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INTRODUCTION

Freshwater ecosystems are increasingly 
subjected to contamination driven by anthropo-
genic activities, with heavy metals recognized as 

particularly hazardous due to their persistence, 
toxicity, and non-degradable nature. In contrast 
to organic pollutants, metals such as lead (Pb), 
cadmium (Cd), mercury (Hg), copper (Cu), and 
zinc (Zn) resist natural degradation processes and 

Biomonitoring of heavy metal pollution in the Brantas River using 
genotoxic and histopathological biomarkers in wild cyprinidae 

R Adharyan Islamy1 , Veryl Hasan2,3* , Ahmad Syazni Kamarudin3 ,
Noorhidayah Binti Mamat4 , Fitri Sil Valen5 , Nurul Mutmainnah6,7

1	 Aquaculture (Kediri City Kampus), Department of Fisheries and Marine Resources Management, Faculty of 
Fisheries and Marine Sciences, Brawijaya University, Jl. Pringgodani, Kediri City 64111, East Java, Indonesia

2	 Department of Aquaculture, Faculty of Fisheries and Marine Science, Airlangga University. Jl. Mulyosari, 
Surabaya 60113, East Java, Indonesia

3	 School of Animal Science, Aquatic Science and Environment, Universiti Sultan Zainal Abidin, Besut Campus, 
Besut 22200, Terengganu, Malaysia

4	 Institute of Biological Sciences, Faculty of Science, Universiti Malaya, Kuala Lumpur, Malaysia
5	 Aquaculture Department, Agriculture Fisheries and Biology Faculty, Bangka Belitung University, Gang IV 

No.1, Balun Ijuk, Merawang District, Bangka Regency, Bangka Belitung Islands 33172, Indonesia
6	 Doctoral Program of Agricultural Sciences, Faculty of Agriculture, Brawijaya University, Jl. Veteran, 

Ketawanggede, Lowokwaru District, Malang City, East Java 65145, Indonesia
7	 Department of Environment and Natural Resources, National Institute of Agricultural Research, Avenue 

Ennasr, BP 415 Rabat Principale, Rabat 10090, Morocco
* Corresponding author’s e-mail: veryl.hasan@fpk.unair.ac.id

ABSTRACT
Heavy metal contamination in freshwater systems poses critical risks to aquatic organisms, particularly through 
bioaccumulation and sublethal cellular damage. This study evaluates the use of genotoxic and histopathological bio-
markers – specifically micronucleus (MN) formation in erythrocytes and gill tissue alterations – in wild cyprinidae 
as indicators of heavy metal pollution along the Brantas River, Malang, Indonesia. Fish were sampled from three 
sites representing an upstream-to-downstream gradient: Batu (Site A), Dinoyo (Site B), and Kepanjen (Site C). 
Gill tissues from 180 individuals were analyzed for lead (Pb), cadmium (Cd), mercury (Hg), copper (Cu), and zinc 
(Zn) concentrations using atomic absorption spectrophotometry. Genotoxicity was assessed through MN assays on 
peripheral blood erythrocytes, while gill histopathological changes were evaluated and quantified using a gill histo-
pathological index (GHI). Results demonstrated a clear spatial increase in metal accumulation, with Pb levels rising 
from 0.85 ± 0.22 mg/kg at Site A to 4.87 ± 0.61 mg/kg at Site C. Correspondingly, MN frequency increased from 
1.34 ± 0.41‰ to 6.92 ± 0.88‰, and GHI scores rose from 3.2 ± 0.9 to 11.4 ± 2.2. The increases in micronucleus 
frequency (p < 0.001), gill histopathology scores (p < 0.001), and heavy metal concentrations (p < 0.01 to p < 0.001) 
across sites were statistically significant, confirming a strong correlation between pollution level and biological 
responses. Significant correlations were observed between heavy metal concentrations and both MN frequency and 
gill pathology severity. These findings validate the combined use of MN assay and gill histopathology as sensitive, 
complementary biomarkers for monitoring heavy metal pollution in riverine ecosystems. The study underscores the 
need for integrated biomonitoring strategies and strengthened pollution management in tropical freshwater systems.
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tend to bioaccumulate within aquatic organisms. 
This bioaccumulation contributes to chronic tox-
icity, posing serious threats not only to aquatic 
biodiversity but also to human communities de-
pendent on freshwater resources (Afzaal et al., 
2022; Suryanto Hertika et al., 2023). These con-
taminants originate from a range of diffuse and 
point sources, including industrial discharges, ag-
ricultural runoff, untreated urban wastewater, and 
atmospheric deposition, thereby facilitating their 
widespread presence in riverine systems.‬‬‬

The Brantas River in Indonesia represents a 
critical freshwater resource that sustains diverse 
functions such as agriculture, aquaculture, domes-
tic water supply, and inland fisheries. However, 
rapid urbanization coupled with inadequate waste 
management has severely compromised the river’s 
water quality. Elevated concentrations of heavy 
metals have been detected in both sediments and 
aquatic biota, highlighting the urgent need for bio-
logically relevant monitoring to assess long-term 
ecological risks (Lusiana et al., 2023). Among 
affected organs, fish gills – due to their constant 
contact with the aquatic environment – serve as 
sensitive targets for toxic metal exposure, often ex-
hibiting sublethal damage such as epithelial lifting, 
lamellar fusion, hyperplasia, and necrosis (Addo‐
Bediako et al., 2021; Islamy et al., 2017).

Simultaneously, genotoxicity biomarkers 
such as the micronucleus (MN) assay provide ro-
bust and early-warning indicators of chromosom-
al instability and nuclear aberrations in fish eryth-
rocytes. These biomarkers offer valuable insights 
into the cumulative genetic impacts of prolonged 
metal exposure in aquatic organisms (Sharma 
and Chadha, 2021). Wild cyprinidae, widely dis-
tributed in tropical freshwater ecosystems, are 
ecologically important benthic feeders and are 
particularly vulnerable to sediment-associated 
contaminants. Their ecological role and behav-
ioral traits render them effective sentinel species 
for evaluating the bioavailability and biological 
effects of pollutants in freshwater systems (Astuti 
et al., 2024; Tiwari et al., 2024).

Despite the growing recognition of heavy 
metal threats to aquatic fauna, integrative bio-
monitoring studies employing a combination of 
metal bioaccumulation assessment, genotoxic 
evaluation, and histopathological analysis remain 
limited, especially within tropical river systems 
such as the Brantas. This study therefore aims to 
assess the extent of heavy metal bioaccumulation 
in the gill lamellae of wild cyprinidae and to ex-
amine the related genotoxic and histopathologi-
cal responses along an upstream-to-downstream 
pollution gradient. The outcomes are expected 
to contribute essential baseline data for environ-
mental risk evaluation and support policy devel-
opment for more effective pollution control and 
public health safeguards.

MATERIALS AND METHODS

Study area and sampling sites

Fish samples were collected from three seg-
ments of the Brantas River in Malang, East Java, 
Indonesia. These sites were selected to represent 
a pollution gradient along the Brantas River, 
from relatively clean upstream areas (Site A) to 
increasingly impacted midstream (Site B) and 
downstream (Site C) regions, reflecting differenc-
es in land use, urbanization, and anthropogenic 
pressure (Table 1, Figure 1).

