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Abstract: Multi-biomarker approach is recognised as a 
complementary tool for environmental monitoring studies 
to better appraise how pollutants affect ecosystems. This 
study examined histological alterations in the liver tissues 
and nuclear abnormalities in the peripheral erythrocytes of 
two native fish species inhabiting the Kelani River (Etroplus 
suratensis and Dawkinsia singhala) as ‘effect biomarkers’ 
for assessing pollution impacts. Surface water and native 
fish were sampled from two polluted sites in the lower reach 
(Kaduwela and Mattakkuliya) and a less polluted site in the 
upper reach (Ruwanwella) of the river covering rainy and dry 
periods. Physico-chemical analyses of surface water confirmed 
an increasing trend of pollution towards the lower reach of 
the river. Significantly greater liver histopathologic condition 
indices and erythrocytic nuclear abnormality frequencies 
(p < 0.05) were found in the fish inhabiting lower reaches of the 
river compared to those in the upper catchment at Ruwanwella. 
Biomarker responses revealed that the fish populations 
inhabiting the polluted sites in the river are under stress 
especially due to hepatic damage and genotoxicity. The results 
suggest that endemic and nationally threatened fish species in 
the riverine ecosystem may be at risk due to the contaminant 
stress under long term exposure. This study supports utility of 
erythrocyte nuclear abnormality and liver histopathological 
biomarker responses of native fish as cost effective tools for the 
identification of potential biological hazards of river pollution. 

Keywords: Biomarker, Dawkinsia singhala, Etroplus 
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INTRODUCTION

River pollution could produce unintentional irreversible 
damage to the resident biota and reduce the resource values 
of the rivers (Pan et al., 2016). Kelani River, which is one 
of the largest water sheds in Sri Lanka, is increasingly 
being polluted due to urban, agricultural and industrial 
activities. The western region of the river, which passes 
through highly urbanised areas is becoming mostly 
polluted with industrial and urban waste.  A recent study 
carried out to assess the surface water quality in Kelani 
River revealed that chemical oxygen demand levels in 
90 % of the water samples were higher than the SLS 
drinking water quality standards (Mahagamage et al., 
2014). The importance of monitoring biological impacts 
associated with river pollution has been stressed in the 
proposed action plan for management and conservation 
of the Kelani River basin (Mallawatantri et al., 2016). 

	 Conventional river pollution monitoring approach 
focuses on a selected set of physico-chemical factors 
and pollutant levels. However, this approach does 
not completely provide information on the ecological 
conditions of the biota inhabiting the river (Colin 
et al., 2016). For assessing biological impacts of aquatic 
pollution, fish biomarker assessment is a promising 
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approach as the biomarkers may possibly reflect the 
interactive effects of the mixture of pollutants on impaired 
biological processes in the exposed organisms (van der 
Oost et al., 2003). Biomarkers are defined as changes 
in biological (molecular, cellular, physiological or 
behavioural) responses, which can be related to exposure 
to or toxic effects of chemicals in the environment 
(Peakall, 1994). Multi-biomarker approach in fish is 
recognised as a complementary tool for environmental 
monitoring studies to better appraise how pollutants 
affect aquatic ecosystems (Pathiratne et al., 2008; Ghisi 
et al., 2016; Vieira et al., 2017). 

	 The liver which is a target organ of many toxicants, 
is one of the most intensively used organs in aquatic 
toxicological studies (Wolf & Wheeler, 2018). Liver 
histological assessments provide information pertinent to 
the health impacts associated with aquatic contaminants 
in various fish species (Wolf et al., 2015; Kumar et al., 
2017). Genotoxicity studies are important in assessing the 
genetic integrity of fish exposed to various toxicants in 
their habitat (van der Oost et al., 2003; Matos et al., 2017; 
Sousa et al., 2017). Erythrocyte nuclear abnormalities 
in fish indicate cytogenetic damage associated with 
the genotoxic effects of aquatic pollutants (Al-Sabti 
& Metcalfe, 1995; van der Oost et al., 2003; Braham 
et al., 2017). Genotoxic potential of a range of industrial 
effluents that are discharged into the Kelani River has 
been revealed recently based on laboratory exposure 
studies with a model fish, Nile tilapia, Oreochromis 
niloticus (Hemachandra & Pathiratne, 2016; 2017). 
More recently, Ruvinda and Pathiratne (2018) reported 
toxic impacts of selected effluent receiving canals in 
Kelani River using biomarker responses of Nile tilapia 
under laboratory exposure. However, scientific evidence 
is not available on the health of native organisms in 
Kelani River, which includes endemic and nationally 
threatened fish species. Use of the biomarker responses 
in native fish, which are exposed naturally to pollution 
loads in the riverine ecosystem over long periods is ideal 
for pollution impact assessments.  

	 Etroplus suratensis (Family: Cichlidae) and 
Dawkinsia singhala (Family: Cyprinidae) are 
benthopelagic and omnivorous fish species found in 
tropical riverine ecosystems. From the conservation 
point of view, they are considered as ‘least concern’ by 
IUCN (2012). It is hypothesised that liver histological 
alterations and erythrocytic nuclear abnormalities of 
E. suratensis and D. singhala, inhabiting Kelani River 
could be used as warning signals to reflect pollution 
impacts associated with their habitat. The objective of 
this study was to assess pollution impacts of Kelani 

River, by associating surface water quality with liver 
histopathological and erythrocyte nuclear abnormality 
responses in two native fish, E. suratensis and D. 
singhala inhabiting the river, with a view to assessing 
the use of these responses as effective biomarkers.

METHODOLOGY

Sampling sites

Three sampling sites (Figure 1) towards the western 
region of the Kelani River were selected primarily 
based on urban and industrial waste inputs. Site 1 
(070 2’ 38.8” N, 800 15’ 6.4” E at Ruwanwella) is 
located towards the upper catchment which is a less 
urbanised area. Site 2 (060 56’ 34.2”N, 790 59’ 28.0” E 
at Kaduwela) and site 3 (060 58’ 53.2” N, 790 52’ 30.3” 
E at Mattakkuliya, Colombo) are located in the lower 
reaches of the river. Site 2 is a moderately urbanised 
and industrialised area. Site 3 passes through a highly 
urbanised and industrialised area.

3 

 

associated with their habitat. The objective of this study was to assess pollution impacts of Kelani River, 

by associating surface water quality with liver histopathological and erythrocyte nuclear abnormality 

responses in two native fishes,   E. suratensis and D. singhala inhabiting the river, with a view to 

assessing the use of these responses as effect biomarkers. 

