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A B S T R A C T

Green sea turtles (Chelonia mydas) are globally endangered marine herbivores that maintain the health of sea
grass and coastal ecosystems. Their populations are declining due to human activities, including environmental 
pollution, which can disrupt gut microbial communities and compromise nutrition, immunity, and overall 
health. In this study, cloacal swabs from 139 green sea turtles categorised as captive juveniles, captive adults and 
wild stranded animals in the Gulf of Thailand, were analysed via shotgun metagenomic sequencing to elucidate 
bacterial taxonomic diversity and ARG profiles. In captive juveniles, Pseudomonadota was the most abundant 
phylum, followed by Ascomycota and Basidiomycota. In captive adults, Pseudomonadota exhibited an even 
greater predominance, with only minor contributions from unclassified bacteria and other taxa. In wild stranded 
green sea turtles, Pseudomonadota was dominant in their gut microbiome, but this was accompanied by notable 
levels of Actinomycetota, Bacteroidota, and Bacillota. Stranded turtles exhibited highest microbial diversity and 
variability, while captive adult turtles showed the lowest. Resistome profiling also revealed significant differ
ences in the relative abundance of antibiotic resistance genes across all three groups. MacB (macrolide resis
tance) was the most abundant gene overall, with the highest abundance observed in juveniles (4.8 %). Stranded 
turtles exhibited elevated levels of TetA(58) (tetracycline resistance, 2.6 %) and msbA (nitroimidazole resistance, 
2.2 %), while adults showed the greatest enrichment of Ecol_fabG_TRC (triclosan resistance, 3.8 %) and TxR 
(tetracycline resistance, 3.6 %). These data demonstrate that marked variability existed in the gut microbiome 
and resistome of green sea turtles across different life stages in captive or wild environments. This offers critical 
insights for the development of targeted conservation strategies and health management practices for both wild 
and captive green sea turtles. Strategies to mitigate the spread of antibiotic resistance should be developed.

1. Introduction

Green sea turtles (Chelonia mydas) are herbivorous reptiles that pri
marily consume algae and seagrasses in marine environments 
(Velasquez Vacca, 2023). The gut microbes of green sea turtles play a 
crucial role in digestion of their feed, nutrient absorption, and overall 
health by aiding in the breakdown of complex plant polysaccharides, 
synthesising essential vitamins, and modulating immune responses 
(Howell and Shaver, 2021; Iurk et al., 2024). However, increasing 

anthropogenic disturbances, including habitat destruction, climate 
change, pollution, and exposure to environmental contaminants, may 
disrupt microbial homeostasis due to altered microbial diversity. This 
disruption can have profound effects on host physiology and disease 
susceptibility and may ultimately compromise conservation efforts 
(Arienzo, 2023). Among these stressors, antibiotic residues in marine 
ecosystems have raised significant concerns because of the potential to 
select and promote the proliferation of antibiotic-resistant bacteria and 
the spread of antibiotic resistance genes (ARGs) across marine species 
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(Drane et al., 2021; Vezeau and Kahn, 2024). The presence of ARGs not 
only raises concerns for the health of animals, but it also underscores the 
potential for wild animals to amplify the environmental spread and 
ecological cycling of antibiotic resistance (Chen et al., 2022; Vezeau and 
Kahn, 2024).

