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Invasive species pose significant threats to native biodiversity, ecosystem
stability, and the sustainability of fisheries. The Nile tilapia (Oreochromis
niloticus), a highly adaptable invasive fish, has rapidly proliferated across the
aquatic ecosystems of Eastern India, necessitating precise and efficient
monitoring strategies. This study employed environmental DNA (eDNA)
analysis to assess the distribution of O. niloticus across multiple aquatic
habitats, leveraging species-specific primers enabled high-resolution
detection. eDNA signatures were successfully amplified from sediment and
direct tissue samples, with sequences submitted to NCBI (PQ810007,
PQ810734, PQ8B14753, PQ814801, PQ821106), confirming the widespread
presence of species. Spatial heterogeneity in physicochemical parameters
influenced eDNA persistence and detection efficiency, with temperature, pH
values, and sediment composition playing crucial roles. Sand-dominated
substrates facilitated rapid DNA percolation and loss, whereas finer sediments
enhanced retention. PCR validation demonstrated high specificity, with no cross-
reactivity with non-target species, reinforcing the robustness of the primer
design. Despite successful amplification in lentic environments, the absence of
O. niloticus eDNA in Kolaghat, Akaipur, and Ganga River sediments suggests
either low species abundance or rapid degradation in high-flow systems. These
findings underscore the influence of hydrodynamic conditions on eDNA stability,
emphasizing the need for habitat-specific sampling strategies. This study
establishes eDNA as a powerful, non-invasive tool for invasive species
monitoring, bridging molecular ecology with conservation management.
Future research should refine molecular protocols, integrate hydrodynamic
modeling, and optimize eDNA sampling methodologies to enhance
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surveillance accuracy. The study highlights the urgent need for targeted
mitigation strategies to control O. niloticus populations and protect native
biodiversity, advocating for eDNA-based monitoring as a cornerstone in global
invasive species management frameworks.

KEYWORDS

biodiversity assessment, environmental DNA, fisheries management, Oreochromis
niloticus, species surveillance

Highlights

* eDNA-based assays successfully identified the presence of
Oreochromis niloticus in various aquatic habitats,
demonstrating high sensitivity compared to traditional
survey methods.

* The study highlights the effectiveness of eDNA in detecting
low-density populations, enabling early intervention before
the species establishes a strong foothold.

* The study provides evidence of O. niloticus expansion into
new ecosystems, raising concerns about potential ecological
disruptions and native species competition.

* eDNA monitoring offers a non-invasive, cost-effective
approach for tracking invasive species, aiding in targeted
control strategies and biodiversity conservation efforts.

e This research contributes to refining eDNA-based
ecological assessments by optimizing sampling protocols,
degradation analysis, and data interpretation techniques.

1 Introduction

The intricate interplay between biological invasions and
ecological stability has emerged as a pivotal concern in
contemporary global ecology, accentuated by economic
globalization and climate change factors. Biological invasion
involves the migration of organisms from their native habitats
into new environments, often facilitated by human activities,
resulting in profound economic, ecological, and biodiversity
impacts (Wan et al.,, 2002; Hulme et al., 2009). Aquatic
ecosystems, particularly in regions like Eastern India, are
exceptionally vulnerable to these invasions due to the
multifaceted pathways of species introduction, including ballast
water, agricultural runoff, and trade (Ruiz and Carlton, 2003; Lovell
et al., 2006). Once introduced, invasive species often exhibit high
adaptability and reproductive potential, disrupting native
ecosystems, altering trophic dynamics, and degrading ecological
health (Knight, 2010). In the context of Eastern India’s extensive
aquatic systems, such invasions threaten ecological integrity, alter
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trophic dynamics, and diminish the self-purification capacities of
water bodies, resulting in severe consequences for biodiversity and
habitat quality (Havel et al., 2015; Chin and Siang, 2018).
Anthropogenic activities such as aquaculture, international trade,
recreation, and the pet trade have accelerated the dismantling of
geographical barriers, promoting the introduction and
establishment of non-native species. Climate change exacerbates
this phenomenon by enabling species redistribution, creating novel
ecosystems where native species struggle to compete (Su et al., 2016;
Minchin et al, 2013). While some non-native species remain
innocuous, others trigger cascading ecological effects, particularly
in freshwater ecosystems, where their rapid proliferation poses
serious threats to native biodiversity and ecosystem services
(Copp et al., 2017; Strayer, 2010).

In particular, non-native or exotic tilapias, especially the Nile
tilapia, Oreochromis niloticus, are among the most successful and
invasive fish species globally (Esmaeili and Eslami Barzoki, 2023).
The Nile tilapia is a cichlid fish native to Africa that has been
successfully introduced to at least 100 countries, including those in
the Arabian Peninsula, for aquaculture due to its high growth rate,
disease resistance, tolerance to various environmental conditions,
high meat quality, and significant production (Grammer et al,
2012; Freyhof and Yogurtcuoglu, 2020). Currently, it is one of the
most important freshwater species used in India and worldwide
aquaculture. Because of its potential to cause various environmental
and ecological problems, such as changes in water quality, habitat
degradation, trophic cascades, and modifications of ecosystem
function (Shuai and Li, 2022), O. niloticus is now recognized as
one of the most dangerous invasive fish in tropical and subtropical
regions of the world (Stauffer et al., 2022).

