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Featured Application: The study highlights the utility of using histopathological alterations in
gills of an indigenous fish species (common bream) in differentiating seasonal variations in water
quality. The methodology displayed in this study can be used to obtain more compelling and
comprehensive environmental monitoring programs.

Abstract: Histopathological alterations in various fish organs have a pronounced value in aquatic
toxicology and are widely used in environmental monitoring. The aim of this study was to evaluate
whether histopathological alterations in fish gills can discriminate seasonal variations in environ-
mental conditions within the same aquatic ecosystem, and if so, which alterations contributed the
most to seasonal differentiation. Microscopic examination of common bream Abramis brama gills
displayed various alterations in gill structure, including epithelial hypertrophy, hyperplasia, mucous
and chloride cell alterations, epithelial lifting, necrosis, hyperemia and aneurism. These alterations
were subsequently quantified by a semi-quantitative analysis in order to detect differences in the
intensity of the mentioned alterations. Epithelial hypertrophy, hyperplasia, epithelial lifting and
necrosis varied significantly between seasons with only necrosis being significantly higher in the first
season. Discriminant canonical analysis displayed that epithelial hyperplasia, mucous cell alterations,
epithelial lifting and necrosis contributed the most to discrimination between seasons. Overall, this
study demonstrates that histopathological biomarkers in fish gills can be used in discriminating
seasonal variations in water quality within the same aquatic ecosystem.

Keywords: environmental monitoring; histopathological biomarkers; histopathological alterations;
fish gills

1. Introduction

Increased anthropogenic activity in terms of rising industrial, mining and agricultural
activity over the last few decades has caused increased water pollution. The most common
methods for monitoring water quality in aquatic ecosystems are measurements of pollutant
concentrations in water and sediment [1]. Since these methods are not cost-efficient and
they do not provide information on biological reactions of aquatic organisms, a vast array of
biomarkers has been developed in order to qualitatively and quantitatively assess biological
reactions of aquatic organisms to water pollution [2].

Histopathological alterations in various fish organs have a pronounced value in
aquatic toxicology [3] and are widely used in the monitoring of aquatic pollution [4–6].
Among them, gills are particularly useful in environmental monitoring given that they
have a large surface area, thin epithelium, are in direct contact with water and are generally
considered to be among most affected organs by waterborne compounds [7,8]. So far,
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many studies have assessed gill structural changes in response to waterborne pollutants
and environmental pollution, and have recognized them as valuable biomarkers of water
pollution [3,5,9–11].

Histopathological alterations are determined as reliable biomarkers in differentiating
levels of pollution between different aquatic ecosystems [4,5,12,13]. However, there are
very few studies which account for seasonal differences in gill reactions and which analyze
the differences in gill reaction to seasonal variations in water quality. The aim of the present
study was to evaluate whether histopathological alterations in bream gills can discriminate
seasonal variations in water quality within the same aquatic ecosystem. The present study
was a part of a much larger monitoring study conducted on the Tamiš River; therefore,
it did not aim to make a strong correlation between specific water quality parameters or
specific pollutants and gill alterations, but rather to assess whether gill histopathological
analysis can be utilized for the monitoring of seasonal differences in water quality. As
a study organism we used freshwater bream, Abramis brama, an indigenous freshwater
fish species which is commonly found in the Danube River basin [14]. Key features that
make this species a good bioindicator are its bottom-dwelling nature, as it is exposed
to pollution from both water and sediment during feeding on benthic animals [14], as
well as its stationary nature, as it exhibits high site fidelity [15,16], and thus alterations
observed would most likely be a depiction of local environmental conditions. Therefore,
an additional aim was to evaluate if freshwater bream could be a good study organism
for pollution monitoring. In achieving the mentioned aims, we can further expand our
knowledge on biological responses of aquatic organisms to variations in environmental
conditions and can apply this knowledge to environmental monitoring.

2. Materials and Methods
2.1. Sampling Site and Water Quality Data

The Tamiš River is located in the eastern part of the Vojvodina province, Republic of
Serbia. It is the longest river in the Banat region and its basin covers a total of 10,352 km2

(Figure 1). Anthropogenic activity has had a significant impact on the hydrologic regime
and water as well as sediment quality of the Tamiš River [17]. The main sources of pollution
are irrigation channels which are not maintained properly, fish and livestock farms, sewage
effluents and effluents from the mineral industry of the city of Sečanj. Water quality data
were obtained from the Hydrological Yearbook of Republic of Serbia [18] and through
personal communication with Republic Hydrometeorological Service of Serbia (RHSS) for
2010. We used water quality parameters for the Jaša Tomić water sampling site (located
around 10 km upstream from the Sečanj fish sampling site and around 15 km upstream
from the Banatski Despotovac fish sampling site; Figure 1).

