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Institute of Oceanography, Panaji, Goa, India

Coral reefs are important ecosystems that host a variety of life and provide
essential services to ecosystems and people. But they are increasingly at risk due
to human activities and climate change. In India, Lakshadweep coral reefs
support a significant proportion of the local population’s livelihood, being a
promising area with a wide range of fish, mollusks, crustaceans and seaweeds.
And, in addition to the human activities, the earlier three El Nino events impacted
Lakhadweep coral reefs with significant coral mortality. Therefore, it is crucial to
continuously and rapidly assess their biodiversity to monitor the health of the
reef. Due to its advantages over traditional methods, environmental DNA (eDNA)
metabarcoding is an efficient tool for continuous monitoring and is non-invasive.
However, there have been limited eDNA studies, and hone have been conducted
on the Lakshadweep islands in India considering human inhabitation. The present
study conducted an eDNA-based biodiversity assessment focusing on the
metazoan community using a COI gene fragment amplified with MicolintF and
JgHCO2198 primers targeting approximately 350bp. The study recovered genetic
information of key species, 4 Families of Scleractinia, Poritidae, Pocilloporidae,
Euphyllidae, and Merulinidae, 9 Species of Echinoderms and 19 species of fish
communities. In addition to this, 12 different taxa of Arthropoda, 6 Mollusks and 7
Porifera. In total, 25 different taxa were observed in the Algal community,
including micro- and Macroalgal assemblages. A total of 15 phyla were
recorded from both human-inhabited and uninhabited Reefs. Fish
communities were more abundant in uninhabited reefs, and the number of
detected taxa was also higher in uninhabited reef samples. Previous biodiversity
assessments in the Lakshadweep archipelago relied on occasional underwater
surveys, lacking continuous monitoring. Our study, employing eDNA monitoring,
provides a baseline for continuous and rapid biodiversity study in monitoring the
status using genetic information with the perspective of human inhabitation in
the Lakshadweep coral reefs.
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1 Introduction

Coral reefs are incredibly diverse marine ecosystems, consisting
of a wide variety of interdependent species, such as the symbiosis
between corals and zooxanthellae, and predator-prey interactions
(Reaka, 1997; Knowlton, 2001). Despite occupying only 1% of the
ocean’s surface area, coral reefs are home to approximately 25% of
all marine eukaryotic and prokaryotic species (Mies et al., 2020).
However, coral reefs are also one of the most endangered
environments globally (Ransome et al., 2017). Projections suggest
that as much as one-third of coral species face the threat of
extinction within this century (Carpenter et al., 2008; Knowlton,
2001), and that by 2050, around 90% of coral reefs could suffer
severe degradation (McLeod et al., 2019). The possible decrease in
coral populations will greatly affect many other species that depend
on these habitats (Alvarez-Filip et al., 2009). In India, coral reefs
span an area of around 2379 km? (Venkataraman, 2011). The
Lakshadweep reefs are primarily coral atolls; the atolls span a
total reef area of 933.7 square kilometers, with a lagoon area of
510 square kilometers (Bahuguna and Nayak, 1998; Manikandan
etal., 2016). The Lakshadweep Sea, rich in fish resources, supports a
significant proportion of the local population’s livelihoods, with
tuna being the most critical species of commercial interest (Mohan
etal, 2021). Furthermore, the Lakshadweep archipelago is regarded
as a promising area for ornamental fishes, crustaceans, mollusks,
and seaweeds (Silas et al.,, 1982). Given the importance of these
reefs, their conservation is a priority. Earlier, three El Nifo events
that impacted Lakshadweep coral reefs caused significant coral
mortality: 80% in 1998, 44% in 2010, and 31% in 2016 (Yadav
etal., 2018). Additionally, human activities have led to the pollution
of lagoon waters, increased sedimentation, and sea erosion in the
Lakshadweep archipelago (Purvaja et al., 2019). All these threats to
the coral reefs necessitate continuous monitoring and delineation of
biodiversity from time to time for the Lakshadweep archipelago.