Despite these challenges, the impacts of invasive species on the
Indian subcontinent, particularly within the context of climate
change, remain underexplored. Monitoring biodiversity is essential
for mitigating the risks associated with biological invasions. However,
conventional species identification methods, such as visual surveys
and manual counting, are often hindered by phenotypic plasticity,
cryptic species, and the presence of morphologically similar taxa
across different life stages (Brock, 1982). Moreover, these methods
often involve invasive or destructive sampling techniques that may
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inadvertently harm the ecosystems under investigation (Jones, 1992;
Baldwin et al., 1996). This underscores the need for innovative, non-
invasive, and efficient tools for biodiversity assessment
and monitoring,

Environmental DNA (eDNA) has emerged as a transformative
tool in ecological research, offering a non-invasive, cost-effective,
and highly sensitive approach for detecting and monitoring species.
eDNA refers to the genetic material shed by organisms into their
environment through skin cells, excreta, mucous, or other biological
residues (Ogram et al., 1987; Foote et al., 2012). It encompasses both
particulate DNA (P-DNA) associated with cellular material and
dissolved DNA (D-DNA) comprising free-floating genetic
fragments (Paul et al., 1991). eDNA in aquatic systems is diverse,
ranging from biological materials such as skin flakes, feces, and
saliva to environmental inputs like plant leaves and pollen (Bunce
et al., 2005; Strausberger and Ashley, 2001). The detection and
analysis of eDNA rely on molecular techniques such as quantitative
polymerase chain reaction (QPCR), reverse transcription PCR (RT-
PCR), and next-generation sequencing (NGS), which provide high
specificity and sensitivity (Taberlet et al., 2012; Yoccoz, 2012). Since
its initial application in aquatic ecosystems to detect the invasive
American bullfrog (Rana catesbeiana), eDNA has revolutionized
biodiversity monitoring, enabling the detection of elusive or low-
density species with unparalleled accuracy (Ficetola et al., 2008). Its
applications span identifying single species, community biodiversity
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Name of Wetland District Latitude | Longmtude
Khalsi Wetland Naudia 22991751 | 88.64614
Akaipur Wetland | North 24 Parganas | 23.08562 | 88.719626

Sardar Wetland Narth 24 Parganas | 22.556685 | 88 438847
Beri Baor Wetland | North 24 Parganas | 22.910616 | 8% 869436

FIGURE 1
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assessments, and ecological monitoring across taxa such as fish,
amphibians, benthic organisms, and microorganisms (Bohmann
et al., 2014; Pawlowski et al., 2022).

This study investigates eDNA-based monitoring of Oreochromis
niloticus dynamics in Eastern India’s aquatic ecosystems, assessing its
potential for invasive species management. By leveraging advanced
molecular tools, we aim to detect and monitor invasive species with
high precision, providing critical insights into their ecological impacts
and informing effective management strategies. This research
advances the understanding of invasive species dynamics in one of
India’s most biodiverse regions. It contributes to the growing body of
evidence supporting the integration of eDNA into ecological
monitoring frameworks. Through this work, we seek to establish
eDNA as a cornerstone of sustainable biodiversity management in
the face of escalating environmental challenges.

2 Materials and methods

2.1 Ethical statement

This study was conducted strictly with ethical standards and
national legal regulations. All research activities adhered to the
guidelines outlined by the Institute Animal Ethics Committee
(Approval No. CIFRI/TAEC-22-23/01).

Khalsi Wetland

Akuipur Wetland

Sardar Wetland

Beri Baor
Wetland

Kolaghat Wetland

Moyna Wetland

Kakdwip Wetland

Kolaghat Wetland | East Midnapur 2242311 |87.871691
Moyna Wetland | East Midnapur 2223365 |87.78685 0 50 100 150 200 km
Kakdwip Wetland | South 24 Parganas | 21.890322 [ 88179207 I . )

Study area and sampling locations. Seven wetlands, including Sardar wetland, Kolaghat wetland, Beri Bow wetland, Moyna wetland, Kakdwip wetland,

Akaipur wetland, and Khalsi wetland, were selected for the study.
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2.2 Study area and sampling strategy

The sediment samples were collected from seven major wetland
ecosystems across West Bengal, India, including Sardar Wetland
Wetland, Kolaghat, Beri Bow, Moyna, Kakdwip, Akaipur, and
Khalsi (Figure 1). Sampling was conducted during the pre-
monsoon period of 2023-2024 under the National Mission for
Clean Ganga (NMCG) initiative. Precise sampling locations were
determined using a handheld GPS device (Model: Garmin GPS 12).
These wetlands serve as the fish baskets of Kolkata, providing
nutritional and food security to thousands of people. The data on
fish production, species composition, and major contributors to
total fish production were collected from all culture systems. Two
methods were employed: secondary data and umbrella fish
trapping. Umbrella fish traps (134 c¢cm® crayfish traps with 16
conical funnel entrances and 5 mm mesh netting) were deployed
at a depth of approximately 80 cm at four shoreline sites per
wetland. Each trapping session lasted two days and was
conducted four times between March and April 2024. These
surveys provided baseline data on fish communities and
complemented subsequent eDNA-based assessments for invasive
species monitoring.

Later, the sediment samples from all selected wetlands were
collected for analysis. The 0-15cm surface sediment samples at
10.00 am were collected from the wetland using ethanol-disinfected
core tubes and stored in sterile sampling bottles at 4°C until
processed within 24 h. A total of 3 samples from each sampling
site were collected and used for the analysis. The fecal matter from
Oreochromis niloticus culture tanks at ICAR-CIFRI was collected
and analyzed for control.

2.3 Water sampling and physicochemical
analysis

Water samples were collected at three distinct points (inlet, mid-
point, and outlet) from each wetland to ensure data representativeness.
Physicochemical parameters, including temperature, pH, specific
electrical conductivity (EC), total dissolved solids (TDS), salinity, and
dissolved oxygen (DO), were measured onsite using a pre-calibrated
portable multi-parameter water quality analyzer (Eutech Instruments,
Multi-Parameter PCSTestrTM35). Dissolved oxygen levels were cross-
validated using Winkler’s method in the laboratory. Sub-surface water
samples for nutrient analysis were collected in clean TARSON bottles,
transported in ice-free conditions, and stored at 4°C before analysis.
Nutrient concentrations were assessed using standard
spectrophotometric techniques. The Nessler method quantified
ammonia, the preferred nitrogen source for plant growth. Nitrate
(NO;) concentrations were determined using the phenol disulphonic
acid method (APHA, 2017). Phosphate was measured by treating an
aliquot of the water sample with an acidic molybdate reagent
containing ascorbic acid and potassium antimony tartrate (Murphy
& Riley, 1962). Total nitrogen was determined using the Kjeldahl
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method (Bremner, 1960), involving treatment with sodium hydroxide
(NaOH) and Devarda’s alloy. Chlorophyll a was estimated following
the non-acidification spectrophotometric method (Jeffrey &
Humphrey, 1975). The water samples were analyzed using a vacuum
pump and using a glass membrane filter coated with magnesium
carbonate suspension. The filters were stored at 4°C overnight in
acetone, homogenized, centrifuged, and Chlorophyll a was analyzed
using a UV spectrophotometer.