Green sea turtles are occasionally recovered as stranded on the 
seashore or in surrounding shallow waters, showing signs of illness or 
abnormal behaviour (Hart et al., 2006). Stranded or captured sea turtles 
with health complications are kept in rehabilitation centres in which 
animals are frequently treated with broad-spectrum antibiotics both 
prophylactically and therapeutically against microbiological infections 
without prior antibiotic susceptibility testing (Escobedo-Bonilla et al., 
2022). This is due to the acute nature of infections and significant 
debilitation upon entrance to rehabilitation facilities (Carini et al., 
2017). The use of antibiotics increases bacterial selection pressure, 
promoting the development of antibiotic resistance and it may also 
compromise the health of treated animals by disrupting the intestinal 
microbiome. In green sea turtles, compromised intestinal microbiome 
can increase the risk of intestinal disease and malnutrition as the mi
crobial community plays an opportunistic role in digestion and nutrient 
assimilation from the seagrass diet (Ahasan, 2017; Bloodgood et al., 
2020). In turn, this increases the green sea turtle’s susceptibility to 
bacterial infection, resulting in a treatment cascade (Baquero et al., 
2008; Carini et al., 2017). In previous studies, the gut microbiome of 
green sea turtles has been characterised primarily using 16S rRNA gene 
sequencing across different geographical locations (Ahasan, 2017; 
Ahasan et al., 2018; Campos et al., 2018; Díaz-Abad et al., 2022; 
McDermid et al., 2020). However, the selection of primers that bind to 
the 16S rRNA gene during amplification is always a challenge and may 
significantly impact the characterisation of the microbial community 
(Rausch et al., 2019; Tremblay et al., 2015). Moreover, the accuracy of 
amplicon-based approaches are limited to taxonomic resolution at the 
genus level (Ranjan et al., 2016). In contrast, shotgun metagenomic 
sequencing randomly reads the whole metagenome to produce genomic 
assemblies and species-level designations, providing additional infor
mation about microbial diversity (Simon et al., 2019). To date, only two 
studies have used metagenomic techniques to investigate the gut 
microbiome and ARGs in green sea turtles. One assessed both the gut 
microbiome and resistance genes (Chen et al., 2022), while the other 
focused specifically on ARGs (Niu et al., 2024b). Both studies were 
limited by small sample sizes. The primary objective of the current study 
was to utilise shotgun metagenomic sequencing to comprehensively 
characterise the gut microbiome and resistome of both wild and captive 
green sea turtles from the Gulf of Thailand. By incorporating a consid
erably larger sample size, this study reveals how developmental stage, 
residence in captivity, and potential exposure to anthropogenic con
taminants including antibiotics in the wild, may affect microbial di
versity and antibiotic resistance dynamics. The broader aim is to provide 
insights into the microbial ecology, and the impact of human-induced 
environmental change for this endangered turtle species in the Gulf of 
Thailand.

2. Methodology

2.1. Ethics statement

The Sample collection from both wild and captive green sea turtles 
was conducted with approval from the James Cook University Animal 
Ethics Committee (Permit no. A2931), Mahidol University Animal Ethics 
Committee (Permit no. MUVS-2023-10-66), and the Department of 
Fisheries, Bangkok, Thailand (Permit no. KS0510.54). Turtles were 
restrained for sampling without the use of anaesthesia and handled 
carefully to minimise stress and ensure their well-being under the su
pervision of experienced Thai aquatic veterinarians.

2.2. Study site

The samples were collected from turtles at the Sea Turtle Sanctuary 
(Lat.:12◦36′54.9″N; Long.:101◦41′23.3″E). The sanctuary is part of the 
Royal Sea Turtle Conservation Project under the initiative of Her Maj
esty Queen Sirikit. It is located on Ko Man Nai Island in the Rayong Gulf 
of Thailand. This facility plays a critical role in conserving endangered 
sea turtles by providing a safe environment for nesting, hatching, and 
rehabilitation.

2.3. Animal categorisation

A total of 139 live green sea turtles were included in this study. Based 
on life stage and the wild or captive status, turtles were classified into 
three groups: captive juveniles (n = 119), captive adults (n = 7), and 
wild-stranded individuals (n = 13). Each group was further subdivided 
into three subgroups (juvenile: J1, J2 and J3; adult: A1, A2 and A3; 
stranded: S1, S2 and S3) for sample pooling purposes. The captive ju
veniles were reared from hatchlings obtained from Kram Island, and 
adults rescued from entanglement in fishing gear in the coastal regions 
of Chonburi (13.1701◦ N, 100.5611◦ E), Rayong (12.6926◦ N, 
101.1777◦ E), Chanthaburi (12.6039◦ N, 102.0915◦ E), and Trat 
(12.4102◦ N, 102.4630◦ E). The wild-stranded turtles were often found 
floating or entangled in fishing gear and brought to the sanctuary from 
the same coastal areas. For captive turtles, morphometric measure
ments, including body weight and curved carapace length (CCL), were 
recorded following protocols established by the Queensland Department 
of Environment and Heritage Protection (DEHP, 2013). Due to logistical 
constraints under field conditions, body weight and demographic data 
were not recorded for some wild green sea turtles prior to sampling. 
Detailed grouping and morphometric data that were obtainable are 
provided in Supplementary Table S1 and as previously reported 
(Ghafoor et al., 2025)