 

METHODOLOGY 

 Sampling sites 

Three sampling sites (Figure 1) towards the western region of Kelani River were selected primarily 

based on urban and industrial waste inputs.  Site 1 (070 2' 38.8" N, 800 15' 6.4" E at Ruwanwella) is 

located towards the upper catchment which is a less urbanised area. Site 2 (060 56' 34.2"N, 790 59' 28.0" 

E at Kaduwela) and site 3 (060 58' 53.2" N, 790 52' 30.3" E at Mattakkuliya, Colombo) are located in 

the lower reaches of the river.  Site 2 is a moderately urbanised and industrialised area. Site 3 passes   

through a highly urbanised and industrialised area. 

  

 
Figure 1. Location of sampling sites in the western region of Kelani River basin, Sri Lanka: Site 
1(Ruwanwella), Site 2 (Kaduwela) and Site 3 (Mattakkuliya, Colombo) 
 
 
Sampling and analysis of river water  

River water was sampled three times covering two dry periods (2014 February and 2015 February) and 

one rainy period (2015 July). In each sampling phase, river water from three randomly selected sub 

sites at each site was collected and physico-chemically characterised. In-situ parameters viz. surface 

water temperature, pH, conductivity, salinity and total dissolved solid were measured using water 

Figure 1:	 Location of sampling sites in the western region of Kelani 
River basin, Sri Lanka: Site 1 (Ruwanwella), Site 2 
(Kaduwela) and Site 3 (Mattakkuliya, Colombo)

Sampling and analysis of river water 

River water was sampled three times covering two dry 
periods (2014 February and 2015 February) and one 
rainy period (2015 July). In each sampling phase, river 
water from three randomly selected sub-sites at each 
site was collected and physico-chemically characterised. 
In-situ parameters viz. surface water temperature, pH, 
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conductivity, salinity and total dissolved solids were 
measured using water quality checker (MPS-556: Yellow 
Springs Instrument Company, USA). Dissolved oxygen, 
biochemical oxygen demand (BOD5), chemical oxygen 
demand (COD), total phosphate and nitrate nitrogen 
levels in surface water were determined in the laboratory 
as described in APHA (1998) using standard methods 
(5210 B for BOD5; 5220 B for COD; 4500-P B.5 and 
4500-P E for total phosphate; 4500 NO3

E for nitrate). 
Water samples (1 L) which were collected into acid 
washed polypropylene bottles, were preserved with 
ultrapure grade nitric acid (pH < 2) and stored at 4 ºC 
until further analysis. The water samples were analysed 
within one month for commonly found four heavy 
metals (Cd, Cr, Cu and Pb) by Atomic Absorption 
Spectrophotometry (graphite furnace mode) (Analytik 
Jena: Model novAA400P) following APHA (1998), 
using standard methods (Method 3500 relevant to Cd, 
Cr, Cu and Pb). Standard solutions for calibrations were 
prepared using commercial standard reference solutions 
(Reagecon Diagnostics Limited, Ireland) for each metal 
separately. Deionised water was used as the blanks. 
For estimating detection limits, ten sample blanks were 
measured along with the samples for each metal. The 
limit of quantification (LOQ) was estimated by taking 
the sum of the mean and 10 standard deviations of sample 
blanks (Mikkelsen & Corton, 2004).   

Fish collection

With the aid of fishermen, the fish were captured from 
three selected sites in the river using cast nets for 
biomarker studies. Capturing fish using the cast net was a 
difficult task due to the large volume of water and heavy 
water flow at the study sites.  During the three sampling 
events, E. suratensis could be captured only from site 1 
(n = 6 in the sampling event in 2014 dry period, n = 4 in 
the sampling event in 2015 dry period and n = 5 in the 
sampling event in 2015 rainy period) and site 3 (n = 6, 13 
and 10 in the sampling events in 2014 dry period, 2015 
dry period and 2015 rainy period, respectively). 
D. singhala could be captured only during two sampling 
events each, at site 1 (n = 6 and 10 in the 2015 dry period 
and rainy period, respectively) and site 2 (n = 3 and 12 in 
the 2015 dry period and rainy period, respectively). All 
fish captured during a specific sampling event were used 
for biomarker assessments. All applicable international 
ethical guidelines for the care and use of animals were 
followed during this study. The fish were transported to 
the laboratory in polythene bags filled with large volumes 
of water collected from the habitat from which they were 
captured. The water in the polythene bags was provided 
with sufficient oxygen during transport to reduce stress. 

On the same day, the fish were anesthetised with an 
overdose of benzocaine (70 mg L−1) in the laboratory and 
body weight, total length and gender of each fish were 
recorded.  Blood and liver tissue samples were taken 
from each fish for biomarker assessments. Condition 
factor of each fish was calculated using the formula, 100 
× body weight (g)/ length (cm)3 (Bagenal & Tesch 1978, 
cited in van der Oost et al., 2003).  

Assessment of erythrocytic nuclear abnormality 

Blood smears from each of the captured fish were prepared 
by severing the caudal peduncle and was processed for 
assessment of erythrocyte nuclear abnormalities. Blood 
smears were air-dried, fixed with methanol and stained 
with 5 % Giemsa stain. Excess stain was washed with 
50 % methanol and nuclear abnormalities in at least 1000 
mature erythrocytes per fish were determined under a 
binocular light microscope at 1000× magnification 
(Al-Sabti & Metcalfe, 1995). The blind scoring of 
nuclear abnormalities was performed on coded slides 
(one slide for each fish). The results are expressed as 
number of erythrocyte nuclear abnormalities per 1000 
erythrocytes (‰). 

Assessment of liver histological structure 

Small pieces of liver tissue of each captured fish were 
fixed by placing in 10 % neutral buffered formalin for 
histopathology. Preserved liver tissues were processed 
using the standard paraffin embedding technique. The 
sections were cut at 5 μm thickness and stained with 
haematoxylin and eosin using standard protocol. The 
stained liver sections were examined for histopathological 
alterations following the guide given by Wolf et al. 
(2015). Frequency of histological alterations was 
expressed by dividing the number of fish on which the 
change was found by the number of fish analysed.