2.4 Sediment sampling and analysis

The sediment samples were collected from seven wetlands
(approximately 45 g/site). Sediment samples were collected from
0-15 cm depths using a grab sampler at three locations per wetland.
Each sample was transferred into sterile 50-mL tubes, homogenized
thoroughly, and partitioned into nine 15-mL tubes, with 3 g of
sediment per tube. Later, the samples were transported at 4°C
before being stored at —25°C to preserve eDNA integrity until
further processing.

Biological debris, such as plant material, was manually
removed. The sediment was air-dried and sieved through a 10-
mesh sieve for further analysis. The hydrometer method
determined Particle size distribution. The electrical conductivity
of the sediments was measured using a conductivity meter
(Rhoades, 1996), and pH was analyzed using a potentiometric pH
meter (Thomas-Ruiddel et al., 1996). The dry combustion method
determined the Soil organic carbon content at 900°C (Nelson &
Sommers, 1996). Total nitrogen was measured using the Kjeldahl
method (Bremner, 1960), while total phosphorus was estimated
spectrophotometrically using the molybdenum blue method.

2.5 Contamination prevention

All materials and containers used for sample collection and
analysis were decontaminated using 0.1% chlorine bleach (Clorox,
India) before and after sampling to prevent cross-contamination
among samples. This comprehensive approach ensured robust
eDNA sampling and facilitated downstream analyses to evaluate
the ecological dynamics of invasive O. niloticus and its interaction
with West Bengal’s aquatic ecosystems. All experiments were
performed in accordance with the animal utilization protocol
approved by the Institutional Animal Ethics Committee, ICAR-
CIFRI, Kolkata, India (CIFRI-IAEC/17/2023-24), for the
experimental setup. All procedures were conducted with utmost
care to minimize fish suffering.

2.6 Soil eDNA extraction

Soil environmental DNA (eDNA) was extracted using the
DNeasy PowerSoil Pro Kit (MoBio Qiagen Laboratories Inc.,
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Carlsbad, CA, USA), following the manufacturer’s protocol to
ensure high-quality DNA recovery. Briefly, 250 mg of the
sediment and fecal matter sample was added to a PowerBead Pro
Tube containing lysis beads for extraction. After the extraction
process, the column was centrifuged at 15,000 x g for 1 minute, and
the resulting eluted DNA was stored at —20°C for subsequent
analysis. Before PCR amplification, the quality and concentration
of the extracted DNA were verified using a Nanodrop.

2.7 Soil eDNA amplification and
sequencing

PCR amplifications were performed in a 50 UL reaction volume, in
triplicate, using Sigma PCR master mix. Each reaction contained 40 UL
nuclease-free water, 4 UL PCR buffer, 0.5 uL MgCl,, 0.5 uL dNTPs, 1
UL each of forward and reverse primers, 1 UL Taq polymerase, and 2 LL
of template DNA. To monitor potential contamination during
amplification, 1 puL of ddH,O was used as a template in each
negative control reaction. Two primer sets were employed to target
invasive species and confirm the detection of general fish eDNA. The
first set of primers, COI-F (5 CCACTTGCTGGAGTGTCAT 3’) and
COI-R (5 GAACGGGCAGGGATAGAAGG 3'), was designed for the
detection of Oreochromis niloticus (195 bp amplicon). PCR conditions
consisted of an initial denaturation at 95°C for 2 minutes, followed by
35 cycles of denaturation at 94°C for 30 seconds, annealing at 58°C for
90 seconds, and extension at 72°C for 45 seconds, with a final extension
at 72°C for 3 minutes. For O. niloticus detection, the designed primers
Fish-F1 (5" TCAACCAACCACAGACATTGGCAC 3') and Fish-R1
(5 TAGACTTCTGGGTGGCGAAAGAATCA 3’) were used,
generating a 655 bp amplicon. PCR parameters included an initial
denaturation at 94°C for 4 minutes, followed by 35 cycles of
denaturation at 94°C for 1 minute, annealing at 55°C for 1 minute,
and extension at 72°C for 1.3 minutes, with a final extension at 72°C for
4 minutes (Table 1). PCR products were resolved on a 2% agarose gel to
confirm successful amplification. Products were purified using the
AxyPrepTM Mag PCR Clean-Up Kit (Axygen, Hangzhou, China) for
downstream applications. Negative controls showed no amplification,
confirming the absence of false positives and contamination.

2.8 Fish collection for DNA isolation

The Oreochromis niloticus (Length = 120.4 + 6.8 mm, Weight =
12,51 + 1.9 g) were collected from the culture facility of ICAR-
Central Inland Fisheries Research Institute, Barrackpore, Kolkata
700120, India. Total genomic DNA was extracted from tissue
samples of moribund fish using a DNeasy Blood and Tissue kit
(Qiagen, Hilden, Germany) following the manufacturer’s
instructions. Fish from each wetland farm were pooled in three
replicates, with five fish/replicate. The DNA concentration was
quantified using a UV-visible spectrophotometer. The isolated
DNA was checked on a 1.8% agarose gel, and the DNA quality
was studied using a NanoDrop (Eppendorf, Germany).