Studies have documented the biodiversity of the coral reefs of
the Lakshadweep archipelago (Pillai, 1986; Mohan et al., 2021), fish
diversity (Rajan et al., 2021), mollusk diversity (Ravinesh and
Kumar, 2015), and macroalgal diversity (Mathil et al., 2023;
Rajasuriya et al, 2002). More comprehensive studies are
warranted for biomonitoring and to develop effective
management measures for reef conservation. Most of the available
studies used traditional underwater survey methods to assess the
biodiversity of the coral reefs. While these methods have
advantages, they also have certain disadvantages, such as
assigning taxa based on morphological plasticity and the issues of
larval samples or limited visibility underwater. The biodiversity
information obtained from conventional methods is thus inherently
biased, time-consuming, expensive and labor-intensive. In contrast,
eDNA metabarcoding can enable rapid assessment of coral reef
biodiversity cost-effectively and efficiently by leveraging the genetic
information present in the shed genetic materials of marine
organisms (DiBattista et al., 2020; Mathon et al., 2022; Dugal
et al,, 2023; Levy et al., 2023). eDNA monitoring is also ideal for
rapidly assessing the spatial and temporal changes in coral reef
environments by capturing genetic information that cannot be
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biased by morphological plasticity. Thus, eDNA metabarcoding
surveys enable efficient documenting of the biodiversity, health, and
bio-invasions of coral reef environments (Holman et al., 2019;
Rishan et al., 2023).

The Lakshadweep archipelago’s coral reefs are home to a wide
variety of organisms, but few recent studies have documented their
biodiversity, and no study has surveyed their biodiversity by
leveraging genetic information. To address this gap, we conducted
a biodiversity assessment using the mitochondrial cytochrome
oxidase subunit I (COI) short fragment, established as a method
relying on non-invasive sample collection (Leray et al, 2013;
Wangensteen et al., 2018). To delineate the potential interaction
of human inhabitation with coral reef biodiversity, the current study
applied eDNA sampling in both Human-inhabited Islands’ reefs
(Agatti and Kavaratti) and Human-Uninhabited or pristine reefs,
Chereapani Reef, or Byramgore Reef. Our findings inform the
conservation strategies from the perspective of rapid biodiversity
assessment and human inhabitation.

2 Methodology
2.1 Sample collection and DNA isolation

To study the biodiversity of the Lakshadweep Islands,
considering two groups, human-inhabited and human-
uninhabited reef environments. Water samples were collected
from two human-inhabited Islands, Agatti and Kavaratti, one site
each representing two sites that are inhabited by humans and three
sites from the Byramgore or Chereapani Reef represent human-
uninhabited or pristine environments (Figure 1).

A total of 5 liters of water was collected in triplicate per
sampling site from a depth of over 1 meter, with water cans
sterilized by washing with 4% bleach and ethanol before and
between sampling. The water samples were filtered using a sterile
syringe connected to a 0.45um Sterivex cartridge. The filter unit
was then filled with a Sample Protector for RNA/DNA (Takara Bio
Inc.), and the samples were transported to the laboratory for further
processing. Controls were not included during the sampling. To
extract the DNA, the filter unit was filled with an SDS lysis buffer
(1.25% SDS, 0.IM Tris-HCl pH 7.5, 0.05M EDTA pH 8.0, 0.25M
NaCl) and incubated at 58°C for approximately 12 hours or
overnight. Subsequently, phase separation was carried out using
Chloroform: Isoamyl alcohol (24:1) with the lysate. The DNA was
then washed with 100% ethanol, air-dried, and resuspended in
nuclease-free water. The isolated DNA was stored at —20°C until
further processing.