Fish collection and identification

A total of 180 wild cyprinidae (Rasbora sp.) 
specimens (n = 60 per site) were collected us-
ing gill nets and cast nets during the dry season 
(August–September 2024). Fish were transported 
alive to the laboratory in aerated containers and 
identified to the genus/species level using stan-
dard ichthyological taxonomic keys. Only healthy 
individuals were selected for analysis, defined as 
those with: (1) no visible external lesions, ulcers, 
or deformities; (2) normal swimming behavior and 

Table 1. Sampling site coordinates
Site GPS coordinate Riparian description Anthropogenic influence

A (Sidomulyo) 7°51’46.8”S, 112°31’28.4”E Semi-natural vegetation with 
agricultural surroundings Minimal; mostly agricultural runoff

B (Dinoyo) 7°51’46.8”S 112°31’28.4”E Urban transition zone with reduced 
riparian vegetation

Moderate; domestic runoff and minor 
industrial activity

C (Kepanjen) 8°08’03.0”S 112°33’46.3”E Highly urbanized with limited natural 
riparian cover

High; domestic sewage, solid waste, 
and possible industrial discharge



3

Journal of Ecological Engineering 2025, 26(12) 1–11

response to stimuli; (3) weight and length ranges 
within 10% of the population mean (e.g., 5.2 ± 0.5 
g and 6.8 ± 0.7 cm) to minimize size-related phys-
iological variability; and (4) absence of parasitic 
infestations upon macroscopic examination.

Heavy metal analysis (bioaccumulation 
assessment)

Gill lamellae were carefully dissected from 
each fish and rinsed with deionized water to re-
move surface contaminants. The tissues were 
then oven-dried at 60 °C for 48 hours, weighed 
to obtain dry weight, and homogenized using a 
ceramic mortar and pestle.

Approximately 0.5 grams of dried gill tissue 
was subjected to acid digestion using a mixture 
of concentrated nitric acid (HNO₃) and perchlo-
ric acid (HClO₄) in a 3:1 ratio. Samples were di-
gested on a hotplate at 120 °C until the solution 
became clear, indicating complete digestion.

The digested solutions were cooled, filtered 
through Whatman No. 42 filter paper, and diluted 
to a fixed volume with deionized water. The con-
centrations of selected heavy metals (Pb, Cd, Hg, 
Cu, and Zn) were measured using atomic absorp-
tion spectrophotometry (AAS) (PerkinElmer AAn-
alyst 400), following standard procedures from the 

American Public Health Association (Islamy et al., 
2017). Heavy metal concentrations were expressed 
as milligrams per kilogram of dry tissue weight 
(mg/kg dw). Quality control was ensured through 
the use of blank samples, certified reference materi-
als (CRM), and triplicate measurements

Micronucleus assay in erythrocytes

Peripheral blood samples were obtained via 
caudal vein puncture using heparinized syringes 
(Kilawati and Islamy, 2019; Minhas et al., 2022). 
Thin blood smears were immediately prepared, air-
dried, fixed in absolute methanol for 10 minutes, 
and stained with 10% Giemsa for 15 minutes. Mi-
cronuclei (MN) were identified under 1000× magni-
fication (oil immersion) using the following criteria:
	• Morphology – round or oval cytoplasmic bod-

ies with smooth edges, distinct from irregular-
ly shaped cellular debris or staining artifacts.

	• Size – diameter ≤1/3 of the main nucleus, fol-
lowing standardized scoring protocols (Fenech 
et al., 2003).

	• Staining intensity – similar chromatin texture 
and coloration to the main nucleus (i.e., Giemsa-
positive), differentiating them from pale-stain-
ing cytoplasmic granules or residual bodies.

Figure 1. Map of sampling site



4

Journal of Ecological Engineering 2025, 26(12), 1–11

	• Location – non-overlapping with the main 
nucleus and clearly within the cytoplasmic 
boundary.

	• Absence of connections – no linkage to the 
main nucleus or other nuclear fragments (e.g., 
excluded blebbed or lobed nuclei).

For each fish, 2000 mature erythrocytes were 
examined under a light microscope at 1000× 
magnification (oil immersion). Micronuclei were 
identified as round or oval cytoplasmic bodies 
smaller than one-third the diameter of the main 
nucleus. Other nuclear abnormalities (binucle-
ated, lobed, or notched nuclei) were also recorded 
according to standard criteria (Hernández-Ca-
banyero et al., 2023).

Histological analysis of gill lamellae

Eighteen fish per site were selected randomly 
from the total catch, ensuring similar size range 
(±10% total length variation) and excluding vis-
ibly injured or unhealthy individuals to maintain 
consistency in histopathological evaluation. Fish 
were anesthetized with clove oil (100 mg/L), and 
gill arches were excised. Fish were anesthetized 
with clove oil (100 mg/L), and gill arches were 
excised. The second gill filament from the left 
side was dissected for consistency. For each indi-
vidual, one gill arch (specifically the second gill 
from the left side) was dissected and used for his-
tological analysis to ensure consistency in tissue 
comparison across samples.

Histological analysis using published method 
(Islamy et al., 2024; Kilawati, Maimunah, et al., 
2025). Tissues were fixed in 10% neutral-buff-
ered formalin (NBF) for 48 hours, then processed 
through ethanol dehydration (70–100%), cleared in 
xylene, and embedded in paraffin wax. Sections of 
5 µm thickness were cut using a rotary microtome, 
mounted on poly-L-lysine-coated slides, deparaf-
finized, and stained with Hematoxylin and Eosin 
(H&E). Slides were observed under a light micro-
scope (Olympus CX23) at 100× and 400× magni-
fication. Gill lesions were scored based on the gill 
histopathological index (GHI) system (Poleksic 
and Mitrovic-Tutundžić, 1994), evaluating:
	• Epithelial lifting,
	• Hyperplasia,
	• Lamellar fusion,
	• Chloride cell hypertrophy,
	• Vascular congestion,
	• Necrosis or degeneration.

Each lesion was scored semi-quantitatively 
using a modified GHI system (Table 2). Total his-
topathology scores were calculated for each fish 
by summing all lesion scores. The mean GHI per 
site was used to compare the severity of gill dam-
age across the three stations.

Statistical analysis

All data were expressed as mean ± standard 
deviation. Normality and homogeneity were 
checked using the Shapiro-Wilk and Levene’s 
tests, respectively. One-way ANOVA was used 
to detect differences among sites, followed by 
Tukey’s HSD post hoc test (p < 0.05). Pearson’s 
correlation was used to assess the relationship be-
tween tissue metal concentrations and both geno-
toxic and histopathological parameters. Statistical 
analysis was performed using SPSS version 25.0.