Frontiers in Marine Science

TABLE 1 Details of primer sets used for eDNA-based detection of Oreochromis niloticus and general fish DNA.

Reference

PCR Cycling Conditions

Annealing
Temperature (°C)

Amplicon
Size (bp)

%)
0]
0]
Q
c
0]
S
o
Q
)
A
0]
S
=
a

Primer Name

This Study

95°C (2 min); 35 cycles: 94°C (30 s), 58°C (90

58

195

CCACTTGCTGGAGTGTCAT

COI-F

s), 72°C (45 s); Final extension: 72°C (3 min)

Oreochromis niloticus

GAACGGGCAGGGATAGAAGG

COI-R

‘Ward et al., 2005

94°C (4 min); 35 cycles: 94°C (1 min), 55°C (1

55

655

TCAACCAACCACAGACATTGGCAC

Fish-F1

min), 72°C (1.3 min); Final extension: 72°C

Universal Fish DNA

(4 min)

‘ TAGACTTCTGGGTGGCGAAAGAATCA

Fish-R1

10.3389/fmars.2025.1614086
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2.9 Data quality and statistical analysis

All measurements were performed in triplicate and were
representative of two independent experiments. Statistical
analyses were conducted using R software (version 4.2.0) to assess
correlations between physicochemical parameters and the
abundance of invasive species. Multivariate techniques were
employed to identify key environmental factors influencing

invasive species dynamics.

3 Results

3.1 Physicochemical characteristics of
water

The physicochemical parameters of water among seven distinct
aquatic ecosystems in Eastern India exhibited considerable spatial
variability, influencing eDNA persistence and invasive species
detection. Depth (DEP) and Transparency (TRA) varied

10.3389/fmars.2025.1614086

significantly across sites. Akaipur (4.5 m) and Khalsi (3.5 m) were
the deepest sites, whereas Sardar Wetland (1.38 m) was the
shallowest. Water transparency ranged from 21 cm (Kakdwip) to
55 cm (Khalsi and Akaipur). Air temperature (AT) varied between
25°C (Moyna) and 32.5°C (Sardar Wetland), while water temperature
(WT) ranged from 24°C (Moyna) to 31.4°C (Sardar Wetland). The
pH spectrum ranged from 7.49 to 8.91, with the highest pH recorded
in Sardar Wetland (8.91). Dissolved oxygen (DO) levels varied
between 4 ppm (Sardar Wetland) and 7.4 ppm (Kolaghat).
Electrical conductivity (COND) ranged from 231 pS/cm (Akaipur)
to 1238 uS/cm (Sardar Wetland). Salinity (SAL) peaked at Kakdwip
(4.7 ppt). Total alkalinity (TA) and total hardness (TH) showed
significant variation, with Kakdwip displaying the highest hardness
(550 ppm) and carbonate content (28 ppm COs;) (Figure 2,
Supplementary Table 1). Ammonia concentrations ranged from 0.1
to 0.25 ppm, with Moyna exhibiting the highest levels (0.25 ppm).
Nitrate concentrations peaked at Kolaghat (0.15 ppm), while total
nitrogen (TN) was highest in Beri Boar and Akaipur (0.48 ppm).
Chlorophyll-a (Chlo-a) concentration was highest in Sardar Wetland
(116.72 mg/m?) and lowest in Kakdwip (4.37 mg/m?).

5
= =
3 m §=) 5] .
s & 5 @3 £ & 2
s §F B = 2% < 5
p= ) 3 < M v =
1 1 1 1 1 1 1 80
pH+ 6.50 | 6.70 | 7.53 | 7.62 | 7.70 | 7.41 | 6.50
EC (ms/cm) 4 3.56 | 6.85 [ 1.21 [ 5.73 | 5.70 | 0.51 | 6.12
OC (mg/l) { 2.00 | 0.52 | 480 | 0.61 | 0.63 | 0.80 | 0.52
Sand (%)
Silt (%) -
Clay (%) 135.00 | 35.00 | 3.00 | 12.00 | 12.00 | 10.26 | 10.00 i
Free CaCo3 (%) 4 8.90 | 9.42 | 8.00 | 8.13 [ 8.13 | 8.05 | 8.02
- 20
AP (mg/100g) { 1.00 | 0.54 | 3.03 | 049 | 0.49 [ 1.40 [ 0.60
- 10
TN (mg/100g) 4 0.08 | 0.07 | 032 | 0.78 | 0.78 [12.21 | 0.72

FIGURE 2

Physicochemical and sedimentological parameters of the study sites in Eastern India’s aquatic ecosystems, crucial for environmental DNA (eDNA)
persistence and invasive species detection. The pH varied from 6.5 (Moyna, Akaipur) to 7.7 (Kakdwip), influencing DNA stability. Electrical conductivity
(EC) peaked at 6.85 ms/cm (Beri Boar) and was lowest at 0.507 ms/cm (Kolaghat). Organic carbon (OC) ranged from 0.52 mg/l (Beri Boar, Akaipur)
to 4.8 mg/l (Sardar Wetland), affecting DNA adsorption. The high sand content at Sardar Wetland (81%) suggests rapid percolation, whereas Kolaghat
(45.19% silt) favors retention. Total nitrogen (12.21 mg/100g, Kolaghat) highlights nutrient-driven microbial degradation potential.
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Water pH varied from 6.5 (Moyna and Akaipur) to 7.7  across sites, with Sardar Wetland exhibiting the highest OC
(Kakdwip). Electrical conductivity (EC) showed substantial (4.8 mg/l), while Beri Boar and Akaipur recorded the lowest
variation, with Kolaghat (0.507 ms/cm) having the lowest ionic ~ (0.52 mg/l). Sediment composition varied significantly, with
content, while Beri Boar (6.85 ms/cm) and Akaipur (6.12 ms/cm)  Sardar Wetland (81% sand, 16% silt, 3% clay) and Akaipur (76%
exhibited the highest values. Organic carbon (OC) content varied  sand, 14% silt, 10% clay) being predominantly sandy. Kolaghat had