2.2 PCR amplification, library preparation
and sequencing
The isolated DNA was amplified for a gene fragment of

cytochrome oxidase subunit I (COI) of length 350bp using the
MicolintF/jgHCO2198 primers (Geller et al.,, 2013; Leray et al,
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2013). The amplification was performed using Premix TaqTM DNA
polymerase (Ex TaqTM Version 2.0; Takara Bio Inc.) in triplicate for
each sample with a negative control. The thermal program
consisted of initial denaturation at 95°C for 5 min, followed by 40
cycles of denaturation at 95°C for 30 seconds, annealing at 49°C for
30 seconds, extension at 72°C for 45 seconds, and final extension at
72°C for 10 min. The success of the amplification was confirmed on
agarose gel electrophoresis, 2% stained with GelGreen® (Biotium)
and the successful amplicon was excised and purified using the
GeneJET PCR Purification Kit (Thermo ScientiﬁcvrM).

The purified amplicon was checked for quality on an agarose gel
before library preparation. The concentration and purity were
determined using the QIAxpert System (QIAGEN Inc.) and
Qubit 4 fluorometer (Thermo ScientiﬁcTM). The NEBNext®
Ultra' " DNA Library Prep Kit for Tlumina® (New England
Biolabs® Inc.) was used to prepare the library following the
manufacturer’s procedure. The amplicons were put through a
series of enzymatic procedures for end repair and tailing with
dA-tail. The tail ends were ligated with adapter sequences, and
the adapter-ligated fragments were purified using SPRI beads and a
magnetic plate. The clean fragments were indexed with sample-
specific barcodes, BC, and Illumina adapters P5 and P7, to generate
final libraries. The resulting amplicons were checked for size
confirmation with the TapeStation D1000 System (Agilent
Technologies, Inc.) and were quantified using the Qubit 4
fluorometer (ThermoScientiﬁc®). Based on the quantification, the
amplicons were pooled together for equimolar concentration. The
final product was then sequenced using the Illumina MiSeq
platform with MiSeq Reagent Kit v2 (500-cycles) (Illumina, Inc.)
following the manufacturer’s protocol. The library preparation of
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the purified amplified products and sequencing was carried out at
MedGenome Labs Ltd. (Banglore, India).

2.3 Sequence pre-processing and
taxonomic assignment

The results of the sequencing were analyzed using Qiime2 (v
qiime2-2025.7) (Bolyen et al., 2019). The initial step was to
demultiplex the sequences and import them into the Qiime2
pipeline. The imported reads were removed from primer sequences
using cutadapt (Martin, 2011) with minimum mismatch of
1bp followed by reads were truncated at the length of 214 bp and
163 bp and passed through dada2 pipeline (Callahan et al,, 2016)
within giime2 to denoise, remove chimera and clustering reads to
amplicon sequence variants (ASVs). The singleton sequences were
removed before taxonomic assignment from the total Amplicon
Sequence Variants (ASVs). The filtered sequences were assigned to
taxonomy using the preformatted DNA database for COI
(MIDORI2_LONGEST_NUC_GB255_CO1_QIIME) (Leray et al.,
2022) using consensus-blast with a 97% confidence level. Based on
the taxonomic assignment, ASVs assigned to a minimum of the
Phylum level were retained for further analysis.

2.4 Community diversity indices and
statistics

The diversity within the samples was analyzed using various
alpha diversity indices, including Phylogenetic Diversity (Faith pd),
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Species Diversity (Shannon entropy), Richness (Chaol) and
Observed Features. Additionally, beta diversity was calculated
using the metrics Bray-Curtis, Jaccard Index and Unifrac
distances (unweighted and weighted). All the diversity indices
were calculated using the core-metrics plugin within qiime2 (v
qiime2-2023.7). A Non-Metric Multidimensional Scaling (nMDS)
plot was generated using the Bray-Curtis distance matrix,
considering both presence and abundance of ASVs. Kruskal-
Wallis test was carried out to compare the groups, human
inhabited and uninhabited, using the Bray-Curtis distance matrix.