RESULTS AND DISCUSSION

The results (Table 3) of heavy metal analysis 
in gill lamellae of wild cyprinidae from the Bran-
tas River revealed a clear spatial gradient in con-
tamination levels, increasing from upstream (Site 
A) to downstream (Site C). The highest concen-
trations of all measured heavy metals – Pb, Cd, 
Hg, Cu, and Zn – were detected at Site C (Kepan-
jen), which is known for intensive agricultural 
and industrial activities. 

Specifically, Pb levels ranged from 0.85 ± 
0.22 mg/kg at Site A to 4.87 ± 0.61 mg/kg at Site 
C, while Cd increased from 0.09 ± 0.03 mg/kg to 
0.58 ± 0.07 mg/kg over the same gradient. Mer-
cury was detected at its lowest concentration at 
Site A (0.03 ± 0.01 mg/kg) and increased to 0.25 ± 
0.04 mg/kg at Site C. Similarly, Cu and Zn showed 
substantial increases downstream, with Cu rising 
from 1.12 ± 0.30 mg/kg to 5.63 ± 0.77 mg/kg, and 
Zn from 3.95 ± 0.62 mg/kg to 9.23 ± 1.05 mg/kg.

Parallel to heavy metal accumulation, geno-
toxic markers also showed a significant rise. 

Table 2. Modified gill histopathological index (GHI) 
system

Score Description

0 No alteration (normal)

1 Mild alteration (focal, reversible)

2 Moderate alteration (multifocal)

3 Severe alteration (diffuse, possibly irreversible)
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Micronucleus (MN) frequency in peripheral 
erythrocytes increased from 1.34 ± 0.41‰ at Site 
A to 6.92 ± 0.88‰ at Site C, indicating elevated 
chromosomal damage. The percentage of other 
nuclear abnormalities (ONAs), such as lobed or 
binucleated nuclei, followed a similar trend, rising 
from 5.1 ± 1.3% at Site A to 13.2 ± 2.1% at Site C.

Histopathological assessment of the gill la-
mellae reflected this trend, with the GHI averag-
ing 3.2 ± 0.9 at Site A, 6.7 ± 1.5 at Site B, and 
peaking at 11.4 ± 2.2 at Site C. The progressive 
deterioration of gill tissue morphology – ranging 
from mild epithelial lifting to severe hyperpla-
sia, lamellar fusion, and necrosis – corresponds 
with the increasing concentration of heavy metals 
across the three sites. These results strongly sug-
gest a correlation between heavy metal exposure 
and both genotoxic and histopathological damage 
in wild cyprinidae inhabiting the Brantas River.

Micronucleus frequency and nuclear 
abnormalities in erythrocytes

The findings concerning the MN assay high-
light significant genotoxic effects in fish col-
lected from downstream locations of the Brantas 
River, specifically an increase in MN frequency 
correlating with levels of heavy metals, particu-
larly Pb, Cd, and Hg. At Site A (Batu), the MN 
frequency averaged 1.34 ± 0.41‰, while at Site 
C (Kepanjen), it dramatically increased to 6.92 
± 0.88‰. This raises important concerns about 
the ecological health of river systems under an-
thropogenic stress. Similar trends were reported 
in other studies, where increased MN frequency 
correlated with pollution levels, demonstrating 
the effectiveness of the MN assay in monitoring 
genotoxic stress in aquatic environments (Göney 
and Gazeloğlu, 2020; Kontaş, 2022; Kontaş and 

Bostancı, 2020). The increase in observed nuclear 
abnormalities (ONAs) also follows the pattern of 
heavy metal exposure, with incidence escalating 
from 5.1 ± 1.3% at Site A to 13.2 ± 2.1% at Site 
C, paralleling findings from broader studies of 
genotoxicants associated with heavy metals (Ay-
tekin et al., 2019; Quyet and Dung, 2023). These 
thresholds suggest that fish at Sites B and C may 
face compromised survival or reproductive suc-
cess, though species-specific variability warrants 
further investigation.

Furthermore, the Pearson correlation analy-
sis conducted demonstrated strong positive cor-
relations between the concentration of heavy 
metals in gill tissues and both MN frequencies 
and ONAs (with Pb showing r = 0.86, p < 0.01). 
Such statistical relationships reinforce the hy-
pothesis that heavy metals contribute signifi-
cantly to genotoxic damage in fish (Drąg-Kozak 
et al., 2022; Kontaş, 2022). Prior research has 
consistently corroborated these findings, linking 
heavy metal exposure to chromosomal damage 
through mechanisms such as oxidative stress 
and disruption of DNA repair processes, high-
lighting metals like lead and cadmium for their 
particularly harmful effects (Chethanakumara 
et al., 2023; Vijayasree et al., 2023). Mercury’s 
interaction with nuclear proteins, disrupting cell 
mitosis and causing nuclear anomalies, further 
supports the argument that even low concentra-
tions of heavy metals can have profound biologi-
cal impacts (Sharma and Chadha, 2021; Xian et 
al., 2021). The MN and ONA assays serve as 
sensitive biological indicators in determining the 
extent of genotoxic stress experienced by aquatic 
organisms due to heavy metal pollution. These 
findings are consistent with previous research, 
which emphasizes the utility of such biomoni-
toring tools in assessing both acute and chronic 

Table 3. Heavy metal concentrations in gill lamellae, micronucleus frequency, and gill histopathology in wild 
cyprinidae from the Brantas River, Malang

Parameter Site A (Batu) Site B (Dinoyo) Site C (Kepanjen)

Lead (Pb, mg/kg dw) 0.85 ± 0.22 2.14 ± 0.34 4.87 ± 0.61

Cadmium (Cd, mg/kg dw) 0.09 ± 0.03 0.24 ± 0.05 0.58 ± 0.07

Mercury (Hg, mg/kg dw) 0.03 ± 0.01 0.10 ± 0.02 0.25 ± 0.04

Copper (Cu, mg/kg dw) 1.12 ± 0.30 2.76 ± 0.41 5.63 ± 0.77

Zinc (Zn, mg/kg dw) 3.95 ± 0.62 6.48 ± 0.89 9.23 ± 1.05

Micronucleus frequency (‰) 1.34 ± 0.41 3.78 ± 0.67 6.92 ± 0.88

Other nuclear abnormalities (%) 5.1 ± 1.3 8.6 ± 1.7 13.2 ± 2.1

Gill histopathology index (GHI) 3.2 ± 0.9 6.7 ± 1.5 11.4 ± 2.2
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exposure to environmental contaminants, hence 
affirming their role in environmental health as-
sessment (Mairaj et al., 2021).

Gill histopathological alterations

Histopathological assessments of gill lamel-
lae across three sampling stations illustrate a 
clear pattern of progressive and cumulative tis-
sue damage that correlates with rising levels of 
heavy metal bioaccumulation. The GHI showed 
an average of 3.2 ± 0.9 at Site A, 6.7 ± 1.5 at Site 
B, and a peak at 11.4 ± 2.2 at Site C, indicating 
a clear correlation between exposure and dam-
age severity. Observed lesions included epithe-
lial lifting, hyperplasia of epithelial cells, fusion 
of secondary lamellae, chloride cell hypertro-
phy, vascular congestion, and in the most severe 
instances, necrosis and lamellar degeneration. 
These alterations were most pronounced in fish 
from Site C, where concentrations of Pb (4.87 
mg/kg) and Cu (5.63 mg/kg) were notably high-
est. Such findings align with the understanding 
that gill tissue, due to its extensive surface area 
and direct environmental contact, is particularly 
sensitive to waterborne contaminants (Al-Bala-
wi et al., 2013; Bibi et al., 2021).