5}
Z & 8 .
= 2 5 z 3 B £
- 3 5 E £ T £
= m 1% § Y 14 <
DEP (m)- 1.53 | 1.82 | 1.38 | 3.50 [ 2.10 [ 1.82 | 4.50 1200

TRA (cm) -4 26.00 [ 52.00 | 30.00 [ 55.00 | 21.00 | 30.90 | 55.00

AT (°C) 4 25.00 | 31.57 | 32.50 | 27.54 | 27.54 | 27.50 | 28.12

WT (°C) 4 24.00 | 30.57 | 31.40 | 28.95 [ 26.95 | 26.50 [ 27.04 1000

pHA 7.65 | 7.75 | 891 [ 8.50 | 870 | 7.50 | 7.49

COND (pS/cm) 265.00 231.00

DO (ppm) { 4.10 | 6.80 | 4.00 | 7.20 | 5.70 | 7.40 | 5.20 800
SAL (ppt) 4 0.60 | 0.40 | 045 | 0.14 | 470 | 0.52 | 0.07
Free Co2 4 5.00 | 2.67 | 0.00 | 3.65 | 0.00 [ 5.10 | 3.10

600
CO3 (ppm) 4 0.00 | 0.00 |20.00 | 0.00 |28.00 | 0.00 | 0.00
HCO3(ppm) 4170.00{149.33]200.00{180.21|160.00|145.31 | 72.12
TA (ppm) 4170.00|149.33|220.00{180.21|188.00{145.31| 72.12

- 400
TH (ppm) 4 50.00 | 118.67[224.00{130.00 67.98
AP (ppm) 4 0.00 | 0.14 | 0.10 [ 0.12 | 0.18 | 0.04 | 0.11
TN (ppm) 1 0.04 | 0.48 | 0.09 | 0.26 | 0.03 | 0.03 | 0.48

- 200
Ammonia (ppm) 4 0.25 [ 020 | 0.15 | 0.10 | 0.10 | 0.18 | 0.19
Nltrate (ppm) 4 0.00 | 0.14 | 0.05 [ 0.04 [ 0.02 | 0.15 | 0.10
Chlo_a (mg/m3) 4 45.32 | 45.32 [116.72| 56.45 | 4.37 | 98.14 [ 25.32

0

FIGURE 3
Spatial variation in physicochemical parameters influencing eDNA persistence across aquatic sites in Eastern India. The dataset highlights fluctuations

in key environmental factors crucial for monitoring invasive species. Notable variations include chlorophyll-a (4.37-116.72 mg/m?®), dissolved oxygen
(4-7.4 ppm), total hardness (50-550 ppm), and salinity (0.07-4.7 ppt), reflecting diverse trophic states and hydrodynamic conditions. Elevated
conductivity at Sardar Wetland (1238 puS/cm) and high carbonate levels in Kakdwip (28 ppm) suggest localized geochemical influences.
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a balanced silt-clay matrix (44.54% sand, 45.19% silt, 10.26% clay).
Calcium carbonate (CaCOs3) content varied minimally across sites,
ranging from 8.0% to 9.42%, with Beri Boar showing the highest
CaCOs; levels (9.42%) and Kolaghat the lowest (8.05%) (Figure 3,
Supplementary Table 2). Available phosphorus (AP) levels ranged
from 0.49 mg/100g (Khalsi and Kakdwip) to 3.03 mg/100g (Sardar
Wetland). Total nitrogen (TN) varied significantly, with Kolaghat
(12.21 mg/100g) exhibiting the highest concentration and Moyna
(0.08 mg/100g) and Beri Boar (0.07 mg/100g) showing the
lowest values.

3.2 Distribution of Oreochromis niloticus
across wetlands

Environmental DNA (eDNA) analysis confirmed the presence
of O. niloticus across diverse aquatic ecosystems in Eastern India.
Water and sediment samples from East Kolkata Wetlands (EKW1),
Khalsi (N2), Moyna (M.P4), and Culture Pond (CP.T2) yielded
successful eDNA amplification alongside direct tissue samples
(ON.T1) collected from the study sites. The amplified sequences
were submitted to the NCBI GenBank, receiving accession numbers
PQ810007 (EKW1), PQ810734 (N2), PQ814753 (M.P4), PQ814801
(CP.T2), and PQ821106 (ON.T1). The eDNA from difterent water
bodies was compared and validated with fish catch composition
(Table 2). Alongside fish catch composition, positive eDNA results
were observed where O. niloticus is a predominant species caught.
The widespread detection of O. niloticus in multiple sites indicates
its successful establishment in varied ecological conditions, likely
facilitated by its broad environmental tolerance and high
reproductive potential.

The sequencing of amplified eDNA fragments confirmed the
species identity of O. niloticus, with high sequence similarity to
reference sequences available in GenBank. A BLAST analysis of the
obtained sequences revealed 99-100% identity with previously
documented O. niloticus sequences, confirming the specificity and
accuracy of the primers used (Figure 4). No cross-reactivity was

10.3389/fmars.2025.1614086

observed with non-target species, validating the effectiveness of the
designed primers for species-specific detection. Integrating
molecular and environmental data highlights the applicability of
eDNA in monitoring invasive fish species across diverse habitats.
The findings underscore the importance of site-specific
optimization of eDNA methodologies, considering environmental
factors that affect DNA persistence and degradation. Future
research should incorporate hydrodynamic modeling and
microbial activity assessments to refine eDNA degradation
kinetics and enhance species detection efficiency.