2.4. Sample collection

The samples from green sea turtles were collected in February 2024 
and May 2024 (Supplementary Table S1). Deep cloacal swabs from in
dividual green sea turtles in each categorised group were collected and 
then pooled into 50 mL phosphate-buffered saline (PBS) in falcon tubes 
by a slight agitation. To minimise the risk of exterior contamination, the 
cloacal area was flushed with 70 % ethanol before sample collection. A 
sterile polyester swab was then carefully inserted into the cloaca 
(approximately 5–10 cm depending on size of animals) and gently rolled 
to ensure adequate sampling of the cloacal contents (Ahasan et al., 
2017a,b). The samples were kept in an icebox to maintain a temperature 
of approximately 4 ◦C and then transported to the laboratory at Kaset
sart University (Bangkok, Thailand) within 13 h.

2.5. DNA extraction, library preparation and sequencing

DNA was extracted from 9 pooled samples using the QIAamp Pow
erFecal Pro DNA Kit (Cat. No. 51804, QIAGEN, Germany) following the 
manufacturer’s instructions. The extracted DNA samples were stored at 
− 80 ◦C until further analysis by Azenta Life Sciences, China. Genomic 
DNA (200 μg) from each sample was subjected to fragmentation using a 
Covaris system, generating fragments with an average size of 300bp. The 
fragmented DNA was subjected to end repair, 5′ phosphorylation, and 3′ 
adenylation using the end prep enzyme mix. Subsequently, adapters 
were ligated to the DNA fragments: the P7 adapter (read1: AGATCG
GAAGAGCACACGTCTGAACTCCAGTCAC) and the P5 adapter (read2: 
AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT). Size selection of the 
adapter-ligated fragments was performed using DNA Cleanup beads. 
The resulting libraries were amplified using P5 and P7 primers for 8 
cycles, after which the amplified products were purified and validated 
on an Agilent 2100 Bioanalyzer. Shotgun sequencing was conducted on 
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the Illumina NovaSeq S4 platform using a paired-end 150 bp (PE150) 
configuration, which generated 10 gigabases (GB) of raw data per 
sample (Huang et al., 2024).

2.6. Data pre-processing and quality control

The raw sequence data were generated in the form of image files and 
base calls, which were processed into FASTQ format using bcl2fastq 
(version 2.17.1.14) (Huang et al., 2024). The quality of sequencing reads 
was assessed using FastQC (version 0.11.8), and low-quality reads (Q <
20) or reads with adapter contamination were trimmed using cutadapt 
(version 1.9.1) (Martin, 2011). Additionally, host-derived sequences 
were removed by mapping the clean reads to the host genome with BWA 
(version 0.7.12) and discarding any aligned reads(Li and Durbin, 2009, 
2010).

2.6.1. De novo assembly and gene prediction
The filtered data underwent de novo assembly using MEGAHIT 

(version 1.1.3) (Li et al., 2016), which employs memory-efficient algo
rithms based on de Bruijn graph construction for complex metagenomic 
data. Multiple K-mer sizes (59, 79, 99, 119, 141) were tested to optimise 
the assembly. Pre-assemblies generated with varying K-mer values were 
assessed, and the optimal assembly for each sample was selected and 
merged to generate a complete final assembly. Protein-coding genes 
were predicted using Prodigal (v3.02) (Hyatt et al., 2010). Predicted 
sequences from all samples were pooled and clustered with MMseqs2 at 
95 % nucleotide identity and 95 % alignment coverage to construct a 
non-redundant unigene catalog. Clean reads were aligned to this refer
ence using SOAPaligner (v2.21) (Li et al., 2008), and unigene abundance 
was quantified based on mapped read counts normalised by gene length.