2.2. Sample Collection and Processing

A total of 33 freshwater bream, Abramis brama, individuals (total length: 31.4 ± 0.7 cm;
weight: 333.8 ± 24.7 g) were caught along the Tamiš River at the Banatski Despotovac
(45◦16′58.6′′ N, 20◦37′51.7′′ E) and Sečanj (45◦21′28.6′′ N, 20◦46′22.2′′ E) sites (Figure 1).
They were caught during October (hereafter: season 1) and April of the next year (hereafter:
season 2) with gill nets of various mesh sizes and standard electrofishing devices. Fish
were sacrificed with a quick blow to the head and the mid-part of the second gill arch from
the left side of each individual was sampled and fixed in 10% formalin. Samples were later
decalcified, dehydrated in graded ethanol series, cleared in xylene and embedded into
paraffin blocks [19]. Five-micron-thick sections were cut, and three sections were placed
on glass slides and stained with the standard hematoxylin and eosin (H&E) staining tech-
nique. Sections were examined by a Primostar light microscope (Carl Zeiss, Heidenheim,
Germany) and photographed by an AxioCam MRc 5 digital camera (Carl Zeiss).
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2.3. Histopathological Analysis

Ten randomly selected gill filaments per individual were first subjected to qualita-
tive evaluation and thereafter to semi-quantitative analysis. Semi-quantitative analysis
included calculation of alteration indices for the most pronounced alterations. The eight
most pronounced alterations chosen for this analysis were epithelial hypertrophy, epithe-
lial hyperplasia, mucous cell alterations (including both hypertrophy and hyperplasia),
chloride cell alterations (also including both hypertrophy and hyperplasia), epithelial
lifting, necrosis, hyperemia and aneurism. Alteration indices were calculated according to
Bernath et al. [20]. Briefly, the importance factor for each alteration presents the pathologi-
cal relevance (how the alteration affects the organ function) of the given alteration, and
it ranges from 1 (minimal importance—the alteration is reversible when exposure to the
irritant stops) to 3 (marked importance—the alteration is irreversible). To each alteration a
score value ranging from 0 to 6 was assigned. Namely, a score value was assigned for each
of the 10 filaments analyzed based on the extent of that particular alteration—0 meaning
that the change was not detected; 6 indicating that the alteration was present throughout
the whole filament. Thereafter, a score value for an individual fish was calculated as a
mean of score values assigned to the 10 filaments. An alteration index (AI) was calculated
by multiplying the importance factor and score value for the given alteration according
to the formula AI = IF× SV, where IF is the importance factor (0–3) and SV is the score
value (0–6). Additionally, reaction patter indices (IRP) were calculated by summing all
alteration indices for the given pattern according to the formula IRP = ∑

RP
AI, where AI are

alteration indices of alterations belonging to that particular reaction pattern. A gill index
was calculated by summing all eight alteration indices (IG = ∑

G
AI).
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Figure 1. Map of the Vojvodina province (Republic of Serbia) and Tamiš River. a—Jaša Tomić water
quality sampling station; 1—Sečanj sampling site; and 2—Banatski Despotovac sampling site. Cited
and modified from Lujić et al. [10] with permission from the publisher.

2.4. Statistical Analysis

All measurements were expressed as mean ± S.E. Normality of variance was checked
using the Shapiro–Wilks normality test. One-way analysis of variance (ANOVA), followed
by Tukey’s HSD post hoc test was used to determine whether differences in alteration
indices between sites and seasons were significant (p < 0.05). Discriminant canonical
analysis (DCA) was conducted to determine the contribution of each histopathological
alteration to seasonal differentiation. Given that the water quality was assessed only at
the Jaša Tomić water quality sampling site, and not at every fish sampling site separately,
both the B. Despotovac and Sečanj sites from season 2, alongside the Sečanj site from
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season 1, were submitted as grouping factors in order to test the possible influence of
sites on variation in histological alterations. All statistical analyses were conducted in
STATISTICA v12.0 software (Statsoft Inc., Tulsa, OK, USA).