	 For assessment of aquatic pollution impacts, the ‘liver 
histopathologic condition indices’ based on ‘specific 
reaction indices’ were also estimated per individual fish 
following the standardised histopathological assessment 
method described by Bernet et al. (1999). In this method, 
biological significance of the histological changes 
of fish is assessed based on two factors: (i) rating 
the extension of a pathological change with a score 
value and (ii) defining the pathological importance of 
this alteration as an importance factor (Bernet et al., 
1999). As progressive changes and tumours were not 
observed in the livers of the examined fish, identified 
histopathological alterations in the liver of each fish 
were categorised into three reaction patterns, namely, 
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circulatory disturbances, regressive alterations and 
inflammatory responses. Pathological conditions of 
blood flow are classified within circulatory disturbances 
while regressive alterations are defined as processes, 
which lead to reduction in function or loss of an organ. 
Inflammatory responses are frequently coupled with 
processes belonging to other reaction patterns (Bernet 
et al., 1999).

	 An importance factor (W) ranging from 1 to 3, which 
reflects the ability of the histological alteration to become 
reversible after the removal of the stressor (1: easily 
reversible; 2: reversible in most cases; 3: generally 
irreversible) was attributed to each histopathological 
alteration as described by Bernet et al. (1999) and Kostic 
et al. (2017). The identified histological alterations under 
the circulatory disturbances reaction pattern category, 
and the W values given for each alteration were as 
follows: blood congestion in the sinusoids (W = 1) and 
stasis in small veins (W = 1). For regressive alterations 
reaction pattern category, the identified histological 
changes and corresponding W values were as follows: 
architectural changes such as tissue structure, cell shape 
and arrangements (W = 1), plasma alterations such as 
hyaline/colloid droplets/deposits (W = 1), vacuolar 
degeneration (W = 2), nuclear alterations such as 
pycnotic nuclei (W = 2) and necrosis (W = 3). For the 
regressive alterations relevant W values were assigned 
separately for hepatic tissue, intrahepatic pancreatic 
tissue and bile duct. The W values assigned for the 
inflammatory response reaction pattern category are 
as follows: activation of reticuloendothelial system/
presence of melanomacrophage centres (W = 1) and 
leucocyte infiltration (W = 2). In an individual fish liver, 
every histopathological alteration relevant to a particular 
reaction pattern category was assessed using a score 
value (a) ranging from 0 to 6, depending on the degree 
and the extent of the alteration, 0: unchanged; 2: mild 
occurrence; 4: moderate occurrence; and 6: severe 
occurrence. Intermediate values are also given depending 
on the alteration (Bernet et al., 1999).

	 For each fish, one coded slide with liver sections was 
used for analysis.  Ten randomly selected areas (based 
on the systematic up and down movement of the slide) 
of a well stained liver section were analysed under a 
light microscope. For each reaction pattern category, 
reaction index (RI) was calculated for each fish using the 
following equation:
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a more severely affected individual fish.

Statistical analysis

Spatial variations of physico-chemical characteristics in 
water and condition factor of the fish were statistically 
analysed separately using analysis of variance (ANOVA) 
test after verifying assumptions of ANOVA. If there were 
significant differences, Tukey’s pair-wise comparison 
test was used for comparison of means. The proportional 
nuclear abnormality data were subjected to ArcSin-
square root transformations prior to analysis (Zar, 1998). 
Liver histopathologic condition indices were analysed 
using non-parametric Kruskal-Wallis test and/or Mann-
Whitney U test as appropriate. Potential associations 
between specific biomarker data and selected physico-
chemical variables (BOD5, COD and heavy metals) were 
tested by Pearson’s correlation test. In all cases, accepted 
level of significance was p < 0.05 (Zar, 1998).

RESULTS AND DISCUSSION

Physico-chemical parameters of surface waters of 
the three selected sites of Kelani River, site 1 (upper 
catchment, Ruwanwella), sites 2 and 3 (lower reach, 
Kaduwela and Mattakkuliya) are given in Table 1. No 
significant spatial variation was detected for water 
temperature and pH levels during the three sampling 
events. Salinity and TDS levels in the water were 
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consistently higher at site 3 compared to the other sites 
(p < 0.05). Elevated BOD5 levels during the 2014 dry 
period and decreased DO levels during the 2015 dry 
period were recorded from site 3 compared to the other 
sites (p < 0.05). Irrespective of the sampling events, COD 

levels in the surface water showed an increase from site 1 
to site 3. Furthermore, total phosphate levels and nitrate 
nitrogen levels in the water were significantly higher at 
sites 2 and 3 in the 2015 dry period compared to those at 
site 1. Total phosphate level in the water was higher at 
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site 3 than at site 1 in the 2015 rainy period. Heavy metal 
concentrations recorded in the surface water of the three 
sampling sites (Table 1) indicate significantly higher Cd, 
Cu, and Pb levels at site 3 and Cu level at site 2 during the 
2014 dry period compared to those at site 1. During the 
2015 dry period, Cd and Pb levels at site 3 and Cd level 
at site 2 were significantly higher than those at site 1 (p 
< 0.05). No significant spatial variations in the measured 
heavy metal levels were found in the 2015 rainy period. In 
general, overall pollution pattern followed the increasing 
order: Ruwanwella site <Kaduwela site < Mattakkuliya 
site. Physico-chemical characterisation confirmed that 
the pollution of Kelani River shows an increasing trend 
towards the lower reach. Mahagamage et al. (2014) 
monitored the gross pollution status in surface water of 
Kelani River during October 2012 to March 2013 based 
on microbiological and physico-chemical parameters 
and found that 80 % sampling points in the head and 
transitional zones and 90 % locations in the meandering 
zone of the river basin were contaminated with total 
coliform and faecal coliform bacteria. Further, the COD 
level in 90 % of the water samples was also higher than 
10 mgL-1 whereas Cd, Pb, Cr and Cu concentrations 
in surface water (in μgL-1) were reported to be within 
the range 0.1183–0.775, 0.078–5.34, 0.00156–3.50 and 
3.11–14.44, respectively (Mahagamage et al., 2014). 
However, sampling site specific physico-chemical data 
are not provided in their study for direct comparison with 
the results obtained in the present study. 

