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Abstract: Freshwater ecosystems are biodiversity hotspots but remain under constant threat from anthropogenic activities. Traditional 

taxonomy often struggles with cryptic species and morphological variability. DNA barcoding, particularly using mitochondrial 

cytochrome c oxidase I (COI), has emerged as a standardized molecular tool for species identification. This paper reviews the 

methodology, applications and limitations of DNA barcoding in freshwater ecosystems, highlighting its role in conservation, bio 

monitoring, and ecological restoration. 
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1. Introduction 
 

Freshwater ecosystems, although covering less than 1% of 

the Earth’s surface, sustain nearly 10% of all known species 

and are recognized as biodiversity hotspots of global 

significance (Dudgeon et al., 2006). These ecosystems 

provide essential services such as nutrient cycling, water 

purification, fisheries, and livelihoods for millions of people 

worldwide (Reid et al., 2019). However, freshwater 

biodiversity is declining at unprecedented rates due to 

anthropogenic pressures including pollution, 

overexploitation, habitat fragmentation, and climate change 

(Tickner et al., 2020). 

 

Accurate species identification is fundamental to ecological 

monitoring, conservation biology, and sustainable resource 

management. Traditional taxonomy, which relies on 

morphological traits, often faces limitations due to 

phenotypic plasticity, ontogenetic variation, and the 

presence of cryptic species (Bickford et al., 2007). For 

instance, juvenile and adult stages of fish may differ 

significantly in morphology, leading to misidentification, 

while damaged specimens collected during field surveys 

may lack diagnostic features (Hebert et al., 2003a). 

 

DNA barcoding, introduced by Hebert and colleagues in the 

early 2000s, provides a standardized molecular approach to 

species identification by targeting short, conserved genetic 

regions (Hebert et al., 2003b). The mitochondrial 

cytochrome c oxidase I (COI) gene has become the universal 

marker for animals, offering high resolution across diverse 

taxa (Ratnasingham & Hebert, 2007). By comparing 

sequences against curated databases such as the Barcode of 

Life Data System (BOLD) and GenBank, researchers can 

achieve rapid and reliable identification of species, even in 

cases where morphological taxonomy fails (Hajibabaei et 

al., 2007). 

 

In freshwater ecosystems, DNA barcoding has proven 

particularly valuable. It has been used to uncover hidden 

diversity in zooplankton (Elías-Gutiérrez & Valdez-Moreno, 

2023), resolve taxonomic ambiguities in fish (Ward et al., 

2005), and detect invasive species before they become 

ecologically dominant (Jerde et al., 2011). The integration of 

environmental DNA (eDNA) approaches further expands the 

scope of barcoding, enabling non-invasive detection of 

species from water samples (Taberlet et al., 2012). 

Metabarcoding, which combines eDNA with next-

generation sequencing, allows community-level biodiversity 

assessments, offering a scalable and eco-friendly alternative 

to traditional survey methods (Deiner et al., 2017). 

 

Despite its transformative potential, DNA barcoding faces 

challenges such as incomplete reference libraries, PCR 

biases, and limited resolution among closely related taxa 

(Collins & Cruickshank, 2013). Nevertheless, ongoing 

advancements in bioinformatics, high-throughput 

sequencing, and global collaborative initiatives continue to 

strengthen its utility. As freshwater ecosystems remain under 

severe threat, DNA barcoding represents a critical tool for 

biodiversity monitoring, conservation planning, and 

ecological restoration. 

 

2. Materials and Methods 
 

Study Area and Sampling 

Freshwater ecosystems selected for DNA barcoding studies 

typically include rivers, reservoirs, lakes, and wetlands, 

which represent diverse ecological niches and species 

assemblages (Dudgeon et al., 2006). Sampling strategies 

vary depending on target taxa but generally involve the 

collection of fish, zooplankton, benthic invertebrates, or 

water samples for environmental DNA (eDNA) analysis. 

Specimens are collected using nets, traps, or electrofishing, 

while water samples for eDNA are filtered on-site to capture 

genetic material shed by organisms (Deiner et al., 2017). 