Heavy metals like copper and lead are known 
to disrupt gill ion regulation, inciting inflamma-
tion and spurring compensatory cellular prolif-
eration that can lead to hyperplasia and lamellar 
fusion. The literature supports these findings, in-
dicating that chronic lead exposure is directly as-
sociated with epithelial degeneration and necrosis 
of gill lamellae, severely impairing both oxygen 
uptake and ion balance in fish (Abdel-Mohsien 
and Mahmoud, 2015; Ayoola, 2019). Addition-
ally, elevated levels of zinc and copper have been 
linked to chloride cell hypertrophy – an indica-
tor of osmoregulatory dysfunction in fish that 
signals an adverse stress response (Bashir et al., 
2012; Wulandari et al., 2024). These observa-
tions underline the significance of gill histology 
as a diagnostic tool for environmental toxicity as-
sessments. Notably, the concentrations of Pb, Cd, 
and Hg in fish gill tissues at Site C exceeded per-
missible limits for edible fish tissues established 
by international guidelines such as the WHO 
(2008) and Indonesian National Standard (SNI 
7387:2009), highlighting potential ecological and 
public health concerns. Not only do these histo-
logical changes serve as indicators of acute heavy 
metal exposure, but they also function as early 

warning signals for the overall health of aquatic 
ecosystems, proving crucial for monitoring envi-
ronmental conditions and the potential impacts of 
heavy metal contamination (Kaymak et al., 2021; 
Sopon et al., 2021).

Integrated interpretation

The coherent integration of genotoxic, histo-
pathological, and bioaccumulation endpoints in 
this study elucidates a significant pattern of heavy 
metal-induced stress in wild cyprinidae along the 
Brantas River gradient. This study reveals a marked 
increase in heavy metal concentrations – particu-
larly Pb, Cd, Hg, Cu, and Zn – from upstream to 
downstream locations, coinciding with progressive 
rises in micronucleus frequency, nuclear abnor-
malities, and gill tissue damage. Such correlations 
strongly suggest a causal relationship between 
contaminant load and physiological impairment in 
fish. The increases in micronucleus frequency (p < 
0.001), gill histopathology scores (p < 0.001), and 
heavy metal concentrations (p < 0.01 to p < 0.001) 
across sites were statistically significant, confirm-
ing a strong correlation between pollution level 
and biological responses. Aligning with findings in 
other freshwater systems where similar effects of 
heavy metal exposure on aquatic fauna have been 
documented (Chethanakumara et al., 2023; Kontaş 
and Bostancı, 2020; Simões et al., 2019).

Mechanistically, the impact of heavy metals 
as genotoxicants is well established. These met-
als can interfere with DNA replication and repair 
mechanisms, induce oxidative stress by generat-
ing reactive oxygen species (ROS), and bind to 
critical nucleophilic sites on DNA and associated 
nuclear proteins (Cano‐Pérez et al., 2025; Minhas 
et al., 2022). Specifically, cadmium and lead have 
been shown to inhibit DNA repair enzymes and 
escalate chromosomal instability, while mercury 
disrupts mitotic spindle assembly, leading to the 
formation of micronuclei and abnormal nuclear 
morphologies. Prior studies reinforce this, high-
lighting the connection between heavy metal ex-
posure and the disruption of cellular functions, ul-
timately culminating in broader tissue-level dys-
function and adverse physiological consequences 
(Drąg-Kozak et al., 2022; Shah et al., 2020).

Utilizing cyprinidae as bioindicator organ-
isms significantly strengthens the credibility of 
observed patterns due to their ecological relevance 
and widespread distribution in southeast Asian 
freshwater systems. Their benthic-detritivorous 
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feeding habits render them particularly suscep-
tible to pollutants bound to sediments and organic 
detritus, where heavy metals accumulate due to 
their low solubility and high affinity for particu-
late matter (Hussain et al., 2018). Consequently, 
these fish species serve as ideal sentinel taxa for 
evaluating sublethal contaminant effects, with 
enhanced interactions with bottom substrates 
leading to elevated tissue concentrations and 
increased toxicological burden (Gbogbo et al., 
2018; Mustapha and Patrick, 2023).

The histopathological changes observed in 
gill tissue, including epithelial lifting, hyperpla-
sia, lamellar fusion, and necrosis, are classic in-
dicators of respiratory and osmoregulatory stress 
in fish exposed to contaminants. These lesions 
not only compromise gas exchange efficiency 
and ion regulation, but they also reflect chronic 
exposure and compensatory tissue remodeling, 
contributing to a comprehensive understanding of 
physiological stress and declining fish health. The 
co-occurrence of high micronucleus frequencies 
alongside severe gill pathology underlines the bi-
ological effects driven by environmental contami-
nation (Hussain et al., 2020; Nirchio et al., 2019).

Importantly, this research contributes to the 
growing body of evidence supporting multi-bio-
marker approaches in ecological risk assessment. 
Unlike traditional chemical analyses, which 
merely record environmental presence, biological 
markers like the micronucleus assay provide con-
crete evidence of biological impact, making them 
invaluable tools for early detection of pollution 
threats. They are critical for monitoring temporal 
trends in pollution, assessing remediation effec-
tiveness, and informing evidence-based regulato-
ry policies (Abass et al., 2019; Al-Barwary, 2020; 
Mansur et al., 2021).

Overall, this study underscores the impor-
tance of integrated biomonitoring strategies in 
evaluating and managing freshwater ecosystems 
facing anthropogenic pressure. The findings echo 
those reported in other severely affected river sys-
tems globally, necessitating coordinated actions 
to combat the transboundary challenges posed by 
freshwater pollution (Prayogo et al., 2024; Vish-
wakarma and Shukla, 2023).

The synergistic application of bioaccumula-
tion data, genotoxic biomarkers, and histopatho-
logical indicators provides a robust framework for 
assessing ecological health in contaminated river 
systems. Such biomarker-based monitoring pro-
grams should be mainstreamed within national 

and local water management strategies to improve 
environmental health outcomes and protect public 
health, particularly in regions where fish consump-
tion from polluted waters poses significant risks.