The presence of heavy metals in surface waters represent 
a significant source of environmental contamination, 
since metals are potentially genotoxic and carcinogenic 
(Matos et al., 2017). To the best of our knowledge, 
guideline values or threshold limits of heavy metals for 
protection of aquatic life are not yet established in Sri 
Lanka. Based on internationally established criteria/
standards, benchmark values (in μgL-1) proposed by 
UNEP (2016)  for Cd, Cr (iii), Cr (vi), Cu and Pb for 
Category I (high integrity) freshwater ecosystems are 
0.08, 10, 1,1 and 2, respectively, whereas corresponding 
metal levels for Category 4 (extreme impairment) 
ecosystems are 1, 75, 40, 2.5, and 5, respectively. 
The levels of Cd, Cu and Pb in the water (Table 1) at 
site 3 (Mattakkuliya) exceeded the benchmark for the 
respective metals for Category 4 ecosystems. The levels 
of Cd and Cu in the water at site 2 (Kaduwela) and 
site 1 (Ruwanwella) during some sampling events also 
exceeded the benchmark for the respective metals for 
Category 4 ecosystems. These results indicate that the 
part of Kelani River passing through Mattakkuliya area 
are at ‘extreme impairment conditions’. For freshwater 
life protection, Criterion Continuous Concentration 
(CCC) established by the United States Environment 
Protection Agency for Cd, Cr(iii), Cr(vi), Cu and Pb (in 
μgL-1) are 0.72, 74, 11, 2.2 and 3.2, respectively (USEPA 
2005; 2019). Comparison of measured metal levels at 
the three sites (Table 1) of Kelani River with the CCC 
for respective metals indicate that the levels of more 
than one metal in most cases exceeded the respective 

Fish, sampling season 
and site

Number of 
fish

Males:females
Total length 

(cm)
Condition factor 

(gcm-3)

Etroplus suratensis

2014 dry period Site 1 6 1:5 17.2 ± 1.7a 2.40 ± 0.10a

                           Site 3 6 4:2 17.2 ± 2.3a 2.51 ± 0.19a

2015 dry period Site 1 4 1:3 17.5 ± 0.7a 2.18 ± 0.07a

                           Site 3 13 9:4 18.7 ± 2.1a 2.37 ± 0.05a

2015 rainy period Site 1 5 3:2 21.8 ± 1.7a 2.27 ± 0.08a

                             Site 3 10 6:4 20.1 ± 2.4a 2.45 ± 0.16a

Dawkinsia singhala

2015 dry period Site 1 6 2:4 12.3 ± 1.7a 1.82 ± 0.07a

                           Site 2 3 1:2 10.9 ±1.4a 2.06 ± 0.09a

2015 rainy period Site 1 10 3:7 10.3 ±1.3a 1.65 ± 0.09a

                              Site 2 12 2:10 9.8 ±0.8a 1.79 ± 0.09a

Table 2:	 Profile of E. suratensis and D. singhala used for biomarker assessments

Data are presented as mean ± SEM. For a particular fish species, the data in a column denoted by the 
same superscript indicate no significant difference from each other (p > 0.05).



Biomarker responses of feral fish in Kelani River	 21

Journal of the National Science Foundation of Sri Lanka 48(1)	 March 2020

CCC for aquatic life protection. In all sampling events, 
Cd, Cu and Pb levels in the water at site 3 exceeded the 
CCC for respective metals indicating high health risks 
for the species residing in this site of the river. 

	 Native fish are considered as key elements for 
assessing the quality of aquatic ecosystems due to their 
high ecological relevance in the aquatic environment 
(Colin et al., 2016). In this study, the two native fishes 
of Kelani River (E. suratensis and D. singhala) used for 
biomarker assessments included both genders (Table 2). 
No significant temporal or spatial differences were found 
with respect to the Condition Factors of the captured fish 
(p > 0.05). In the three sampling events, E. suratensis 
could be captured only from site 1 and site 3. D. singhala 
was available only in two sampling events at site 1 and 
site 2. It is assumed that the individuals of two species 
of fish are restricted to the area of the sampling sites, 
since it is highly unlikely that they can move from the 

lower reach (Kaduwela site or Mattakkuliya site) to the 
Ruwanwella site in the upper reach, which is located 
nearly 50 km from site 2 and over 75 km from site 3. 
Therefore, it is expected that with respect to a particular 
fish species, biomarker responses in the fish population 
at site 1 (reference site) would be different from the fish 
population in the lower reach. Distribution patterns of 
the two species in different sites of the river may also be 
associated with the species-specific habitat preferences. 

	 Histopathological biomarkers are valuable for 
indication of the general health of fish residing in polluted 
water bodies (Bernet et al., 1999; Ballesteros et al., 2017; 
Kumar et al., 2017).  The liver is a vital organ of fish and is 
a target organ of many toxicants (Wolf & Wheeler, 2018). 
The liver of E. suratensis specimens captured from site 3 
exhibited prominent histopathological changes (Figure 2), 
especially congestion of sinusoids (Figure 2a1), cells 
with pycnotic nuclei (Figure 2a2), leukocyte infiltration 
areas (Figure 2a3), frequent melanomacrophage centres 
(Figure 2a3), extensive vacuolations and focal necrotic 
areas (Figure 2a4) compared to those of fish collected 
from the Site 1. Irrespective of the sampling period, 
percentage of occurrence of each of these prominent 
histological changes in E. suratensis specimens collected 
from site 3 is greater than those from site 1 (Table 3).  
Liver of D. singhala sampled from site 2 (Figure 2) also 
showed prominent sinusoid congestion (Figure 2b1), 
vacuolations (Figure 2b1) and focal necrosis (Figure 2b1), 
compared to the fish from Site 1. As indicated in Table 3, 
percentage occurrence of these prominent histological 
changes in D. singhala specimens collected from site 2 is 
greater than those from site 1. 

	 In the present study, liver histopathologic condition 
indices were estimated per individual fish based on 
quantified reaction indices as described by Bernet et al. 
(1999). This histopathological assessment method has 
been used in recent studies for assessing organ damage 
and ill health effects in fish associated with pollutant 
exposure (Ballesteros et al., 2017; Kostić et al., 2017; 
Pérez et al., 2018). Table 4 presents histopathologic 
condition indices of liver tissues of E. suratensis and 
D. singhala collected from Kelani River along with 
reaction indices for the three quantified categories of 
histopathological changes. In comparison to fish captured 
from site 1, liver histopathologic condition indices were 
significantly higher (p < 0.05) in E. suratensis from site 3 
(1.9 to 2.8 fold) and D. singhala from site 2 (1.6 to 2.7 
fold). A greater value of liver histopathologic condition 
index reflects a more severely affected individual fish 
(Bernet et al., 1999).  The higher liver histopathologic 
condition indices in both fish species inhabiting lower 
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Table 2. Profile of E. suratensis and D. singhala used for biomarker assessments 