Each specimen is photographed and morphologically 

identified to the lowest possible taxonomic level before 

molecular analysis, ensuring a link between traditional 

taxonomy and DNA barcoding (Ward et al., 2005). 

 

DNA Extraction 

Genomic DNA is extracted from tissue samples (fin clips, 

muscle, or whole organisms for small taxa) using 

commercial kits such as Qiagen DNeasy or phenol-

chloroform protocols (Hebert et al., 2003a). For eDNA 

samples, DNA is extracted from filters using specialized kits 

optimized for low-concentration DNA (Taberlet et al., 

Paper ID: SR26216115123 DOI: https://dx.doi.org/10.21275/SR26216115123 983 

http://www.ijsr.net/


International Journal of Science and Research (IJSR) 
ISSN: 2319-7064 

Impact Factor 2025: 7.089 

Volume 15 Issue 2, February 2026 
Fully Refereed | Open Access | Double Blind Peer Reviewed Journal 

www.ijsr.net 

2012). The quality and quantity of DNA are assessed using 

spectrophotometry or fluorometry to ensure suitability for 

downstream applications. 

 

PCR Amplification 

The mitochondrial cytochrome c oxidase I (COI) gene is 

amplified using universal primers such as LCO1490 and 

HCO2198 (Folmer et al., 1994). PCR reactions are 

optimized for annealing temperature and cycle number to 

minimize non-specific amplification. In cases where COI 

fails to amplify, alternative markers such as 16S rRNA or 

ITS regions may be employed (Hajibabaei et al., 2007). PCR 

products are visualized on agarose gels to confirm successful 

amplification. 

 

Sequencing 

Sanger sequencing remains the standard method for DNA 

barcoding due to its accuracy and cost-effectiveness for 

single-specimen analysis (Hebert et al., 2003b). For 

community-level biodiversity assessments, next-generation 

sequencing (NGS) platforms such as Illumina MiSeq are 

used to generate millions of reads, enabling metabarcoding 

of eDNA samples (Deiner et al., 2017). Sequencing data are 

cleaned and assembled using bioinformatics pipelines to 

remove low-quality reads and chimeras. 

 

Data Analysis 

Sequences are aligned and compared against reference 

databases such as the Barcode of Life Data System (BOLD) 

(Ratnasingham & Hebert, 2007) and GenBank. Species 

identification is based on sequence similarity thresholds, 

typically 97–99% identity. Phylogenetic trees are 

constructed using neighbor-joining or maximum likelihood 

methods to visualize relationships among taxa (Ward et al., 

2005). For metabarcoding datasets, operational taxonomic 

units (OTUs) or amplicon sequence variants (ASVs) are 

generated to represent species-level diversity (Callahan et 

al., 2016). 

 

Quality Control 

To ensure reliability, negative controls are included during 

DNA extraction and PCR to detect contamination. Replicate 

samples are processed to confirm reproducibility. Sequences 

are checked for stop codons and pseudogenes to avoid 

misidentification (Collins & Cruickshank, 2013). Metadata 

such as collection location, date, and morphological notes 

are uploaded alongside sequences to BOLD, ensuring 

transparency and reproducibility. 

 

3. Applications of DNA Barcoding in 

Freshwater Ecosystems 
 

1) Species Identification and Taxonomic Resolution 

DNA barcoding has revolutionized species identification in 

freshwater habitats by providing a standardized molecular 

marker, most commonly the mitochondrial cytochrome c 

oxidase I (COI) gene (Hebert et al., 2003a). This approach 

resolves taxonomic ambiguities where morphological traits 

are insufficient, such as in cryptic species complexes or 

juvenile specimens. For example, Ward et al. (2005) 

demonstrated the utility of DNA barcoding in identifying 

Australian freshwater fish species, highlighting its role in 

clarifying taxonomic uncertainties. 

 

2) Biodiversity Assessment and Biomonitoring 

Freshwater ecosystems are highly dynamic, and monitoring 

biodiversity is essential for conservation. DNA barcoding 

enables rapid biodiversity assessments by generating 

molecular operational taxonomic units (MOTUs), which 

serve as proxies for species richness (Elías-Gutiérrez & 

Valdez-Moreno, 2023). This approach has been applied to 

zooplankton communities in Mexico, revealing hidden 

diversity and supporting ecological monitoring programs. 