3. Results and Discussion
3.1. Water Quality

Water quality analysis displayed certain differences in several parameters between
seasons (Table 1). Seasonal differences were mainly encompassed by levels of electrocon-
ductivity, ammonia, chlorides, Cu, Fe and Pb. According to WHO guidelines [21], only the
levels of Fe from the Tamiš River were above the guideline limit in both seasons, while
Pb values were just below the limit during season one. On the other hand, according
to maximum admissible values proposed by Svobodova et al. [22], levels of Fe, Cu and
chlorine from the Tamiš River were elevated in both seasons and could potentially cause
tissue damage in cyprinid fish. Chemical analysis of water can provide valuable data for
interpretation of observed histopathological alterations by pointing out possible pollutants
which could induce observed alterations [10].

Table 1. Water quality parameters for the Jaša Tomić site in different seasons [18].

Parameter Season 1 Season 2 WHO [21]

Water temperature (◦C) 8.2 14.8 -
Water transparency (mm) 150 - -
Suspended matters (mg/L) 39 35 -
Dissolved oxygen (mL/L) 10.4 9.5 -
Alkalinity (mmol/L) 1.7 1.6 -
pH 7.6 7.5 -
Electroconductivity (µS/cm) 235 579 -
Ammonia (mg/L) 0.2 0.05 No guidelines
Nitrates (mg/L) 0.77 0.56 -
Nitrites (mg/L) 0.01 0.013 -
Orthophosphates (mg/L) 0.028 0.032 -
Chlorides (mg/L) 12 7.3 No guidelines
Sulphates (mg/L) 23 25 -
Fe (mg/L) 1.24 1.78 1
Mn (mg/L) 0.07 0.05 0.5
Zn (mg/L) 0.04 0.04 5
Cu (mg/L) 0.02 0.007 2
Total Cr (mg/L) 0.002 0.002 0.05
Pb (mg/L) 0.009 <0.001 0.01
Cd (µg/L) 0.2 0.2 3
Hg (µg/L) 0.1 <0.1 1
Ni (mg/L) 0.006 0.004 0.02
As (mg/L) 0.001 <0.001 0.01

3.2. Histopathological Observations

Microscopic examination of bream gills demonstrated alterations in the gill structure
(Figure 2). Epithelial hyperplasia (Figure 2A), hypertrophy (Figure 2B), epithelial lifting
(Figure 2C) and necrosis (Figure 2D) were the most pronounced alterations detected in the
present study. In some instances, hemorrhage (Figure 2A) or lymphocyte infiltration indica-
tive of mild inflammation were also observed (Figure 2B). These alterations are commonly
observed in histopathological studies. Mallatt [8] has hypothesized that epithelial hyper-
trophy and necrosis are more frequently the result of heavy metal exposure, which could
be correlated with the higher Fe and Cu concentrations observed in the water of the Tamiš
River. However, ascribing the cause of certain gill histopathological alterations to specific
environmental conditions or pollutants is not possible, as gills mostly react in a generalized
way; therefore, many different factors can cause the same structural alterations [8,23,24].



Appl. Sci. 2021, 11, 9504 5 of 9

Furthermore, even though parasitic examination was not in the scope of the study, a very
small number of Trichodina sp. were found in a few fish from both seasons.
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Figure 2. Histopathological alterations observed in gills of Abramis brama during the two investigated
seasons in the Tamiš River. (A) Hyperplasia of epithelium leading to fusions of lamellae (star) and
the focal rupture of secondary lamellae leading to hemorrhage (arrow). (B) Epithelial hypertrophy
(arrows) as well as leukocyte infiltration indicative of inflammation. (C) Epithelial lifting (arrows).
(D) Rupture of the primary and secondary epithelium and necrosis (arrows). H&E. Scale bars:
A = 50 µm; B, C and D = 20 µm.