Fish and sampling site Number 
 of fish Males:females Total length 

(cm) 
Condition factor  

(g/cm3) 
Etroplus suratensis     

2014 dry period Site 1 6 1:5 17.2 ± 1.7a 2.40 ± 0.10a 

Site 3 6 4:2 17.2 ± 2.3a 2.51 ± 0.19a 

2015 dry period Site 1 4 1:3 17.5 ± 0.7a 2.18 ± 0.07a 

Site 3 13 9:4 18.7 ± 2.1a 2.37 ± 0.05a 

2015 rainy period Site 1 5 3:2 21.8 ± 1.7a 2.27 ± 0.08a 

Site 3 10 6:4 20.1 ± 2.4a 2.45 ± 0.16a 
Dawkinsia singhala     

2015 dry period Site 1 6 2:4 12.3 ± 1.7a 1.82 ± 0.07a 

Site 2 3 1:2 10.9 ±1.4a 2.06 ± 0.09a 

2015 rainy period Site 1 10 3:7 10.3 ±1.3a 1.65 ± 0.09a 

Site 2 12 2:10 9.8 ±0.8a 1.79 ± 0.09a 
Data are presented as mean ± SEM. For a particular fish species, the data in a column denoted by same 
superscript indicate no significant difference from each other (p > 0.05). 
 
 

 
 
 
Figure 2 Liver structure of (a) E. suratensis and (b) D. singhala from the site 1 of Kelani River 
showing normal Hepatocytes (H) and Sinusoid (S). Prominent histological changes observed in liver 
of E. suratensis specimens (a1, a2, a3, and a4) from site 3 and liver of D. singhala (b1) from site 2 of 
Kelani River. Sinusoid congestion (Sc), Vacuolation (Vc), Hepatocytes with small pycnotic nuclei 

Figure 2:	 Liver structure of (a) E. suratensis and (b) D. singhala from 
the site 1 of Kelani River showing normal hepatocytes (H) 
and sinusoid (S). Prominent histological changes observed 
in liver of E. suratensis specimens (a1, a2, a3, and a4) 
from site 3 and liver of D. singhala (b1) from site 2 of 
Kelani River. Sinusoid congestion (Sc); vacuolation (Vc); 
hepatocytes with small pycnotic nuclei (Pn); leukocytes 
infiltration (Li); melanomacrophage centres (Mc); focal 
necrosis in hepatic tissue (Fn). Scale bar represents 10 μm.
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Fish, sampling season 
and site

Sinusoid 
congestion

Vacuolation Pycnosis Necrosis
Leucocyte 
infiltration

Melano-macrophage 
centres

Etroplus suratensis

2014 dry period Site 1   33  %  (2/6)  83  % (5/6) 50  % (3/6)   0  % (0/6)  0  % (0/6) 0  % (0/6)

                           Site 3 100  %  (6/6) 100 % (6/6) 83  % (5/6) 100  %  (6/6) 33  % (2/6) 83 % (5/6)

2015 dry period Site 1   25  %  (1/4) 50  % (2/4) 50  % (2/4) 25  % (1/4)  0  % (0/4) 0  % (0/4)

                           Site 3    100  % (13/13)   100  % (13/13)  100  % (13/13)    92  % (12/13)  23  % (3/13) 100  % (13/13)

2015 rainy period Site 1  40  % (2/5) 60  % (3/5) 40  % (2/5) 20  % (1/5) 0  % (0/5) 20 %  (1/5)

                             Site 3    100  % (10/10)   90  % (9/10)   80  % (8/10) 80  % (8/10) 30  % (3/10) 90  % (9/10)

Dawkinsia singhala

2015 dry period Site 1 33  % (2/6) 33  % (2/6) 33  % (2/6) 17  % (1/6)  0  % (0/6) 0  % (0/6)

                           Site 2 66  % (2/3) 100 % (3/3) 66  % (2/3)     66  % (2/3)  0  % (0/3) 0  % (0/3)

2015 rainy period Site 1 30  % (3/10)    40  % (4/10)  20  % (2/10)    0  % (0/10)   0  % (0/10) 10  % (1/10)

                             Site 2 50  % (6/12)   100  % (12/12)  58  % (7/12)  50  % (6/12)   0  % (0/12)  17  % (2/12)

Table 3:	 Frequencies of prominent histological alterations in liver tissues of E. suratensis and D. singhala collected from Kelani River

Frequencies of histological alterations are expressed as percentages.  Ratios in parentheses indicate the number of fish on which the change was 
found out of the total number of fish analysed in each sampling site during the specific sampling period.

Fish, sampling season 
and site

Number  
of fish

RI for circulatory 
disturbances

RI for regressive 
alterations

RI for inflammatory 
response

Liver histopathologic 
condition index

Etroplus suratensis

2014 dry period Site 1 6 1.5 ± 0.4 39 ± 7 0 41 ± 7a

Site 3 6 10.3 ± 1.3 61 ± 6 4.7 ± 1.8 76 ± 7b

2015 dry period Site 1 4 1.0 ± 0.4 27 ± 3 0 28 ± 3a

Site 3 13 7.9 ± 1.4 66 ± 4 4.4 ± 0.9 78 ± 6b

2015 rainy period Site 1 5 1.2 ± 0.3 30 ± 6 0.2 ± 0.2 31 ± 5a

Site 3 10 6.9 ± 0.9 57 ± 7 2.6 ± 0.7 67 ± 7b

Dawkinsia singhala

2015 dry period Site 1 6 2.3 ± 0.9 31 ± 3 0 33 ± 4a

Site 2 3 4.3 ± 1.8 48 ± 7 0 52 ± 6b

2015 rainy period Site 1 10 1.4 ± 0.3 22 ± 2 0.1 ± 0.1 23 ± 3a

Site 2 12 1.8 ± 0.3 59 ± 4 0.6 ± 0.2 61 ± 4b

Table 4:	 Reaction indices (RI) for quantified categories of histopathological changes and histopathologic condition indices 
of liver tissues of E. suratensis and D. singhala collected from Kelani River