Environmental DNA (eDNA) further enhances 

biomonitoring by detecting species from water samples 

without direct capture, offering a non-invasive and eco-

friendly method (Taberlet et al., 2012). 

 

3) Conservation of Endangered Species 

DNA barcoding supports conservation by accurately 

identifying endangered and rare species, even when 

morphological identification is challenging. This is 

particularly important in regions like India, where freshwater 

fish diversity is high but under threat from habitat 

degradation. Sahu et al. (2025) emphasized the role of 

eDNA barcoding in monitoring Indian freshwater 

biodiversity, providing a cost-effective and scalable tool for 

conservation planning. 

 

4) Detection of Invasive Species 

Early detection of invasive species is critical to prevent 

ecological imbalance. DNA barcoding and eDNA 

approaches allow for rapid identification of non-native 

species before they become dominant. Jerde et al. (2011) 

demonstrated the use of eDNA in detecting rare aquatic 

species, including invasive taxa, highlighting its potential for 

proactive ecosystem management. 

 

5) Ecological Restoration and Habitat Monitoring 

DNA barcoding contributes to restoration ecology by 

monitoring species composition in rehabilitated habitats. 

Metabarcoding approaches, which combine eDNA with 

next-generation sequencing, enable community-level 

assessments of biodiversity, providing insights into 

ecosystem resilience and restoration success (Deiner et al., 

2017). Such applications are increasingly used in Europe 

and Asia to evaluate the effectiveness of restoration 

programs. 

 

6) Fisheries Management and Sustainable Utilization 

Accurate species identification is crucial for fisheries 

management, particularly in regions where morphologically 

similar species coexist. DNA barcoding helps distinguish 

between commercially important species and their close 

relatives, ensuring sustainable harvest practices and 

preventing mislabeling in trade (Ward et al., 2005). 
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Table 1: Comparison of Traditional Taxonomy vs. DNA Barcoding 
Feature Traditional Taxonomy DNA Barcoding 

Basis of Identification Morphological traits Molecular markers (COI, 16S, ITS) 

Accuracy Limited by cryptic species, life stage variation High precision, resolves cryptic diversity 

Speed Time-consuming, requires expertise Rapid, standardized protocols 

Accessibility Requires taxonomic specialists Accessible with molecular labs 

Limitations Subjective, prone to misidentification Database gaps, PCR/sequencing errors 

 

Table 2: Applications of DNA Barcoding in Freshwater Ecosystems 
Application Example/Case Study Impact/Outcome 

Species Identification Ward et al. (2005) – Australian freshwater fish 
Resolved taxonomic ambiguities and distinguished 

morphologically similar species 

Biodiversity Assessment 
Elías-Gutiérrez & Valdez-Moreno (2023) – 

Zooplankton in Mexico 

Revealed hidden diversity, improved ecological monitoring 

programs 

Biomonitoring (eDNA) Taberlet et al. (2012) – eDNA in European rivers Enabled non-invasive detection of species from water samples 

Conservation of 

Endangered Species 
Sahu et al. (2025) – Indian freshwater habitats 

Provided eco-friendly monitoring of rare and threatened 

species 

Detection of Invasive 

Species 

Jerde et al. (2011) – Rare aquatic species via 

eDNA 

Allowed early detection of invasive taxa before ecological 

dominance 

Ecological Restoration 
Deiner et al. (2017) – Metabarcoding in aquatic 

ecosystems 

Assessed community-level biodiversity, evaluated restoration 

success 

Fisheries Management Ward et al. (2005) – Commercial fish species Prevented mislabeling, supported sustainable harvest practices 

 

Table 3: Challenges and Future Directions 
Challenge Future Solution 

Incomplete reference libraries Expansion of BOLD and GenBank databases 

PCR biases Adoption of high-fidelity polymerases 

Closely related species Use of multilocus barcoding (COI + nuclear markers) 