3 Results

3.1 Sequencing results and taxonomic
assignment

A total of 2107439 paired-end reads were generated, with an
average of 421488 reads per sample. After removal of primers using
cutadapt and denoising, chimaera removal and clustering using
dada2, a total of 4323 ASVs were observed from all samples
(Supplementary Table S1). After removal of singleton sequences

10.3389/fmars.2025.1592429

and ASVs not assigned to a minimum to phylum level, 149 ASVs
were retained, contributing to Metazoan taxa, excluding Algae
(Microalgae and Macroalgae) and 173 ASVs were contributing to
Algal taxa. The majority of the sequences were filtered out as
singleton sequences and taxonomic assignment with a 97%
confidence level, however, the analysis proceeded with the ASVs
retained to ensure higher confidence in species identification. In
total 6 phyla, Arthropoda, Chordata, Cnidaria, Echinodermata,
Mollusca, Porifera, were observed and, 9 phyla of algal
community, Bacillariophyta, Chlorophyta, Cryptophyceae,
Dinophyceae, Eustigmatophyceae, Hapophyta, Pelagophyceae
and Prasinodermophyta were observed when the taxonomic
assignment was carried out using the preformatted COI database
(MIDORI2_LONGEST_NUC_GB255_CO1_QIIME) (Leray
et al., 2022).

3.2 Insights into the metazoan community

A total of 64 metazoan taxa, representing six phyla, were
recorded across various taxonomic levels. Figure 2 illustrates the
relative abundance of the metazoan community (excluding algae),
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based on the number of families observed (Supplementary Table
S2). All six phyla were detected in eDNA samples from the Agatti,
Kavaratti, and Chereapani reefs. Some taxa appeared only in a
subset of samples, likely due to tidal and ocean currents that
introduce ephemeral or less commonly observed species
(Magurran and Henderson, 2003).

A total of 19 fish species were observed, representing nine
families: Acanthuridae, Balistidae, Carangidae, Chaetodontidae,
Labridae, Lutjanidae, Mullidae, Pomacentridae, and Scombridae.
Herbivorous fishes such as Scarus and Acanthurus play a key role in
controlling coral phase shifts and promoting coral resilience.
Additionally, nine species of echinoderms were recorded,
including Acanthaster planci (the Crown-of-Thorns starfish),
which was observed around both inhabited and uninhabited
islands. Regarding the algal community, nine phyla comprising 25
taxa were identified (Supplementary Table S3). The presence of
herbivorous fish corresponds with the observed algal diversity. Our
findings on algal composition are consistent with those of previous
studies (Mathil et al., 2023; Figure 3).

3.3 Community diversity and rarefaction

A rooted phylogenetic tree was constructed using ASVs
classified to at least the phylum level, after removing singleton
sequences. Alpha diversity metrics—including Phylogenetic
Diversity (Faith_PD), Species Diversity (Shannon Entropy),
Richness (Chaol), and Observed Features—were calculated based
on this tree. Notably, samples from the human-uninhabited reef

10.3389/fmars.2025.1592429

exhibited higher phylogenetic diversity and Shannon entropy,
whereas the human-inhabited reef samples showed higher
richness and observed features (Figure 4). An alpha rarefaction
analysis demonstrated that the rarefaction curves plateaued at a
sequencing depth of 9,984, indicating sufficient depth to capture the
ASV diversity in all samples.

Beta diversity was assessed using Bray-Curtis, Jaccard,
Unweighted UniFrac, and Weighted UniFrac distance matrices to
evaluate community similarities and dissimilarities. Clear clustering
between human-inhabited (Agatti, Kavaratti) and human-
uninhabited (Chereapani 1, 2, and 3) sites was evident only in
the Unweighted UniFrac analysis (Figure 5). Additionally, an
nMDS plot based on Bray-Curtis distances showed intra-group
clustering (Figure 6), with a stress value of 0.176, indicating an
acceptable ordination.