Building upon the findings of this study, fu-
ture research should expand the biomonitoring 
framework by incorporating a broader range of 
sentinel organisms and treatment strategies to 
enhance ecological assessment and mitigation 
of heavy metal pollution in freshwater systems. 
Aquatic snails (Islamy and Hasan, 2020; Isroni et 
al., 2019), as benthic grazers with limited mobil-
ity and high site fidelity, offer excellent potential 
for evaluating localized contamination and bioac-
cumulation dynamics in sediments. In addition, 
future studies should include both native and non-
native freshwater fish species (Hasan et al., 2022; 
Islamy et al., 2025; Islamy et al., 2025; Jatayu et 
al., 2023; Serdiati et al., 2022) found across In-
donesia to understand interspecific differences 
in susceptibility to heavy metals and to evalu-
ate broader ecosystem responses. The integra-
tion of freshwater periphytic diatoms (Masithah 
and Islamy, 2023) – known for their sensitivity 
to metal-induced oxidative stress – and aquatic 
macrophytes (Islamy et al., 2024) and indigenous 
bacteria (Pardamean et al., 2021) could further 
enhance the resolution of ecological assessments, 
as these primary producers play critical roles in 
nutrient cycling and habitat structure.

Beyond monitoring, future investigations 
should also explore remedial interventions that 
can mitigate the physiological damage induced 
by heavy metals in aquatic organisms. In par-
ticular, the application of immune-boosting 
treatments in fish using naturally derived herbal 
extracts has shown promising results in experi-
mental studies (Kilawati et al., 2024). Potential 
candidates include seaweed-based antioxidants 
(Islamy et al., 2024; Islamy et al., 2025; Islamy 
et al., 2024; Kilawati et al., 2025), Ipomoea pes-
caprae (Islamy et al., 2024b), Alligator weed (Al-
ternanthera philoxeroides) (Serdiati et al., 2024), 
and Neem (Azadirachta indica) leaves (Islamy et 
al., 2024a), all of which possess bioactive com-
pounds with anti-inflammatory, antioxidant, and 
detoxification properties. Evaluating the effec-
tiveness of these phytotherapeutic agents under 
controlled and field conditions could offer sus-
tainable, low-cost strategies to improve fish resil-
ience against heavy metal stress while supporting 
aquaculture and conservation efforts in polluted 
freshwater systems.
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CONCLUSIONS

This study provides compelling evidence of 
heavy metal-induced biological stress in wild cy-
prinidae inhabiting the Brantas River, Malang. 
By integrating data on gill tissue bioaccumula-
tion, genotoxic biomarkers, and histopathological 
alterations, we demonstrate a clear downstream 
gradient of contamination and physiological dam-
age – strongly associated with elevated concen-
trations of Pb, Cd, Hg, Cu, and Zn. The findings 
reveal a statistically significant increase in micro-
nucleus frequency and other nuclear abnormali-
ties in fish erythrocytes, alongside progressive gill 
tissue degradation, particularly at Site C (Kepan-
jen), a region heavily impacted by agricultural and 
industrial activity. These results not only confirm 
the vulnerability of cyprinidae as benthic-feeding 
bioindicators but also validate the effectiveness of 
combining genotoxic and histological biomarkers 
for early detection of sublethal toxicological im-
pacts in freshwater systems.

The urgency of addressing heavy metal pol-
lution in the Brantas River is underscored by the 
potential ecological and public health risks it pos-
es. Continuous exposure to contaminated water 
and sediment threatens fish health, biodiversity, 
and the overall resilience of aquatic ecosystems, 
while also raising concerns regarding the safety 
of fish consumption by local communities. This 
study highlights the need for immediate inter-
vention, including strengthened enforcement of 
industrial discharge regulations, improved waste-
water treatment infrastructure, and systematic en-
vironmental monitoring.

In light of these findings, we recommend the 
adoption of integrated biomonitoring frameworks 
that include tissue bioaccumulation assessment, mi-
cronucleus assays, and gill histopathology as routine 
tools for freshwater quality evaluation. These bio-
markers offer sensitive, cost-effective, and ecologi-
cally relevant metrics for detecting early signs of 
pollution and should be incorporated into both gov-
ernmental and community-based water quality pro-
grams. Furthermore, long-term and seasonal stud-
ies are necessary to capture variations in pollutant 
dynamics and assess the effectiveness of future re-
mediation efforts. Ultimately, this research empha-
sizes that safeguarding river health requires not only 
technical solutions but also cross-sector collabora-
tion and public engagement to reduce pollution at its 
source and preserve the ecological integrity of vital 
freshwater systems like the Brantas River.

Acknowledgment	

The authors express their sincere gratitude to 
Universitas Brawijaya, Universitas Airlangga, Uni-
versiti Sultan Zainal Abidin, Universiti Malaya, and 
Universitas Bangka Belitung for their invaluable 
support and provision of research facilities through-
out this study. Special thanks are also extended to 
the Integrated Research Laboratory Brawijaya Uni-
versity for technical assistance and infrastructure 
support during the experimental phases.

REFERENCES

1.	 Al-Balawi, H. F., Al-Akel, A. S., Al‐Misned, F., 
Suliman, E., Al‐Ghanim, K. A., Mahboob, S., Ah-
mad, Z. (2013). Effects of sub-lethal exposure of 
lead acetate on histopathology of gills, liver, kid-
ney and muscle and its accumulation in these or-
gans of clarias gariepinus. Brazilian Archives of 
Biology and Technology. https://doi.org/10.1590/
s1516-89132013000200015

2.	 Abass, A. T., Oladipo, S. O., Mutolib, A. O., Solomon, 
E. O., Rasheedat, A. A., Monsuru, A. A., Ifeoluwa, O. 
T., Kehinde, A. A., Habeeb, Y. O., Koyumat, A. A., 
Sherifat, T. O., Rasheedat, O. O., Saratu, A. I. (2019). 
Induction of micronuclei, base-pair substitution mu-
tation and excision-repair deficient by polluted water 
from Asa River in Nigeria. Annals of Science and 
Technology. https://doi.org/10.2478/ast-2019-0012

3.	 Abdel-Mohsien, H. S., M. Mahmoud, M. A. (2015). 
Accumulation of some heavy metals in Oreochromis 
niloticus from the Nile in Egypt: Potential hazards 
to fish and consumers. Journal of Environmental 
Protection. https://doi.org/10.4236/jep.2015.69089

4.	 Addo‐Bediako, A., Nukeri, S., Kekana, M. (2021). 
Heavy metal and metalloid contamination in the 
sediments of the Spekboom River, South Africa. 
Applied Water Science. https://doi.org/10.1007/
s13201-021-01464-8

5.	 Afzaal, M., Hameed, S. S., Liaqat, I., Ali Khan, A. 
A., Mannan, H. A., Shahid, R., Altaf, M. (2022). 
Heavy metals contamination in water, sediments 
and fish of freshwater ecosystems in Pakistan. Wa-
ter Practice & Technology. https://doi.org/10.2166/
wpt.2022.039

6.	 Al-Barwary, A. (2020). Effect of artemisia splen-
dens powder and extract on broiler chicken’s perfor-
mance, lymphoid organ weight, gut morphology and 
serum biochemicals during coccidiosis challenge. 
The Iraqi Journal of Agricultural Science, 51(2), 
611–618. https://doi.org/10.36103/ijas.v51i2.988

7.	 Ayoola, S. O. (2019). Heavy metals concentration 
and histopathological profile of some commer-
cial fish species at Makoko Slum Neighbourhood 



