to glyphosate, we found in the
gill structure proliferative changes (lamellar lifting, edema, proliferation of epithelial
covering the filament and glandular cells, proliferation of cartilage, fusion),
degenerative changes and changes in the circulatory system (vasodilatation of the
primary sinus and blood vessels in the secondary lamellae) which all varied in their
degree of expression (Figure 1, 2).
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Figure 1. Histopathological alterations in common carp gills, (H&E): A — control group fish
gills, x200; B — proliferation of the gill epithelium, x400; C — fusion of the secondary lamellae,
x400; D — vasodilatation of the central venous sinus, x400; E — epithelium proliferation, x400;

F — lamellar lifting, vasodilatation of the central venous sinus and the secondary lamellae
(dashed arrow), x400

Figure 2. Histopathological alterations in bighead carp gills, (H&E), x400: A — control group

fish gills; B — proliferation of the gill epithelium (dashed arrow) and edema; C — proliferation

of the cartilage tissue; D — proliferation of the gill epithelium (dashed arrow) and fusion; E —
vasodilatation of the central venous sinus; F — fusion of the secondary lamellae

For the degree of expression of each alteration the statistical analysis showed that
there was a significant difference (P < 0.05) between the control for both Cyprinids and
all test groups exposed to glyphosate (72 mg/l, 40 mg/l and 20 mg/I).
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Table 1 shows that lamellar lifting and edema were more pronounced — in severe and
very severe degree of expression in both tested species, when increasing the
concentrations of glyphosate. We consider that lamellar lifting and edema actually
represent a compensatory-adaptive mechanism which increased the distance between
the epithelium and blood vessels in the secondary lamellae. Hence, the changes found in
the fish gills could slow down the oxygen access into the blood circulatory system
which in turn would result in a gas exchange limit. As reported by Schwaiger et al.
(2004) and Camargo and Martinez (2007) lamellar lifting and edema could lead to
oxygen deficiency and subsequent oxidative stress for the fish. In addition, we found
proliferation of the filamentous epithelium as probably another type of compensatory-
adaptive mechanism in the fish gills exposed at all herbicide concentrations. It increased
the thickness and the layers of the different epithelial cells which could likely delay the
toxicant access through the gills. Proliferation of the filamentous epithelium was
expressed mainly in a severe degree in the gills of common carp, while in the bighead
carp gills it was found in a very severe degree of expression. Furthermore, proliferation
of the connective cartilage tissue, leading to increased volume of gill filaments, was
presented only in the gills of bighead carp which showed specificity in regards to
glyphosate contamination. Ramah (2011) also reported cartilage hyperplasia in
Ctenopharyngodan idella gills under herbicide exposure but in general this
histopathological alteration is not often found in fish gills under the influence of
different pesticides. Fusion as a more severe form of proliferation of the filamentous
stratified epithelium was presented in a similar degree of expression in both tested
species. In terms of the proliferative changes, we consider that bighead carp showed
higher sensitivity under the influence of glyphosate compared to common carp because
we also observed very severe proliferation of the filamentous epithelium and cartilage
hyperplasia.

We found changes in the gills circulatory system such as vasodilation in the
secondary lamellae and the main venous sinus. Vasodilatation was presented in a
moderate degree of expression in the bighead carp gills at all glyphosate concentrations,
while this change was in such a degree in the common carp gills only at the highest
glyphosate concentration (Table 1, Figure 1, 2). Therefore, we consider that bighead
carp had higher sensitivity in relation to the pesticide effects which could be found even
at the lower concentrations of the toxicant. It also enhanced the blood cell flow and
increased the internal pressure of the blood vessels. However, aneurysms in the
secondary lamellae were observed only in the common carp gills. Cengiz (2006) also
reported aneurysms in the secondary lamellae in common carp gills under the effect of
deltamethrin.

We did not found aneurysms in the bighead carp gills in our previous studies
(unpublished data) related to pesticides effects, either. Thus, we suggest that the bighead
carp blood vessels could have higher resistance to pesticide contamination. Despite of
the internal pressure and vasodilatation in blood vessels, aneurysms in the secondary
lamellae of the bighead carp gills did not occur (Table 1).