A Kruskal-Wallis H test yielded a test statistic of 0.466 and a p-
value of 0.49, suggesting no statistically significant differences in
community composition between the groups (p = 0.05). While the
current findings are insufficient to reject the null hypothesis,
expanding the dataset-particularly across temporal and spatial
gradients-will be critical to fully understand the impact of human
habitation on coral reef biodiversity.

4 Discussion

This study represents the first eDNA metabarcoding-based
biodiversity survey of coral reefs in the Lakshadweep archipelago,
highly diverse marine ecosystems comprising complex ecological
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networks. Historical events such as the 1997-1998 mass bleaching
affected 16% of the world’s coral reefs (Hill and Wilkinson, 2004),
and multiple El Nifio Southern Oscillation events have caused coral
mortalities in the Lakshadweep Islands (Yadav et al., 2018).
Additionally, anthropogenic impacts, including lagoon water
pollution, have increased sedimentation and erosion (Purvaja
et al., 2019). These threats underscore the need for consistent reef
monitoring to track ecological indicators such as live and dead coral
cover, phase shifts, and invasive species presence.

The decline in classical taxonomic expertise (Engel et al., 2021;
Mora et al., 2011) has limited traditional monitoring approaches,
which often require SCUBA-based visual surveys and are typically
biased toward megafauna such as corals, fish, and macroalgae. In
contrast, eEDNA enables a broader, non-invasive approach that can
also detect cryptofauna.

In this study, 2,107,439 sequence reads were generated using the
COI gene fragment. Previous research has shown that COI often
yields higher OTU counts compared to 18S rRNA markers (Laroche
et al,, 2020), although the 18S gene can detect taxa absent in COI
datasets due to limitations in COI reference libraries (Cristescu,
2014; DiBattista et al., 2020). This highlights the need for multiple
gene markers and more comprehensive genetic databases to capture
the full range of biodiversity. A large proportion of ASVs remained
unassigned even to the phylum level, suggesting the presence of
undescribed or genetically unrepresented taxa.

This study explored reef biodiversity using eDNA collected from
five sites across the Lakshadweep Islands, including the Agatti,
Kavaratti, and Chereapani reefs. Key indicator species were
documented, including hard corals, fish communities, and other
groups such as Cnidarians and Echinoderms. Notably, the outbreak
coral predator, the Crown-of-Thorns starfish, was detected, consistent
with previous observations by Senthilnathan et al. (2014). In addition,
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Terpios sp., a sponge known to pose a threat to live corals, was
identified at the uninhabited Chereapani reef, corroborating earlier
reports from Das et al. (2020) and Dennis and Senthilnathan (2023).
These findings highlight the need for ongoing monitoring of coral
predators and invasive species, particularly in human-influenced reef
environments. Including human inhabitation in reef assessments is
essential, as reefs with minimal local impact tend to show greater
resilience (Smith et al., 2016).

The fish communities observed comprised 19 species, consistent
with previous reports on the faunal diversity of the Lakshadweep
Islands (Anand and Pillai, 2003; Gowri et al., 2016; Rajan et al., 2021).
Among these, Scarus and Acanthurus- both herbivorous species—were
recorded, aligning with the presence of algal communities documented
in this study. Sponges were also detected in the eDNA data, a notable
finding given that traditional identification typically requires
microscopic examination of spicules. All sponge orders identified in
this study have previously been reported by Varsha et al. (2021)
through SCUBA-based surveys. Porifera were predominantly
recorded from the Chereapani reef, except the family Desmanthidae,
which was observed in the Agatti reef sample. Families belonging to
Octocorallia and Hydrozoa, including Nephthidae (Octocorallia) and
Plumulariidae, Sphaerocorynidae, and Zancleopsidae (Hydrozoa), were
exclusively observed in uninhabited reef samples. True corals of the
order Scleractinia were represented by four families: Euphyllidae,
Merulinidae, Poritidae, and Pocilloporidae. Except for Merulinidae,
the other three are considered abundant taxa in the region (Das et al,,
2023). Euphyllidae and Poritidae were observed in both inhabited and
uninhabited reef samples, whereas Merulinidae and Pocilloporidae
were limited to uninhabited reefs. Detection of these taxa could
potentially be improved by using Scleractinian-specific markers
(Shinzato et al,, 2021), as the amplification of eDNA from other
groups, particularly algae, may mask the signal from coral species.
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Similar marker-specific challenges apply to fish (Miya et al., 2015) and
other taxonomic groups.