9

Journal of Ecological Engineering 2025, 26(12) 1–11

Environment, Lagos, Nigeria. Aceh Journal of Animal 
Science. https://doi.org/10.13170/ajas.4.1.13088

8.	 Aytekin, T., Karğin, D., Çoğun, H. Y., Temiz, Ö., 
Varkal, H. S., Kargın, F. (2019). Accumulation and 
health risk assessment of heavy metals in tissues 
of the shrimp and fish species from the yumurtalik 
coast of iskenderun gulf, Turkey. Heliyon. https://
doi.org/10.1016/j.heliyon.2019.e02131

9.	 Bashir, F. A., Shuhaimi-Othman, M., Ghaffar, M. A. 
(2012). Evaluation of trace metal levels in tissues 
of two commercial fish species in kapar and mers-
ing coastal waters, Peninsular Malaysia. Journal 
of Environmental and Public Health. https://doi.
org/10.1155/2012/352309

10.	Bibi, S., Naz, S., Saeed, S., Mustafa Chatha, A. 
M. (2021). A review on histopathological altera-
tions induced by heavy metals (Cd, Ni, Cr, Hg) 
in different fish species. Punjab University Jour-
nal of Zoology. https://doi.org/10.17582/journal.
pujz/2021.36.1.81.89

11.	Cano‐Pérez, E., Gómez‐Camargo, D., Malambo‐
García, D. (2025). Genotoxic effects in island 
populations of cartagena de indias, colombia due 
to environmental exposure to mercury and cad-
mium. F1000research. https://doi.org/10.12688/
f1000research.154617.3

12.	Chamida Astuti, S. N., Solihah, J., Aisah, S. (2024). 
Potential of salvinia molesta as a copper phytore-
mediation agent based on gene expression analy-
sis. Journal of Biotechnology and Natural Science. 
https://doi.org/10.12928/jbns.v3i1.9739

13.	Chethanakumara, M. V., Hegade, R. R., Krishnamur-
thy, S. V. (2023). Erythrocytic nuclear abnormalities 
in Cyprinus Carpio L. cultivated in water bodies of 
agroecosystems. Fisheries \& Aquatic Life. https://
doi.org/10.2478/aopf-2023-0021

14.	Drąg-Kozak, E., Kuchta‐Gładysz, M., Grzesia-
kowska, A., Łuszczek–Trojnar, E., Socha, M. 
(2022). Genotoxic effect of cadmium and zinc in the 
peripheral erythrocytes of prussian carp (Carassius 
Gibelio B.). Journal of Veterinary Research. https://
doi.org/10.2478/jvetres-2022-0057

15.	Gbogbo, F., Arthur-Yartel, A., Bondzie, J. A., Dor-
leku, W., Dadzie, S., Kwansa–Bentum, B., Ewool, 
J., Billah, M. K., Lamptey, A. M. (2018). Risk of 
heavy metal ingestion from the consumption of two 
commercially valuable species of fish from the fresh 
and coastal waters of Ghana. Plos One. https://doi.
org/10.1371/journal.pone.0194682

16.	GÖNEY, G., Gazeloğlu, C. (2020). Evaluation of 
fish micronucleus results in Turkish ecogenotoxico-
logical studies. Çanakkale Onsekiz Mart University 
Journal of Marine Sciences and Fisheries. https://
doi.org/10.46384/jmsf.654156

17.	Hasan, V., Mamat, N. B., South, J., Ottoni, F. P., 
Widodo, M. S., Arisandi, P., Isroni, W., Jerikho, R., 

Samitra, D., Faqih, A. R., Simanjuntak, C. P. H., 
Mukti, A. T. (2022). A checklist of native freshwa-
ter fish from Brantas River, East Java, Indonesia. 
Biodiversitas, 23(11). https://doi.org/10.13057/
biodiv/d231158

18.	Hernández-Cabanyero, C., Carrascosa, E., Jimé-
nez, S., Fouz, B. (2023). Exploring the effect of 
functional diets containing phytobiotic compounds 
in whiteleg shrimp health: Resistance to acute he-
patopancreatic necrotic disease caused by Vibrio 
parahaemolyticus. Animals, 13(8), 1354. https://
doi.org/10.3390/ani13081354

19.	Hussain, B., Fatima, M., Al‐Ghanim, K. A., Al‐
Misned, F., Mahboob, S. (2020). Assessment of 
DNA integrity through MN bioassay of erythrocytes 
and histopathological changes in wallago attu and 
cirrhinus mirigala in response to freshwater pollu-
tion. Saudi Journal of Biological Sciences. https://
doi.org/10.1016/j.sjbs.2019.09.003

20.	Hussain, B., Sultana, T., Sultana, S., Masoud, M. 
S., Ahmed, Z., Mahboob, S. (2018). Fish eco-geno-
toxicology: Comet and micronucleus assay in fish 
erythrocytes as in situ biomarker of freshwater pol-
lution. Saudi Journal of Biological Sciences. https://
doi.org/10.1016/j.sjbs.2017.11.048

21.	Islamy, R. A., Hasan, V. (2020). Checklist of man-
grove snails (Mollusca: Gastropoda) in South Coast 
of Pamekasan, Madura Island, East Java, Indone-
sia. Biodiversitas, 21(7). https://doi.org/10.13057/
biodiv/d210733

22.	Islamy, R. A., Hasan, V., Mamat, N. B. (2024). Checklist 
of Non-Native aquatic plants in up, middle and down-
stream of Brantas River, East Java, Indonesia. Egyp-
tian Journal of Aquatic Biology and Fisheries, 28(4), 
415–435. https://doi.org/10.21608/ejabf.2024.368384

23.	Islamy, R. A., Hasan, V., Mamat, N. B., Kilawati, 
Y., Maimunah, Y. (2024a). Immunostimulant evalu-
ation of neem leaves againts non-specific immune 
of tilapia infected by A. hydrophila. Iraqi Journal 
of Agricultural Sciences, 55(3), 1194–1208. https://
doi.org/10.36103/dywdqs57

24.	Islamy, R. A., Hasan, V., Mamat, N. B., Kilawati, Y., 
Maimunah, Y. (2024b). Various solvent extracts of 
Ipomoea pes-caprae: a promising source of natural 
bioactive compounds compare with vitamin C. Iraqi 
Journal of Agricultural Sciences, 55(5), 1602–1611. 
https://doi.org/10.36103/5vd4j587

25.	Islamy, R. A., Hasan, V., Poong, S.-W., Kilawati, Y., 
Basir, A. P., Kamarudin, A. S. (2024). Antigenotoxic 
activity of Gracilaria sp. on erythrocytes of Nile 
tilapia exposed by methomyl-based pesticide. Iraqi 
Journal of Agricultural Sciences, 55(6), 1936–1946. 
https://jcoagri.uobaghdad.edu.iq/index.php/intro/
article/view/2087