Regional protocol variation Standardization of global workflows 

 

 
Figure 1: Workflow of DNA Barcoding in Freshwater Ecosystems 

 

 
Figure 2: Applications of DNA Barcoding in Freshwater Ecosystems 

 

4. Discussion 
 

DNA barcoding has emerged as a transformative tool in 

freshwater ecosystem research, bridging gaps between 

traditional taxonomy and modern molecular approaches. Its 

applications span species identification, biodiversity 

monitoring, conservation, invasive species detection, 

ecological restoration, and fisheries management. However, 

while the method has demonstrated remarkable utility, it is 

not without challenges. This section critically evaluates the 

strengths, limitations, and future prospects of DNA 

barcoding in freshwater ecosystems. 
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5. Strengths and Contributions 
 

One of the most significant contributions of DNA barcoding 

is its ability to resolve taxonomic ambiguities. 

Morphological identification often fails in cases of cryptic 

species, juvenile stages, or damaged specimens (Bickford et 

al., 2007). DNA barcoding, by targeting conserved genetic 

markers such as COI, provides a reproducible and 

standardized framework for species identification (Hebert et 

al., 2003a). This has been particularly valuable in freshwater 

ecosystems, where species richness is high and taxonomic 

expertise may be limited (Ward et al., 2005). 

 

Beyond individual species identification, DNA barcoding 

has expanded into biodiversity monitoring through 

environmental DNA (eDNA) and metabarcoding 

approaches. These methods allow non-invasive detection of 

species from water samples, enabling large-scale 

community-level assessments (Taberlet et al., 2012; Deiner 

et al., 2017). Such applications are especially relevant in 

conservation contexts, where endangered species can be 

monitored without direct capture, reducing stress on 

vulnerable populations (Sahu et al., 2025). 

 

6. Limitations and Challenges 
 

Despite its strengths, DNA barcoding faces several 

limitations. One major challenge is the incompleteness of 

reference databases such as BOLD and GenBank, which can 

lead to ambiguous or incorrect identifications (Collins & 

Cruickshank, 2013). PCR biases, sequencing errors, and 

contamination further complicate data reliability. 

Additionally, closely related species may exhibit limited 

genetic divergence in COI, reducing resolution and 

necessitating multilocus approaches (Hajibabaei et al., 

2007). 

 

Another limitation lies in regional disparities. While DNA 

barcoding has been widely adopted in developed countries, 

its application in biodiversity-rich regions such as South 

Asia and Africa remains limited due to resource constraints 

and lack of standardized protocols (Reid et al., 2019). This 

creates gaps in global biodiversity assessments and hinders 

conservation planning. 

 

7. Future Directions 
 

Advancements in bioinformatics and next-generation 

sequencing are expected to overcome many of these 

limitations. High-throughput sequencing platforms enable 

metabarcoding of entire communities, providing 

unprecedented insights into ecosystem dynamics (Deiner et 

al., 2017). Artificial intelligence and machine learning 

algorithms are being integrated into bioinformatics pipelines 

to improve sequence classification and reduce errors 

(Callahan et al., 2016). 

 

Expanding global barcode libraries remains a priority. 

Collaborative initiatives such as the International Barcode of 

Life (iBOL) aim to standardize protocols and increase 

coverage across taxa and regions (Ratnasingham & Hebert, 

2007). Multilocus barcoding, which combines COI with 

nuclear markers, offers enhanced resolution for closely 

related species (Hajibabaei et al., 2007). Furthermore, 

coupling DNA barcoding with ecological modeling can 

provide predictive insights into species distributions under 

climate change scenarios. 

 

8. Conclusion 
 

In summary, DNA barcoding has revolutionized freshwater 

biodiversity research by providing a reliable, scalable, and 

eco-friendly tool for species identification and monitoring. 

While challenges remain, ongoing technological and 

collaborative advancements promise to enhance its accuracy 

and global applicability. As freshwater ecosystems continue 

to face unprecedented threats, DNA barcoding will play a 

pivotal role in conservation biology, ecological restoration, 

and sustainable resource management. 
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