Structural alterations mainly arise from two principal reasons: either as a defense
mechanism, or as a result of direct damage cause by environmental factors/xenobiotics.
Epithelial hyperplasia, hypertrophy and lifting are considered to be defense mechanisms
of gills as the former decreases the respiratory surface, while the latter two increase the
diffusion distance, thus hindering xenobiotic uptake [7,8]. These alterations are reversible,
meaning that the gill tissue is expected to recover once exposure to irritants ends [20]. On
the other hand, alterations such as necrosis, aneurism or hemorrhage are considered to be
a result of xenobiotic action, and are generally considered to be irreversible. Furthermore,
many parasites can also induce histopathological alterations such as hyperplasia, telangiec-
tasia, inflammation or even necrosis [25,26]. Therefore, conducting parasitic investigations
prior to histopathological investigation is imperative for successfully delineating possible
effects of the environment vs. the effects of parasites. Additionally, special attention needs
to be given to possible artifacts and misdiagnosis, as certain alterations, such as epithelial
lifting, can be the result of handling artifacts and can therefore be misinterpreted as a
lesion [27].

3.3. Seasonal Variation in Histopathological Alterations

Epithelial hypertrophy, hyperplasia, lifting and necrosis varied significantly between
seasons (Table 2). Necrosis was significantly higher in season one, while other three
alterations were higher in season two. Gill indices and reaction pattern indices on the other
hand did not display seasonal variability (Figure 3A). Discriminant canonical analysis
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provided two canonical functions to explain differentiation between seasons (Table 3).
Differentiation between seasons was mainly contributed by epithelial hyperplasia, mucous
cell alterations, epithelial lifting and necrosis. The first canonical function explained
most of the variance (75.6%) and was contributed by epithelial hyperplasia, mucous cell
alterations, epithelial lifting and necrosis, while the second canonical function accounted
for only 24.4% of variance and was mostly associated with epithelial hypertrophy. An
obvious separation of samples from season one was observed along the first canonical
function (p < 0.01) (Figure 3B), while there was no significant separation of centroids along
the second canonical function (p = 0.19). Considering no alterations showed significant
differences between B. Despotovac and Sečanj (season 2) sites and there was a slight, but
not significant separation of these two sites along the second canonical function, it can be
concluded that the influence of sites on variation in gill alterations was relatively negligible.

Table 2. Histopathological alterations and alteration indices for gills of fish sampled in the Tamiš River in different seasons.

Alteration (Pathological Relevance)
Season (Site) All Effects ANOVA

Season 1 Season 2 F d.f. p

Sečanj (N = 5) B. Despotovac (N = 8) Sečanj (N = 20)

Epithelial hypertrophy (1) 1.28 ± 0.20 a 1.52 ± 0.20 a,b 2.30 ± 0.20 b 5.08 2 0.01
Epithelial hyperplasia (2) 0.48 ± 0.23 a 3.40 ± 0.64 b 3.01 ± 0.35 b 6.54 2 <0.01
Mucous cell alterations (2) 2.00 ± 1.56 a 1.34 ± 0.65 a 1.05 ± 0.33 a 0.48 2 0.62
Chloride cell alterations (2) 0.00 ± 0.00 a 0.05 ± 0.05 a 0.03 ± 0.02 a 0.37 2 0.70

Epithelial lifting (1) 0.92 ± 0.21 a 2.02 ± 0.54 a,b 2.65 ± 0.31 b 3.47 2 0.04
Necrosis (3) 3.84 ± 1.05 a 0.09 ± 0.09 b 1.47 ± 0.61 a,b 3.99 2 0.03

Hyperemia (1) 1.88 ± 0.38 a 1.57 ± 0.31 a 2.40 ± 0.31 a 1.41 2 0.26
Aneurism (1) 0.00 ± 0.00 a 0.17 ± 0.09 a 0.11 ± 0.03 a 1.51 2 0.24

Importance factors are indicated in parenthesis. Within rows, for a given parameter, different letters in the superscript indicate significant
statistical difference (i.e., the presence of the same letter in two columns within the same row indicates no significant differences, while
different letters in two columns within the same row indicate a significant difference of p < 0.05).
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canonical scores for histopathological alterations of fish captured in different seasons. Arrows indicate centroids.

Epithelial lifting, hyperplasia and necrosis were alterations that displayed the most
significant seasonal variation in several studies [6,11,28]. When analyzing seasonal varia-
tion in common bream, Kostić et al. [6] and Kostić-Vuković et al. [11] also did not report any
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significant differences in gill or reaction pattern indices, while Barišić et al. [28], analyzing
Vardar chub, and Santos et al. [23], analyzing barbell Luciobarbus bocagei and Douro nase
Pseudochondrostoma duriense, observed seasonal differences in progressive, regressive and
circulatory reaction patterns. This can point to the differences in species sensitivity to
the changing environment. It is important to note that dominant alterations observed in
season 1 were irreversible, while dominant alterations observed in season 2 were mostly
reversible, indicating defensive mechanisms of the tissue, especially since Fe values were
higher in season 2.