26.	Islamy, R. A., Hasan, V., Poong, S.-W., Kilawati, Y., 
Basir, A. P., Kamarudin, A. S. (2025). Nutritional 



10

Journal of Ecological Engineering 2025, 26(12), 1–11

value and biological activity of K. alvarezii grown in 
integrated multi-trophic aquaculture. Iraqi Journal 
of Agricultural Sciences, 56(1), 617–626. https://
doi.org/10.36103/6kp06e71

27.	Islamy, R. A., Mutmainnah, N., Putri, R. T., Valen, F. S., 
Kamarudin, A. S., Hasan, V. (2024). Cochineal powder 
as an eco-friendly carotenoid supplement to enhance 
coloration in Betta splendens. Journal of Ecological 
Engineering. https://www.jeeng.net/Cochineal-Pow-
der-as-an-Eco-Friendly-Carotenoid-Supplement-to-
Enhance-Coloration-in,205686,0,2.html

28.	Islamy, R. A., Senas, P., Isroni, W., Mamat, N. B., 
KIlawati, Y. (2024). Sea moss flour (E. cottonii) as 
an ingredients of pasta: the analysis of organoleptic, 
proximate and antioxidant. Iraqi Journal of Agri-
cultural Sciences, 55(4), 1521–1533. https://doi.
org/10.36103/kzmmxc09

29.	Islamy, R. A., Valen, F. S., Alfian, R. A., Hasan, V., 
Valen, F. S., Alfian, R. A., Hasan, V. (2025). First re-
cord of Xiphophorus helleri (Heckel, 1848) (Cyprin-
odontiformes: Poeciliidae) from the Bangka Island, 
Indonesia. Ejabf. Journals. Ekb. Eg, 29(2), 1055–
1065. https://doi.org/10.21608/ejabf.2025.418393

30.	Islamy, R. A., Valen, F. S., Ramahdanu, D., Hasan, 
V. (2025). Presence of midas cichlid (Amphilophus 
citrinellus Günther, 1864) (Actinopterygii : Cich-
lidae) on Bangka Island, Indonesia: an invasive 
non-native species. Egyptian Journal of Aquatic 
Biology & Fisheries, 29(2), 1045–1054. https://doi.
org/10.21608/ejabf.2025.418392

31.	Islamy, R. A., Yanuhar, U., Hertika, A. M. S. (2017). 
Assessing the genotoxic potentials of methomyl-
based pesticide in tilapia (Oreochromis niloticus) 
using micronucleus assay. The Journal of Ex-
perimental Life Science, 7(2), 88–93. https://doi.
org/10.21776/ub.jels.2017.007.02.05

32.	Isroni, W., Islamy, R. A., Musa, M. Z., Wijanarko, P. 
(2019). Short communication: Species composition 
and density of mangrove forest in Kedawang Vil-
lage, Pasuruan, East Java, Indonesia. Biodiversitas 
Journal of Biological Diversity, 20(6). https://doi.
org/10.13057/biodiv/d200626

33.	Jatayu, D., Insani, L., Valen, F. S., Ramadhanu, D., 
Hafidz, A. M., Susilo, N. B., Swarlanda, N., Sabri, 
A., Islamy, R. A., Tamam, M. B., Hasan, V. (2023). 
Range expansion of red devil cichlid Amphylopus la-
biatus, (Günther, 1864) (Actinopterygii: Cichlidae) 
in Bangka Island, Indonesia. IOP Conference Series. 
Earth and Environmental Science, 1267(1), 12100. 
https://doi.org/10.1088/1755-1315/1267/1/012100

34.	Kaymak, G., Kayhan, F. E., YÖN ERTUĞ, N. D. 
(2021). A biomonitoring study: using the biomarkers 
in cyprinus carpio for the evaluation of water pol-
lution in Sapanca Lake (Sakarya, Turkey). Interna-
tional Journal of Agriculture Environment and Food 
Sciences. https://doi.org/10.31015/jaefs.2021.1.14

35.	Kilawati, Y., Fadjar, M., Maimunah, Y., Lestariadi, 
R. A., Yufidasari, H. S., Ma`Rifat, T. N., Syaifullah, 
Salamah, L. N., Amrillah, A. M., Perdana, A. W., 
Rangkuti, R. F. A., Islamy, R. A. (2024). Innova-
tions in shrimp aquaculture: Optimizing seaweed 
biostimulants as an integrated approach to disease 
prevention. Innovations in Shrimp Aquaculture: Op-
timizing Seaweed Biostimulants as an Integrated 
Approach to Disease Prevention Egyptian Journal 
of Aquatic Biology and Fisheries, 29(2), 1221–
1234. https://doi.org/10.21608/ejabf.2025.419362

36.	Kilawati, Y., Fadjar, M., Maimunah, Y., Lestariadi, 
R. A., Yufidasari, H. S., Ma`Rifat, T. N., Syaifullah, 
Salamah, L. N., Amrillah, A. M., Perdana, A. W., 
Rangkuti, R. F. A., Islamy, R. A. (2025). Innova-
tions in shrimp aquaculture: Optimizing seaweed 
biostimulants as an integrated approach to disease 
prevention. Egyptian Journal of Aquatic Biol-
ogy and Fisheries, 29(2), 1221–1234. https://doi.
org/10.21608/ejabf.2025.419362

37.	Kilawati, Y., Islamy, R. A. (2019). The antigenotox-
ic activity of brown seaweed (Sargassum sp.) extract 
against total erythrocyte and micronuclei of tilapia 
oreochromis niloticus exposed by methomyl-base 
pesticide. The Journal of Experimental Life Science. 
https://doi.org/10.21776/ub.jels.2019.009.03.11

38.	Kilawati, Y., Maimunah, Y., Widyarti, S., Amril-
lah, A. M., Islamy, R. A., Amanda, T., Atriskya, 
F., Subagio, F. R. (2025). Histopathological altera-
tions of hepatopancreas and intestines in the vaname 
shrimp (Litopenaeus vannamei) infected by white 
feces disease (WFD). Egyptian Journal of Aquatic 
Biology & Fisheries, 29(2), 1235–1248. https://doi.
org/10.21608/ejabf.2025.419575

39.	Kontaş, S. (2022). In Vivo assessment of geno-
toxic effects in Cyprinus carpio L., 1758 (Tele-
ostei: Cyprinidae) exposed to selected metal(oid)
s. Toxicology and Industrial Health. https://doi.
org/10.1177/07482337221092319

40.	Kontaş, S., Bostancı, D. (2020). Genotoxic effects of 
environmental pollutant heavy metals on Alburnus 
chalcoides (Pisces: Cyprinidae) inhabiting lower 
Melet River (Ordu, Turkey). Bulletin of Environ-
mental Contamination and Toxicology. https://doi.
org/10.1007/s00128-020-02857-2

41.	Lusiana, E. D., Mahmudi, M., Musa, M., Okta Pri-
madhita, M. A., Putra, S., Silalahi, J. P., Sunadji, S., 
Buwono, N. R. (2023). Spatio-temporal analysis of 
the Brantas river water quality status by using prin-
cipal component weighted index (PCWI). Ecological 
Questions. https://doi.org/10.12775/eq.2023.028