3.3 Primer specificity and sensitivity
validation

PCR assays using the designed O. niloticus-specific primers
demonstrated high specificity, as no amplification was observed in
non-target fish species, including Oreochromis mossambicus,
Cirrhinus mrigala, Mystus cavasius, Mystus gulio, Carassius
auratus, Labeo rohita, Labeo catla, Labeo bata, and Cyprinus
carpio. The exclusive amplification of a 155 bp product in O.
niloticus samples validates the primers’ specificity and eliminates
concerns regarding cross-reactivity (Figures 5-7). Further, primer
sensitivity analysis in tissue samples confirmed robust amplification
in positive controls while yielding no amplification in negative
controls, ensuring experimental reliability and eliminating
contamination risks. These findings reinforce the utility of our
primer set for eDNA-based detection of O. niloticus in complex
aquatic environments.

3.4 Detection of environmental DNA
across sampling sites

Species-specific PCR amplification targeting O. niloticus was
successfully conducted across diverse aquatic habitats, including
ponds, wetlands, and river sediments. Positive amplification in

TABLE 2 Fish production and composition from selected aquatic ecosystems.

Fish Diversity

Name of the Total Fish pro-
water body  area (ha) duction/ha
1. Moyna Fishery 0.405 ~12000 kg
2. Khalsi Wetland 60 ~1500 kg
3. Sardar Wetland 133.8 ~1800 kg
4. Kakdwip Fishery 1.64 ~6000 kg
5. Kolaghat Fishery 0.84 ~7000 kg
6. Beri boar 300 ~1200 kg
7. Akaipur Wetland 350 ~1600 kg
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<+«—155 bp

Amplification of environmental DNA from Nile tilapia (Oreochromis niloticus) using designed primers. DNA was isolated from (1) Oreochromis
niloticus, (2) O. mossambicus, (3) Cirrhinus mrigala, (4) Mystus cavasius, (5) M. gulio, (6) Carassius auratus, (7) Labeo bata, (8) L. catla and (9) Cyprinus
carpio. PCR amplification results demonstrating specific detection of Nile tilapia (Oreochromis niloticus) environmental DNA. No amplification was
observed in other tested species, including Oreochromis mossambicus, Cirrhinus mrigala, Mystus cavasius, Mystus gulio, Carassius auratus, Labeo
rohita, Labeo catla, and Cyprinus carpio, confirming the specificity of the primer. The 155 bp product was visualized alongside a 100 bp DNA ladder.

sediment samples from Moyna, Sardar Wetland, Khalsi, Beri Boar,
and Kakdwip wetlands confirms the presence of O. niloticus in these
regions. However, no amplification was detected in samples from
Kolaghat and Akaipur wetlands, suggesting either the absence of the
species in these ecosystems or a limitation in detection sensitivity
due to low eDNA concentrations. Similarly, universal Cox1 gene

600
500
400
300

200

FIGURE 5

primers successfully amplified a 655 bp product in tissue samples
from multiple fish species, including O. niloticus, Cirrhinus
cirrhosus, Mystus cavasius, Carassius auratus, and Mystus gulio, as
well as sediment samples from East Kolkata Wetlands (Sardar
Wetland) and a pond. Interestingly, no Cox1 amplification was
observed in sediment samples from the Ganga River (Dui Paoisar

<«— 155bp

PCR detection of O. niloticus using species-specific primers in sediment samples from selected wetlands in Eastern India. DNA was isolated from
(1) Moyna, (2) Sardar Wetland, (3) Khalsi, (4) Beri Boar, (5) Kakdwip, (6) Kolaghat and (7) Akaipur sediment samples. PCR amplification using O
niloticus-specific primers yielded a 155 bp product in sediment samples from five wetlands: Moyna, Sardar Wetland, Khalsi, Beri Boar, and Kakdwip,
confirming the presence of the invasive species. No amplification was observed in samples from the Kolaghat and Akaipur wetlands. This suggests
either the absence of O. niloticus in these two wetlands or a limitation in primer sensitivity due to lower concentrations of environmental DNA.
Sediment samples were processed to extract eDNA, followed by PCR using species-specific primers. Each experiment was conducted in

quintuplicate to ensure reproducibility.
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FIGURE 6

Detection of Oreochromis niloticus using species-specific PCR from environmental DNA and tissue samples across various aquatic ecosystems in
Eastern India. DNA was isolated from (1) Oreochromis niloticus, (2) O. mossambicus, (3) Cirrhinus mrigala, (4) Mystus cavasius, (5) M. gulio,

(6) Culture Pond Soil eDNA, (7) EKW (Sardar Wetland) Soil eDNA, and (8) Ganga River (DuPaisar Ghat) Soil eDNA. Species-specific PCR amplification
targeting a 155-bp fragment of Oreochromis niloticus was conducted using both tissue and environmental DNA (eDNA) samples. Positive
amplification was observed exclusively in O. niloticus tissue samples and eDNA samples collected from Ponds 1 and 2, located in the East Kolkata
Wetlands (EKW, Sardar Wetland). No amplification was detected in eDNA samples from Ganga River sediment (Dupaoisar Ghat) or tissue samples
from other fish species, including O. mossambicus, Cirrhinus mrigala, Mystus gulio, and Goldfish (Carassius auratus). A 100 bp DNA ladder was used
for molecular weight estimation. Universal primers were used as a positive control to confirm the presence of DNA in all sediment samples.
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FIGURE 7

Primer sensitivity analysis for eDNA detection in fish tissue samples. DNA was isolated from (1, 2) Oreochromis niloticus, the Positive control, and (3)
nuclease-free water. The sensitivity of the designed primers was tested using fish tissue samples as positive controls and molecular-grade water as

negative controls. Amplification was observed in the positive controls, confirming primer specificity and efficiency. In contrast, no amplification was
detected in the negative controls, ensuring the absence of contamination or non-specific binding
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«— 655 bp

PCR amplification of the Cox1 gene in fish tissue and sediment samples from various aquatic ecosystems in Eastern India. DNA was isolated from