The algal community was dominated by Chlorophyta,
consistent with Mathil et al. (2023). The genus Ramicrusta, a
known threat to coral larvae (Williams and Garcia-Sais, 2020;
Cayemitte et al., 2023), was also detected. Algal proliferation may
indicate a phase shift in the reef ecosystem. According to Steneck
(1988), algal biomass typically declines with increased herbivory.
However, our data indicate substantial algal presence alongside
herbivorous fish, suggesting complex interactions or localized
impacts. Previous studies (Purvaja et al., 2019) reported coral
damage due to sedimentation and anthropogenic pressures. Still,
challenges persist in measuring phase shifts across spatial and
temporal scales (Done, 1992; McManus and Polsenberg, 2004;
Jouffray et al., 2015; Donovan et al., 2018). Notably,
phytoplankton blooms may also be linked to sponge decline
(Peterson et al., 2006), suggesting interdependencies among algae,
sponges, and corals that merit further investigation.

Alpha diversity metrics showed higher species richness
(Shannon index) and phylogenetic diversity (Faith PD) in
human-uninhabited reef samples (Chereapani) compared to
inhabited reefs (Agatti, Kavaratti), suggesting anthropogenic
impacts on reef biodiversity. However, the sample size was
insufficient to statistically differentiate community compositions,
reinforcing the need for expanded spatial and temporal sampling.

While eDNA offers an efficient tool for biodiversity monitoring,
accuracy over time, spatial consistency, and quantitative interpretations
remain challenges. Ongoing improvements in reference databases and
barcoding methods are critical to enhancing taxonomic resolution.
Temporal eDNA sampling is especially valuable for distinguishing
resident from transient species (Magurran and Henderson, 2003). This
pilot study establishes a foundational dataset for future monitoring of
Lakshadweep’s reef biodiversity and serves as a baseline for expanding
molecular reef assessments.

Further studies incorporating seasonal variation and additional
markers (e.g., Shinzato et al.,, 2021; Miya et al,, 2015; Casey et al.,
2021) are essential to capture comprehensive biodiversity. Marine
biodiversity is declining globally due to anthropogenic pressure,
overfishing, pollution, and invasive species (Bongaarts, 2019; Brito-
Morales et al., 2020). Yet, less than 10% of marine ecosystems are
currently under protection, with only a fraction designated as highly
protected marine protected areas (MPAs) (Visalli et al., 2020; Yang
et al., 2024). eDNA has emerged as a powerful tool to support
ecosystem health monitoring and biodiversity-based management
strategies, and it can inform the design of ecologically representative
and interconnected MPAs.

5 Conclusion

This study used environmental DNA (eDNA) to assess species
diversity across Lakshadweep’s coral reefs, documenting key groups
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such as Cnidarians, Echinoderms, Fish, Mollusks, and Macroalgae.
While no statistically significant difference in community
composition was found between human-inhabited and
uninhabited reefs, trends in diversity metrics suggest human
influence on reef ecosystems. These findings highlight the
importance of continued biodiversity monitoring, especially in the
context of human disturbance and climate change. As reef
ecosystems are vital for ecological function and local livelihoods,
future biodiversity assessments should be temporally expanded and
incorporate specific molecular markers to improve species detection
and support conservation efforts.
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