Data for reaction indices and histopathologic condition indices of the number of fish indicated above for each group are presented 
as mean ± SEM. For a particular fish species, liver histopathologic condition indices denoted by different superscript letters indicate 
statistical differences among sampling sites and sampling periods (p < 0.05)

reaches of the river compared to those in fish species 
inhabiting the upper reach irrespective of the sampling 
period reflect the impacts of pollution in fish in the lower 
reaches of the river. Of the three quantified reaction indices 
(Table 4), reaction indices for regressive alterations 
mainly contributed to the liver histopathologic condition 
indices in the sampled fish. Regressive alterations 

reaction pattern has been considered as a process which 
results in a functional reduction or loss of an organ 
(Bernet et al., 1999). Such regressive damage has been 
reported as a response to exposure to various organic and 
inorganic toxicants, regardless of their chemical nature 
(Ballesteros et al., 2017; Kostić et al., 2017; Pérez et al., 
2018).
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		 The correlation test was conducted only for E. suratensis 
due to the limitations in the sampling events for 
D. singhala. Pearson correlation indicated that the 
liver histopathologic condition index of E. suratensis 
positively correlated with BOD5, COD, Cd, Cu and Pb 
levels in the river water (p < 0.05).  The results indicate 
that chemical contaminants could induce liver lesions in 
fish inhabiting polluted sites. As the fish liver is a vital 
organ, such structural alterations could lead to serious 
health implications in the fish under long term exposure to 
the pollutants. Induction of liver histological alterations 
in these fish may be considered as early warning signals 
for fish populations residing in these sites. Similar to our 
study, Kumar et al. (2017) found significant alterations 
in the liver histological structure of the fish Oreochromis 
mossambicus collected from contaminated sites 
along the Bhima River, India. Liver histopathological 
alterations seen in the two species of fish from Kelani 
River demonstrate potential health impacts to native fish 
populations in the riverine ecosystem. 

	 Induction of erythrocytic micronuclei and nuclear 
abnormalities in various fish species have been linked 
to the exposure of chemicals such as heavy metals, 
pesticides, polycyclic aromatic hydrocarbons and 
polychlorinated biphenyls (Braham et al., 2017). 
Micronuclei can be formed as a result of chromosomal 
breaks or mitotic spindle dysfunctions (Al‐Sabti & 
Metcalfe, 1995). Although the exact mechanisms of 
induction of erythrocytic nuclear abnormalities are less 
understood, they have been used as indicators of exposure 
to various genotoxic and mutagenic contaminants (Ghisi 
et al., 2016; Braham et al., 2017; Vieira et al., 2017).  
In the present study, nuclear abnormalities detected in 
the erythrocytes of the fish (Figure 3) were nuclear buds 
(Figures 3a2 and 3b1), notched nuclei (Figures 3a1, 3a2 
and 3b3), vacuolated nuclei (Figure 3b1) and micronuclei 
(Figure 3b2). Percentage occurrence of each nuclear 
abnormality condition is presented in Table 5. Nuclear 
buds and notched nuclei were the most conspicuous 
nuclear abnormalities seen in the erythrocytes of the 
two fish species (Table 5). Vacuolated nuclei were found 
in the erythrocytes of D. singhala collected from site 1 
(0.9 ± 0.3 ‰) and site 2 (2.5 ± 0.6 ‰) during the rainy 
period. In addition, micronuclei in the erythrocytes 
were detected only in one D. singhala collected from 
site 2 during the rainy period (Figure 3b2).  Significant 
temporal variations in the occurrence of total nuclear 
abnormalities were found in E. suratensis sampled from 
both sites and D. singhala sampled from site 2 (Table 5). 
In all cases, the occurrence of nuclear abnormalities was 
significantly higher in D. singhala collected from site 2 
(1.8 to 17 fold) and E. suratensis from site 3 (1.5 to 5 
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Site 1 5 1.2 ± 0.3 30 ± 6 0.2 ± 0.2 31 ± 5a 

Site 3 10 6.9 ± 0.9 57 ± 7 2.6 ± 0.7 67 ± 7b 
      
Dawkinsia singhala      

2015 dry period      

Site 1 6 2.3 ± 0.9 31 ± 3 0 33 ± 4a 

Site 2 3 4.3 ± 1.8 48 ± 7 0 52 ± 6b 
2015 rainy period      

Site 1 10 1.4 ± 0.3 22 ± 2 0.1 ± 0.1 23 ± 3a 

Site 2 12 1.8 ± 0.3 59 ± 4 0.6 ± 0.2 61 ± 4b 
      

Data for reaction indices and histopathologic condition Indices of the number of fish indicated above 
for each group are presented as mean ± SEM. For a particular fish species, liver histopathologic 
condition indices denoted by different superscript letters indicate statistical differences among sampling 
sites and sampling periods (p < 0.05) 
 

 
Figure 3. Erythrocyte nuclear abnormalities seen in E. suratensis (a1, a2) and D. singhala (b1, b2, b3) 
captured from Kelani River: Normal nucleus (N); Nuclear bud (Nb); Notched nucleus (Nn); Vacuolated 
nucleus (Vn), micronucleus (Mn) Figure 3:	 Erythrocyte nuclear abnormalities seen in E. suratensis 

(a1, a2) and D. singhala (b1, b2, b3) captured from Kelani 
River: normal nucleus (N); nuclear bud (Nb); notched 
nucleus (Nn); vacuolated nucleus (Vn); micronucleus (Mn)

fold) compared to those in site 1. The results indicate that 
potential genotoxic impacts are much greater in the lower 
reaches of the river compared to the upper catchment 
(site 1). The frequency of nuclear abnormalities in the 
erythrocytes of E. suratensis from sites 1 and 3 showed 
significant increases during the dry period in 2015 
(8 and 3.8 fold, respectively) compared to those in 2014.  
Erythrocytes of D. singhala sampled from site 2 showed 
increase (6 fold) in nuclear abnormalities in the dry 
period compared to the wet period in 2015. The temporal 
variability in nuclear lesions may be associated with 
the variations in genotoxic pollutant inputs to the lotic 
habitats, in addition to pollutant concentration effect in 
the dry period due to the evapotranspiration and pollutant 
dilution effect in the rainy period. Pearson correlation 
indicated that total erythrocytic nuclear abnormalities 
in E. suratensis was positively correlated with BOD5, 
COD, Cu and Pb levels in the river water (p < 0.05). 
The results indicate that chemical contaminants could 
induce genetic damage in fish inhabiting polluted sites. 
Persistent genotoxic stress on fish populations inhabiting 
polluted sites in the river may eventually lead to an 
accumulation of mutations affecting their general health, 
survival and reproduction. Increase in the occurrence of 
erythrocytic nuclear abnormalities in two species of fish 
captured from Kelani River demonstrates the potential 
genotoxic impacts on native fish populations in the 
riverine ecosystem.
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Fish, sampling season 
and site 