Degenerative changes in the gills were also presented in both fish species which were
found in a moderate and severe degree in the bighead carp gills at all glyphosate
concentrations, while they were presented in a severe degree in the common carp gills
only at 72 mg/l glyphosate (Table 1).
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Table 1. Histopathological alterations in common carp and bighead carp gills caused by the test herbicide

Gills histonathological Concentration herbicide
altergtions 9 Common carp Bighead carp
Control 20 mg/| 40 mg/l 72 mg/| Control 20 mg/I 40 mg/l 72 mg/|
Lamellar lifting 1 3 4 4 1 2* 4 4*
Edema 0 2 3 4 0 2 3 4
Prollfe;z;c;fﬁeﬂz ?T:ratlfled 0 ek 3 ek 0 ok 3 .
Proliferation of glandular cells 0 1* 2 3* 0 1 2 2
Fusion 0 0* 1 2% 0 0* 1 2%
Proliferation of cartilage tissue 0 0** 0 0** 0 2%* 2 3**
Degeneration of gill epithelium 0 0** 1** 3 0 2%* 3** 3
Vasodilatation of secondary 0 0* 1 % 0 5 2 5
lamellae
Vasodllatatlon_of central 0 1 1 2 0 5 2 5
VENous sinus
Aneurysms 0 0 2%* 3** 0 0 0** 0**

(0) — no histological alterations which represented normal histological structure; (1) — mild histological alterations; (2) — moderate histological alterations; (3) —
severe histological alterations; (4) — very severe histological alterations of the gill surface architecture

* Bold — Significant differences in the degree of expression of each histological alteration for common carp and bighead carp separately after exposure to 20, 40
and 72 mg/l (P < 0.05)

** |talic — Significant differences in the degree of expression of each histological alteration between common carp and bighead carp together after exposure to 20,
40 and 72 mg/l (P < 0.05)
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The high degree of degenerative changes could lead to thinning of the epithelial
filaments and secondary lamellae, which on the other hand could lead to more rapid
toxicant penetration. Similarly to wus, Santhakumar et al. (2001) reported
histopathological effects such as degenerative and necrotic changes in fish gills under
the influence of sublethal concentrations of monocrotophos. Ghanbahadur et al. (2015)
found degenerative alterations and necrosis in Rasbora daninonius gills after acute and
chronic endosulfan exposure. Such results were also reported in common carp gills
under lindan exposure by Binukumari and Vasanthi (2014) and under deltamethrin
exposure by Cengiz (2006), respectively. The observed proliferative and degenerative
histopathological alterations in this study suggest the development of a two-way process
in the fish gills under the glyphosate influence. On one hand, the toxicant induced a
compensatory-adaptive process which was related to transport delay of the toxicant by
lamellar lifting and edema, as well as induced process of mitosis in the gill epithelium
and cartilage in the bighead carp gill. On the other hand, glyphosate induced
degenerative changes which were related with necrotic processes. Regarding the two
Cyprinids separately the t-test proved significant differences (P < 0.05) for the degree of
expression of proliferation of glandular cells between the fish exposed to 20 mg/l and 72
mg/l. Similar differences were also proved for fusion and vasodilatation of secondary
lamellae between 20 mg/l and 72 mg/l (Table 1). Regarding the degree of expression of
the histological alterations in bighead carp, the statistical analysis proved significant
differences for lamellar lifting and fusion between the groups treated again with the
lowest and highest glyphosate concentrations.

Comparing the two fish species together, statistically significant differences were
found in the degree of proliferation of stratified epithelium in common carp and bighead
carp between 20 mg/l and 72 mg/l. These were also found for proliferation of cartilage
tissue and aneurysms between 20 mg/l and 72 mg/l, and for degeneration of gill
epithelium but between 20 mg/l and 40 mg/I (P < 0.05).

In sum, we observed proliferative and degenerative changes in the bighead carp gills
at all glyphosate concentrations. However, pronounced proliferative histopathological
alterations in the common carp gills were found at the highest pesticide concentration.
These results showed bighead carp as a more sensitive species in comparison to
common carp. Therefore, we believe that bighead carp is an appropriate species for
ecotoxicological tests, as well as a good bioindicator for pesticide pollution of water
bodies. We consider that the results from such ex situ experiments could be applied for
better plant protection practices, in the field of water legislation for reducing maximum
allowable concentrations of organic pollutants, and the protection of freshwater fauna
by using bioindicators and applying histological biomarkers. Last but not least, we
suggest that further research in this particular area need to be carried out in order to
better study the glyphosate toxicity in different commercial mixtures used in plant
protection, and its interactions (antagonistic and synergistic) with other pollutants.
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