Table 3. Discriminant canonical analysis (DCA) for gill histopathological alterations in fish captured
in Tamiš River during different seasons.

Alterations Canonical Function 1 Canonical Function 2

Epithelial hypertrophy −0.086 0.861
Epithelial hyperplasia −0.861 −0.427
Mucous cell alterations 0.568 −0.154
Chloride cell alterations −0.021 −0.184

Epithelial lifting −0.557 0.262
Necrosis 0.547 0.349

Hyperemia −0.017 0.255
Aneurism −0.026 −0.023

Eigenvalue 1.407 0.455
Cum. prop. 0.756 1.000
Canonical R 0.765 0.559

Wilks’ lambda 0.256 0.687
d.f. 16 7
p 0.007 0.192

Importance factors are indicated in parenthesis. Within rows, for a given parameter,
different letters in the superscript indicate significant statistical difference (i.e., the presence
of the same letter in two columns within the same row indicates no significant differences,
while different letters in two columns within the same row indicate a significant difference
of p < 0.05).

The time of sampling during season 1 was in October, when fish are preparing for
the winter hibernation (they usually swim to the riverbed and retain a lower level of
metabolism until spring). However, in season 2 (April), fish gills displayed different
alterations, among them epithelial lifting and hyperplasia, which are considered to be
defensive mechanisms. We postulate that alterations with high pathological importance
had occurred before the winter hibernation, with fish having been exposed to pollutants
during the whole year, but that they recovered during winter hibernation and after it (in
spring when fish are very active, and during spawning season) they are ready to better
cope with waterborne pollutants and react in a defensive manner. A similar pattern of
more severe gill alterations occurring during autumn compared to the spring was observed
in another study on common bream [11], but also in roach [24] and Vardar chub [28].
Moreover, studies regarding metal accumulation in fish tissues corroborate this claim,
since fish accumulate most of the metals during summer and the least amounts during
winter and spring [11,29–31]. These differences in accumulation rate are most likely due
to temperature differences, since in summer fish have a higher metabolic rate, hence
accumulating most of the metals. Since accumulation levels are low during winter due to
their low metabolic rate, this enables the tissue to recover, and at spring they are in a better
position to handle pollution pressure.

Many studies report that different pollutants may cause similar gill alterations, sug-
gesting that gills react non-specifically and that gill alterations present a reflection of a
generalized stress response [8,23,24]. However, the use of quantitative or semi-quantitative
analysis has great advantage over simple qualitative/descriptive analysis as it can quantify
the intensity of the given alterations, and therefore be more informative. Quantification
can enable comparison of alteration intensity between localities and/or seasons, and there-
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fore indirectly indicate differences in water quality. This indirect assessment of water
quality/pollution is very important as not all xenobiotics (such as heavy metals, PAHs,
cyanotoxins, estrogen modulators and other) can be quantified during monitoring studies.
Therefore, having biomarkers which can effectively discriminate between water qual-
ity/pollution between different sites or between seasons on the same site is imperative.
Additionally, in this study we have focused on the histopathology of the gills; however,
future studies should also include other biomarkers, such as oxidative stress, immunologi-
cal, biotransformation or reproductive parameters for a more holistic approach. Special
attention should be given to parasitic investigations prior to conducting histopathological
analysis as many parasites can also induce histopathological alterations, but also to good
laboratory and sampling practices as some common histopathological alterations could be
the result of artefacts, and therefore can be misdiagnosed.

4. Conclusions

The present study demonstrates that histopathological biomarkers of bream gill alter-
ations can be used in discriminating seasonal variations in water quality within the same
aquatic ecosystem and its effects on organisms that live in it. These results contribute to the
knowledge of biological responses to variations in environmental conditions and implicate
the importance of histopathological biomarkers in environmental monitoring. On the other
hand, it is proved that bream could be used in further environmental pollution studies.
Given the value of these biomarkers, we further suggest that they should be included as
standard methods in environmental monitoring, alongside chemical and physical analysis.
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