42.	Mairaj, M., Panhwar, S. K., Qamar, N., Rashid, S. 
(2021). Indus river estuary: An assessment of po-
tential risk of contaminants and ecosystem suscepti-
bility. Sn Applied Sciences. https://doi.org/10.1007/
s42452-021-04721-2



11

Journal of Ecological Engineering 2025, 26(12) 1–11

43.	Mansur, M. A., Haider, M. N., Hossain, M. M., 
Mia, M. M., Karmakar, M. (2021). Heavy metal 
concentration in some freshwater fishes during au-
tumn and winter in mymensingh district of Bangla-
desh. Bangladesh Journal of Fisheries. https://doi.
org/10.52168/bjf.2021.33.10

44.	Masithah, E. D., Islamy, R. A. (2023). Checklist of 
freshwater periphytic diatoms in the midstream of 
Brantas River, East Java, Indonesia. Biodiversitas, 
24(6). https://doi.org/10.13057/biodiv/d240621

45.	Minhas, R., Naz, H., Abdullah, S., Abbas, K., Ahmed, 
T., Zahid, N. (2022). Evaluation of genotoxicity in-
duced by cobalt to freshwater fish, Cirrhina mrigala 
using micronuclei assay. Journal of Zoo Biology. 
https://doi.org/10.33687/zoobiol.005.01.4511

46.	Mustapha, M. K., Patrick, R. (2023). Heavy metal 
concentrations in imported frozen European hake 
Merluccius merluccius (Linnaeus 1758). Aquatic 
Food Studies. https://doi.org/10.4194/afs128

47.	Nirchio, M., Choco Ventimilla, O. J., Quizhpe Cor-
dero, P. F., Hernández, J. G., Oliveira, C. (2019). 
Genotoxic effects of mercury chloride on the neo-
tropical fish Andinoacara rivulatus (Cichlidae: 
Cichlasomatini). Revista De Biología Tropical. 
https://doi.org/10.15517/rbt.v67i4.34133

48.	Pardamean, M. A., Islamy, R. A., Hasan, V., Herawa-
ti, E. Y., Mutmainnah, N. (2021). Identification and 
physiological characteristics of potential Indigenous 
bacteria as bio-remediation agent in the wastewater 
of sugar factory. Sains Malaysiana, 50(2), 279–286. 
https://doi.org/10.17576/jsm-2021-5002-01

49.	Prayogo, N. A., Hidayati, N. V., Siregar, A. S., Su-
kardi, P., Fitriadi, R. (2024). Spatial distribution 
of heavy metals Cd and Cu in water, sediment and 
fish (Mugil sp.) in pelawangan east segara anakan 
cilacap. Journal of Aquaculture and Fish Health. 
https://doi.org/10.20473/jafh.v13i2.46862

50.	Quyet, D. H., Dung, P. T. (2023). Morphological 
alterations of fish erythrocytes as their response to 
environmental conditions. Hayati Journal of Bio-
sciences. https://doi.org/10.4308/hjb.30.4.711-715

51.	Ressel Simões, L. A., Dalzochio, T., Goldoni, A., de 
Souza, M. S., Prado Rodrigues, G. Z., Petry, I. E., 
Gehlen, G., da Silva, L. B. (2019). Micronucleus 
test in fish for in situ evaluation of the Sinos River 
water quality, in Brazil. Ciência E Natura. https://
doi.org/10.5902/2179460x36307

52.	Serdiati, N., Islamy, R. A., Mamat, N. B., Hasan, 
V., Valen, F. S. (2024). Nutritional value of alligator 
weed (Alternanthera philoxeroides) and its applica-
tion for herbivorous aquaculture feed. International 
Journal of Agriculture and Biosciences, 13(3), 318–
324. https://doi.org/10.47278/journal.ijab/2024.124

53.	Serdiati, N., Safir, M., Islamy, R. A. (2022). New 
record of the non-native species of mayan cichlid 
(Cichlasoma urophthalmus Günther, 1867) in Klaw-
ing River, Central Java, Indonesia. Ecology, Envi-
ronment and Conservation, 28(1), 29–32. http://doi.
org/10.53550/EEC.2022.v28i01.004

54.	Shah, N., Khan, A., Khan, N. H., Khisroon, M. 
(2020). Genotoxic consequences in common grass 
carp (Ctenopharyngodon idella Valenciennes, 
1844) Exposed to selected toxic metals. Biological 
Trace Element Research. https://doi.org/10.1007/
s12011-020-02122-x

55.	Sharma, P., Chadha, P. (2021). Bisphenol a induced 
toxicity in blood cells of freshwater fish channa punc-
tatus after acute exposure. Saudi Journal of Biological 
Sciences. https://doi.org/10.1016/j.sjbs.2021.04.088

56.	Sopon, A., Kettratad, J., Piumsomboon, A., Kaneko, 
G., Senarat, S. (2021). The use of hematological and 
histopathological biomarkers to assess the health 
of aquatic ecosystems in Koh Sichang, Thailand. 
Chiang Mai University Journal of Natural Sciences. 
https://doi.org/10.12982/cmujns.2021.085

57.	Suryanto Hertika, ‪Asus M., Arfiati, D., Lusiana, E. 
D., Putra, R. (2023). Performance of metallothionein 
biomarker from Sulcospira testudinaria to assess 
heavy metal pollution in the Brantas River Water-
shed, Indonesia. Journal of Ecological Engineering. 
https://doi.org/10.12911/22998993/157470‬‬‬

58.	Tiwari, D., Kumar, R., Yadav, M., rai, S., Singh, S. 
K. (2024). Holistic Analysis of Ganga Basin Water 
Quality: A Statistical Approach With WQI, HMCI, 
HMQI,and HRI Indices. https://doi.org/10.21203/
rs.3.rs-4139270/v1

59.	Vijayasree, A. S., Jafar, S., Franklin, A. (2023). 
Water-borne cadmium affects the genotoxicity, oxi-
dative stress, and histopathology of the liver of the 
freshwater nile tilapia, Oreochromis niloticus (Lin-
naeus, 1758). Ecology Environment and Conserva-
tion. https://doi.org/10.53550/eec.2023.v29isp2.020

60.	Vishwakarma, S., Shukla, B. (2023). Assessment of 
heavy metals in fresh water fishes of river Son at 
Diyapipar Village in Shahdol District (M.P.) India. 
International Journal of Advanced Academic Studies. 
https://doi.org/10.33545/27068919.2023.v5.i3a.935

61.	Wulandari, R., A’Malia, S., Wulan Sari, P. D., Sub-
ekti, S. (2024). Histopathological changes in the gills 
of Cyprinus carpio infested with ectoparasites. IOP 
Conference Series Earth and Environmental Science. 
https://doi.org/10.1088/1755-1315/1392/1/012019

62.	Xian, H., Tang, M., Chen, Y., Lian, Z., Li, Y., Peng, 
X., Hu, D. (2021). Indigenous fish–based assess-
ment of genotoxic potentials of the Helong reservoir 
in Guangzhou, China. Environmental Toxicology 
and Chemistry. https://doi.org/10.1002/etc.5043