Number 
of fish

Nuclear 
buds ‰

Notched 
nuclei ‰

Vacuolated 
nuclei  ‰

Total nuclear 
abnormalities ‰

Etroplus suratensis

2014 dry period  Site 1 6 0.3 ± 0.1 3.1 ± 0.9 0 3.4 ± 0.9a

Site 3 6 1.8 ± 0.7 15.2 ± 2.9 0 17.1 ± 3.2b

2015 dry  period Site 1 4 5.8 ± 1.2 21.0 ± 5.4 0 26.8 ± 5.1bc

Site 3 13 20.7 ± 2.0 44.6 ± 3.7 0 65.3 ± 5.7d

2015 wet  period Site 1 5 5.8 ± 1.2 30.6 ± 5.1 0 36.4 ± 5.4c

Site 3 10 14.0 ± 0.9 39.3 ± 3.2 0 53.3 ± 2.9d

Dawkinsia singhala

2015 dry  period Site 1 6 0.8 ± 0.4 3.1 ± 0.7 0 3.9 ± 0.8a

Site 2 3 18.3 ± 1.7 49.0 ± 5.1 0 67.3 ± 4.6c

2015 wet  period Site 1 10 0.2 ± 0.1 4.8 ± 0.6 0.9 ± 0.3 6.0 ± 0.7a

Site 2 12 2.8 ± 0.3 5.6 ± 0.8 2.5 ± 0.6 10.9 ± 0.5b

Frequencies of erythrocyte nuclear abnormalities in the number of fish indicated above for each 
group are presented as mean ± SEM. For a particular fish species, frequencies of total nuclear 
abnormalities denoted by different superscript letters indicate statistical differences among sampling 
sites and sampling periods (p < 0.05)

Table 5:	 Frequencies of erythrocyte nuclear abnormalities in 1000 mature erythrocytes of 
E. suratensis and D. singhala collected from Kelani River 

This study demonstrates the potential utility of liver 
histopathological alterations and nuclear abnormalities 
in erythrocytes of native fish as ‘effect biomarkers’ for 
assessing pollution impacts in riverine ecosystems. 
This study showed the appropriateness of the examined 
biomarker responses of the two native fish species 
to differentiate a contaminated site from a reference 
site. E. suratensis and D. singhala may be used as 
environmental sentinels in monitoring pollution 
impacts in inland water bodies in Sri Lanka.  However, 
considering the small sample size of fish of two species 
analysed in this study, more extensive studies using larger 
samples of fish from other polluted sites are warranted 
to confirm the suitability of using these two species as 
environmental sentinels for monitoring pollution impacts 
in riverine ecosystems.

CONCLUSION

Physico-chemical analyses of surface water confirmed 
an increasing trend of pollution towards the lower reach 
of the Kelani River. In the biomarker assessments, 
liver histological alterations and erythrocyte nuclear 
abnormalities were observed at all sites with variable 
rates among sites and fish species indicating potential ill-
health conditions of the native fish populations. Elevated 
liver histopathologic condition indices and erythrocyte 

nuclear abnormalities in the fish captured from lower 
reaches of the river with high anthropogenic influences 
compared to the fish in upper catchment indicate greater 
hepatotoxic and genotoxic effects of the contaminants 
present in the lower reach. The results suggest that 
endemic and nationally threatened fish species in 
the riverine ecosystem may also be at risk due to the 
contaminant stress under long term exposure. 

Acknowledgement 

This research was funded by the National Research 
Council (Research Grant: 11-11) and the National 
Science Foundation (Equipment Grant: RG/2011/
EQ/16) of Sri Lanka. Authors are thankful to Mr. Harsha 
P. Weerarathna for the technical support given for heavy 
metal analysis using atomic absorption spectrometry.

REFERENCES

Al-Sabti K. & Metcalfe C.D. (1995). Fish micronuclei for 
assessing genotoxicity in water. Mutation Research 
343(2-3): 121–135.

American Public Health Association (APHA) (1998). 
Standard Methods for the Examination of Water and 
Wastewater. American Water Works Association and Water 
Environmental Federation, Washington DC, USA.



Biomarker responses of feral fish in Kelani River	 25

Journal of the National Science Foundation of Sri Lanka 48(1)	 March 2020

Ballesteros M.L., Rivetti N.G., Morillo D.O., Bertrand L., Amé 
M.V. & Bistoni M.A. (2017). Multi-biomarker responses in 
fish (Jenynsia multidentata) to assess the impact of pollution 
in rivers with mixtures of environmental contaminants. 
Science of the Total Environment 595(1): 711–722.

	 DOI: https://doi.org/10.1016/j.scitotenv.2017.03.203 
Bernet D., Schmidt H., Meier W., Burkhardt-Holm P. & Wahli 

T. (1999). Histopathology in fish: proposal for a protocol 
to assess aquatic pollution. Journal of Fish Diseases 22(1): 
25–34.

	 DOI: https://doi.org/10.1046/j.1365-2761.1999.00134.x 
Braham R.P., Blazer V.S., Shaw C.H. & Mazik P.M. (2017). 

Micronuclei and other erythrocyte nuclear abnormalities 
in fishes from the Great Lakes Basin, USA. Environmental 
and Molecular Mutagenesis 58(8): 570–581.

	 DOI: https://doi.org/10.1002/em.22123 
Colin N. et al. (11 authors) (2016). Ecological relevance of 

biomarkers in monitoring studies of macro-invertebrates 
and fish in Mediterranean rivers. Science of the Total 
Environment 540: 307–323.

	 DOI: https://doi.org/10.1016/j.scitotenv.2015.06.099 
Ghisi N.C., Oliveira E.C., Mota T.F.M., Vanzetto G.V., Roque 

A.A., Godinho J.P., Bettim F.L., Assis H.C.D. & Prioli 
A.J. (2016). Integrated biomarker response in catfish 
Hypostomus ancistroides by multivariate analysis in the 
Pirapó River, southern Brazil. Chemosphere 161: 69–79.

	 DOI: https://doi.org/10.1016/j.chemosphere.2016.06.113 
Hemachandra C.K. & Pathiratne A. (2016). Combination 

of physico-chemical analysis, Allium cepa test system 
and Oreochromis niloticus erythrocyte based comet 
assay/nuclear abnormalities tests for cyto-genotoxicity 
assessments of treated effluents discharged from textile 
industries. Ecotoxicology and Environment Safety 131: 
54–64.