(1) Oreochromis niloticus, (2) O. mossambicus, (3) Cirrhinus mrigala, (4) Mystus cavasius, (5) M. gulio, (6) Culture Pond Soil eDNA, (7) EKW (Sardar
Wetland) Soil eDNA, and (8) Ganga River (DuPaisar Ghat) Soil eDNA. PCR amplification results of the Cox1 gene (655 bp) using universal primers in
tissue samples from Nile Tilapia (Oreochromis niloticus), Mrigal (Cirrhinus cirrhosus), Gangetic Mystus (Mystus cavasius), Goldfish (Carassius auratus),
and Long Whiskers Catfish (Mystus gulio), as well as sediment samples from a pond, East Kolkata Wetlands (Sardar Wetland), and the Ganga River
(Dui Paoisar Ghat). The gene was successfully amplified in all fish tissue samples and sediment samples from the pond and East Kolkata Wetlands,
but not in the Ganga River sediments, suggesting the absence or extremely low abundance of the target species in the river sediments. A 100 bp
molecular weight ladder was used for reference. Each PCR experiment was repeated five times to ensure consistency, and environmental DNA
(eDNA) was extracted and analyzed to confirm the presence of species across sampling sites.

Ghat), indicating a potential absence or extremely low abundance of
O. niloticus eDNA in this major riverine system (Figure 8).

Tilapia’s resilience to suboptimal environmental conditions
makes it a promising candidate for aquaculture in Eastern India. Its
ability to withstand fluctuating temperature, pH, and oxygen levels
enables successful cultivation across diverse aquatic systems (Imsland
and Jonassen, 2003). However, site-specific management
interventions are necessary to optimize production. For instance,
aeration systems should be implemented in sites with lower DO levels
to enhance oxygen availability (DeLong, 2009). Similarly, in high-
temperature locations like Sardar Wetland, stocking density
adjustments and shade provision may mitigate thermal stress (Ma
et al, 2006). Tilapia culture is widely practiced, yet inadequate
knowledge of aquaculture systems limits productivity, particularly
in developing regions (Machena and Moehl, 2001). Growth
performance is influenced by feed quality (Sadowski et al., 2011),
stocking density (Ma et al, 2006), biotic (Imsland and Jonassen,
2003) and abiotic factors, including temperature and dissolved
oxygen (Imsland et al., 2007; Bhatnagar and Devi, 2013). Optimal
tilapia growth occurs at 25-27°C and pH 6-9 (van de Walle and
Hammerschmid, 2011). Effective aquaculture depends on water
quality parameters such as DO, pH, and BOD (Ngugi et al., 2007;
DeLong, 2009). The growth of Nile tilapia (Oreochromis niloticus), an
ideal aquaculture species due to its adaptability, reproductive
efficiency, and low trophic feeding behavior is maximized at
temperatures between 25 and 27°C and pH levels of 6 to 9 (van de
Walle and Hammerschmid, 2011).
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The differential detection of O. niloticus across sampling sites
highlights the species’ adaptability and invasion potential in lentic
systems such as ponds and wetlands, where it thrives under
relatively stable environmental conditions. Conversely, the
absence of detectable eDNA in Ganga River sediment suggests
either localized eradication efforts, environmental constraints
limiting the survival of O. niloticus, or a low-density population
below the detection threshold. These findings align with previous
studies, which indicate that riverine systems with high flow
dynamics often exhibit lower eDNA detectability due to increased
dilution and degradation rates.

The successful detection of O. niloticus eDNA in sediment
samples provides strong evidence for the effectiveness of
molecular approaches in monitoring invasive species. Traditional
survey methods often fail to detect cryptic or low-density
populations, whereas eDNA analysis offers a highly sensitive and
non-invasive alternative. By enabling early detection, this approach
enhances biosecurity measures and informs management strategies
to mitigate the ecological impact of O. niloticus in vulnerable
aquatic ecosystems. Future research should focus on expanding
eDNA sampling across a broader spatiotemporal scale to refine
detection probabilities and understand seasonal variations in the
population dynamics of O. niloticus. Moreover, integrating next-
generation sequencing (NGS) approaches could facilitate the
simultaneous monitoring of multiple invasive species, providing a
more comprehensive assessment of biodiversity shifts in Eastern
India’s aquatic ecosystems.
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One of the key strengths of eDNA is its ability to detect species at
different life stages and in varying environmental conditions. Several
studies have demonstrated the utility of targeted qPCR and
metabarcoding approaches for detecting well-established and
emerging invasive taxa (LeBlanc et al, 2020; Duarte et al., 2023).
For instance, highlighted the role of eDNA metabarcoding in
comprehensive biodiversity assessments, enabling early warning
systems in aquatic ecosystems. Similarly, Mauvisseau et al. (2019a)
successfully applied eDNA techniques to detect parthenogenetic
crayfish, demonstrating the method’s effectiveness for monitoring
species with cryptic reproductive strategies.