	 DOI: https://doi.org/10.1016/j.ecoenv.2016.05.010 
Hemachandra C.K. & Pathiratne A. (2017). Bioassessment of 

the effluents discharged from two export oriented industrial 
zones located in Kelani river basin, Sri Lanka using 
erythrocytic responses of the fish, Nile Tilapia (Oreochromis 
niloticus). Bulletin of Environmental Contamination and 
Toxicology 99(4): 481–487

	 DOI: https://doi.org/10.1007/s00128-017-2156-9  
IUCN (2012). The 2012 Red List of Threatened Fauna and 

Flora of Sri Lanka. IUCN Sri Lanka and Ministry of 
Environment and Natural Resources, Sri Lanka.

Kostić J. et al. (11 authors) (2017). The impact of multiple 
stressors on the biomarkers response in gills and liver of 
freshwater streams during different seasons. Science of the 
Total Environment 601–602: 1670–1681.

	 DOI: https://doi.org/10.1016/j.scitotenv.2017.05.273 
Kumar N., Krishnani K.K., Gupta S.K. & Singh N.P. (2017). 

Cellular stress and histopathological tools used as 
biomarkers in Oreochromis mossambicus for assessing 
metal contamination. Environmental Toxicology and 
Pharmacology 49: 137–147.

	 DOI: https://doi.org/10.1016/j.etap.2016.11.017 

Mahagamage M.G.Y.L., Chinthaka S.D.M. & Manage P.M. 
(2014). Multivariate analysis of physico-chemical and 
microbial parameters of surface water in Kelani River 
Basin. International Journal of Multidisciplinary Studies 
1 (1): 55–61.

Mallawatantri A., Rodrigo A. & De Silva K. (2016). Medium 
to Long-Term Multi Stakeholder Strategy and Action Plan 
for Management and Conservation of Kelani River Basin. 
Central Environment Authority and International Union 
for the Conservation of Nature Sri Lanka Country Office, 
Colombo.

Matos L.A. et al. (16 authors) (2017). The influence of heavy 
metals on toxicogenetic damage in a Brazilian tropical 
river. Chemosphere 185: 852–859. 

	 DOI: http://dx.doi.org/10.1016/j.chemosphere.2017.07.103 
Mikkelsen S.R. & Corton E. (2004). Bioanalytical Chemistry, 

p. 361. John Wiley & Sons, Inc., Hoboken, New Jersey, 
USA. 

Pan B., Yuan J., Zhang X., Wang Z., Chen J., Lu J., Yang W., 
Li Z., Zhao N. & Xu M. (2016). A review of ecological 
restoration techniques in fluvial rivers. International 
Journal of Sediment Research 31(2): 110–119.

	 DOI: https://doi.org/10.1016/j.ijsrc.2016.03.001 
Pathiratne A., Chandrasekera L.W.H.U. & Pathiratne K.A.S.P. 

(2008). Use of biomarkers in Nile tilapia (Oreochromis 
niloticus) to assess the impacts of pollution in Bolgoda 
Lake, an urban water body in Sri Lanka. Environmental 
Monitoring and Assessment 156: 361. 

	 DOI: https://doi.org/10.1007/s10661-008-0490-4   
Peakall D.W. (1994). Biomarkers: The way forward in 

environmental assessment. Toxicology and Ecotoxicology 
News 1: 55–60.

Pérez M.R., Rossi A.S., Bacchetta C., Elorriaga Y., 
Carriquiriborde P. & Cazenave J. (2018). In situ evaluation 
of the toxicological impact of a wastewater effluent on the 
fish Prochilodus lineatus: biochemical and histological 
assessment. Ecological Indicators 84: 345–353.

	 DOI: https://doi.org/10.1016/j.ecolind.2017.09.004 
Ruvinda K.M.S. & Pathiratne A. (2018). Biomarker responses 

of Nile Tilapia (Oreochromis niloticus) exposed to polluted 
water from Kelani River Basin, Sri Lanka: Implications for 
biomonitoring river pollution. Sri Lanka Journal of Aquatic 
Sciences 23(1): 105–107.

	 DOI: http://doi.org/10.4038/sljas.v23i1.7551  
Sousa J.M.D.C.  et al. (13 authors) (2017). Physico-chemical 

and genotoxicity analysis of Guaribas river water in the 
Northeast Brazil.  Chemosphere 177: 334–338. 

	 DOI: http://dx.doi.org/10.1016/j.chemosphere.2017.03.010 
United Nations Environment Programme (UNEP) (2016). 

International water Quality Guidelines for Ecosystems 
(IWQGES): How to Develop Guidelines for Healthy 
Freshwater Ecosystems. A Policy Oriented Approach. 
Available at http://web.unep.org/sites/default/files/
Documents/20160315_iwqges_pd_final.pdf. Accessed 11 
July 2019.

United States Environmental Protection Agency (USEPA) 
(2005). National Recommended Water Quality Criteria. 



26	 KMS Ruvinda & A Pathiratne

March 2020	 Journal of the National Science Foundation of Sri Lanka 48(1)

Office of Science and Technology, Washington DC, USA.
United States Environmental Protection Agency (USEPA) 

(2019). National Recommended Water Quality Criteria - 
Aquatic Life Criteria Table. Available at https://www.epa.
gov/wqc/national-recommended-water-quality-criteria-
aquatic-life-criteria-table. Accessed 11 July 2019.

van der Oost R., Beyer J. & Vermeulan N.P.E. (2003). Fish 
bioaccumulation and biomarkers in environmental risk 
assessment: a review. Environmental Toxicology and 
Pharmacology 13(2): 57–149.

Vieira C.E.D., Costa P.G., Cabrera L.C., Primel E.G., Fillmann 
G., Bianchini A. & Martinez C.B.R. (2017). A comparative 
approach using biomarkers in feral and caged neotropical 
fish: Implications for biomonitoring freshwater ecosystems 
in agricultural areas. Science of the Total Environment 

586:  598–609.
	 DOI: https://doi.org/10.1016/j.scitotenv.2017.02.026
Wolf J.C. et al.  (18 authors) (2015). Nonlesions, misdiagnoses, 

missed diagnoses, and other interpretive challenges in fish 
histopathology studies: a guide for investigators, authors, 
reviewers, and readers. Toxicologic Pathology 43(3): 297–
325.

	 DOI: https://doi.org/10.1177/0192623314540229  
Wolf J.C. & Wheeler J.R. (2018). A critical review of 

histopathological findings associated with endocrine and 
non-endocrine hepatic toxicity in fish models. Aquatic 
Toxicology 197: 60–78.

	 DOI: https://doi.org/10.1016/j.aquatox.2018.01.013 
Zar J.H. (1998). Biostatistical Analysis, 4th edition. Prentice 

Hall, New Jersey, USA.