Despite its advantages, several challenges and limitations
persist. Sensitivity and specificity of detection assays remain a
concern, particularly in complex environmental matrices where
degradation, inhibition, and contamination can impact results
(Adrian-Kalchhauser and Burkhardt-Holm, 2016; Klymus et al.,
2017). The need for standardized methodologies, including marker
optimization and validation across different ecological contexts, has
been emphasized to enhance the robustness of eDNA-based
monitoring (Fonseca et al., 2023; Langlois et al., 2021). Moreover,
the temporal and spatial persistence of eDNA signals can introduce
uncertainties in species presence and abundance estimations,
necessitating complementary verification methods such as direct
observations or netting surveys (Sepulveda et al., 2020; Valentin
etal,, 2018). The integration of eDNA approaches into management
frameworks has also raised policy and practical considerations.
While several studies have provided guidance on best practices for
eDNA-based invasive species surveillance (Abbott et al., 2021;
Westfall et al., 2020), the question of when eDNA detections
should trigger management interventions remains debated
(Sepulveda et al., 2023). For example, targeted detection assays for
species such as Rangia cuneata in European waters (Ardura et al,,
2015) and Dikerogammarus haemobaphes (Mauvisseau et al,
2019b) have informed rapid response strategies. Yet, regulatory
adoption of these tools varies across jurisdictions. Additionally,
emerging innovations such as loop-mediated isothermal
amplification (LAMP) assays offer improved field-deployable
solutions for real-time detection, further expanding eDNA’s
applicability in rapid biosurveillance (Porco et al., 2022). The
environmental parameters across the studied aquatic ecosystems
exhibited significant spatial variation, influencing the persistence
and detectability of Oreochromis niloticus eDNA. Depth,
transparency, temperature, pH, dissolved oxygen (DO),
conductivity, and sediment composition collectively impacted
eDNA degradation rates and detection efficiency. The shallowest
site, Sardar Wetland (1.38 m), with high temperature (31.4°C) and
elevated pH (8.91), likely experienced accelerated DNA decay,
potentially reducing eDNA detection sensitivity. Conversely,
deeper sites like Akaipur (4.5 m) and Khalsi (3.5 m) with greater
transparency (55 cm) might have provided more stable conditions
for eDNA persistence. Conductivity variations, ranging from 231
uS/cm (Akaipur) to 1238 pS/cm (Sardar Wetland), along with
fluctuating DO levels (4-7.4 ppm), may have further influenced
microbial degradation of eDNA. Nutrient dynamics also played a
crucial role in shaping the aquatic environments. High chlorophyll-
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a concentration in Sardar Wetland (116.72 mg/m?®) suggests
eutrophic conditions, which could enhance microbial activity and
accelerate DNA degradation. Similarly, elevated organic carbon
levels in Sardar Wetland (4.8 mg/L) may have promoted
microbial interactions, further affecting eDNA stability. Sediment
composition was another critical factor, with sandy environments
(e.g., Sardar Wetland: 81% sand) potentially allowing faster DNA
dispersal than silty habitats (e.g., Kolaghat: 45.19% silt).

Species-specific PCR assays demonstrated exceptional
sensitivity and specificity in detecting Oreochromis niloticus
eDNA, with no cross-amplification observed in non-target
species, confirming the robustness of the primer design. The
presence of O. niloticus was successfully confirmed across five
wetlands, Moyna, Sardar Wetland, Khalsi, Beri Boar, and
Kakdwip, reinforcing the efficacy of eDNA-based surveillance in
tracking the dynamics of invasive species. However, the absence of
amplification in Kolaghat and Akaipur suggests either species
absence or potential eDNA degradation, emphasizing the role of
site-specific environmental factors in detection success. Cox1 gene
amplification from fish tissues and sediment samples further
validated the integrity of eDNA across multiple habitats, with
successful amplification in most study sites except the Ganga
River sediments, where no O. niloticus eDNA was detected. This
absence suggests that either the species is at negligible abundance or
that rapid DNA degradation in high-flow riverine systems hinders
detection, underscoring the influence of hydrodynamic conditions
on eDNA persistence. The lack of detectable O. niloticus eDNA in
Kolaghat and Akaipur aligns with this finding, highlighting the need
for optimized sampling strategies tailored to different aquatic
environments. Environmental parameters were decisive in
shaping eDNA persistence, as evidenced by significant spatial
physicochemical variability across study sites. Sand-dominated
sediments facilitated rapid DNA percolation, reducing retention,
whereas silt-rich substrates promoted prolonged eDNA stability,
thereby influencing detection success. Moreover, pH, conductivity,
and carbonate concentrations significantly modulate DNA
degradation rates, further reinforcing the necessity of integrating
physicochemical profiling into eDNA-based monitoring
frameworks. These findings highlight the complex interplay
between molecular detection and environmental conditions,
necessitating habitat-specific considerations for improving eDNA
surveillance accuracy.

This study establishes eDNA as a highly effective, non-invasive
tool for invasive species monitoring, with species-specific primers
demonstrating exceptional diagnostic precision across diverse aquatic
ecosystems. The successful application of eDNA technologies in
detecting O. niloticus within lentic environments, coupled with
observed detection limitations in lotic systems, underscores the
need for further assay optimization. Future research should
prioritize refining molecular protocols, improving sampling
methodologies, and integrating predictive modeling to enhance the
resolution of eDNA-based ecological assessments. These
advancements will facilitate integrating eDNA tools into global
invasive species management strategies, bridging molecular ecology
with conservation policy and ecosystem management initiatives.
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4 Conclusion

The study showed that environmental DNA (eDNA) could
become a powerful and non-invasive tool for monitoring invasive
fish species (e.g., Oreochromis niloticus) in aquatic ecosystems. We
developed a specific and sensitive PCR assay using species-specific
primers to detect O. niloticus across multiple wetlands while
identifying its absence in select locations. The findings underscore
the importance of eDNA in resolving spatial distribution patterns
and assessing invasion risks with unprecedented precision.
Physicochemical profiling reveals that environmental factors
influence DNA persistence, offering novel insights into detection
variability across diverse aquatic habitats. The study highlights the
interplay between sediment composition, water chemistry, and
hydrodynamic conditions in shaping eDNA stability, paving the
way for habitat-specific optimization of molecular monitoring
approaches. Moreover, refinement is essential for standardizing
eDNA methodologies across different ecological settings,
enhancing their reliability for long-term invasive species
surveillance. The demonstrated efficiency of eDNA highlights its
potential for detecting O. niloticus in aquatic ecosystems, which
could be useful for determining the abundance of invasive species in
various ecosystems and informing management guidelines. Future
research should integrate eDNA monitoring with ecological
modeling to predict invasion trajectories and assess population
dynamics over time. Additionally, interdisciplinary collaborations
involving policymakers, fisheries managers, and local communities
will be crucial in formulating effective control measures.
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