2.6.2. Taxonomic annotation of microbial communities
To determine the taxonomic composition of the microbial commu

nities, unigene sequences were aligned against the NCBI non-redundant 
(NR) protein database using DIAMOND (v0.8.15.77) (Buchfink et al., 
2015). An E-value threshold of ≤1e− 5 was applied to ensure that only 
significant matches were considered (Li et al., 2019; Liu et al., 2024; 
Yang et al., 2022). Taxonomic assignments were made based on the 
best-scoring protein hits, with lineage information obtained from the 
corresponding NR annotations. The species-level classification of each 
unigene was combined with gene abundance data to calculate the 
relative abundance of microbial taxa across hierarchical taxonomic 
ranks, including phylum, order, family, genus, and species. For each 
sample, the abundance of each taxon was determined by summing the 
abundances of all unigenes assigned to that taxon for obtaining a 
detailed and quantitative profile of the microbial community.

2.6.3. Identification and quantification of antibiotic resistance genes 
(ARGs)

Antibiotic Resistance genes were identified by aligning predicted 
protein sequences against the Comprehensive Antibiotic Resistance 
Database (CARD) using the DIAMOND BLASTP algorithm (v0.8.15.77) 
(Buchfink et al., 2015), with a stringent e-value cutoff of ≤1e-5 to ensure 
high-confidence matches. CARD provides a curated and structured 
ontology of resistance determinants, which enables functional annota
tion of ARGs based on resistance mechanism and antibiotic class. Only 
the top-scoring alignment for each unigene was retained to minimise 
false-positive assignments. The relative abundance of each ARG was 
calculated by integrating gene-level read counts with CARD-based an
notations for the comprehensive profiling of the resistome across three 
groups.

2.6.4. Statistical analysis for differences in microbial and ARG diversity
Alpha diversity was assessed using Shannon, Simpson, and Chao1 

indices to evaluate microbial richness and evenness, or ARG profiles. 
Rarefaction curves and Rank-Abundance plots were generated to ensure 

sufficient sequencing depth and representation of the microbial di
versity. Beta diversity was assessed using Principal Coordinates Analysis 
(PCoA) based on genus-level abundance for the microbiome, and the 
Bray-Curtis dissimilarity metrics for ARGs. Differences were statistically 
evaluated using Permutational Multivariate Analysis of Variance (PER
MANOVA) and Analysis of Similarities (ANOSIM). Statistical signifi
cance was set at P < 0.05.

3. Results

3.1. Sequencing and metagenome variations in green sea turtles

Sequencing metrics varied across life stages and conditions, with 
differences in read length, GC content, and N50 value, a metric for the 
quality and contiguity of assemblies. Wild stranded turtles exhibited the 
highest variability, while captive adults showed relatively longer reads 
and higher GC content (Supplementary Table S2). Metagenomic analysis 
revealed the highest unigene diversity in wild stranded turtles, followed 
by captive juveniles, while captive adults exhibited the lowest 
complexity.

The shared unigene analysis identified 6931 unigenes between 
captive juveniles and wild stranded turtles, 5664 between captive ju
veniles and captive adults, and only 172 between captive adults and 
wild stranded turtles. A core set of 549 unigenes was conserved across all 
three groups (Fig. 1).

3.2. Gut bacterial community composition

Taxonomic profiling of the gut microbiome across captive juvenile, 
captive adult, and wild stranded green sea turtles revealed distinct 
composition differences at multiple taxonomic levels. Bacterial domi
nance was observed across all groups, comprising 90.9 %, 99.8 %, and 
99.5 % of total taxa in captive juveniles, captive adults, and wild 
stranded turtles respectively. Captive Juveniles uniquely exhibited 8.8 
% eukaryotic sequences, while archaea (0.09 %) and viruses (0.3 %) 
were only detected in stranded individuals.

At the phylum level (Fig. 2a), Pseudomonadota dominated all groups, 
with the highest relative abundance observed in captive adults (98.4 %), 
followed by captive juveniles (86.8 %) and wild stranded animals (55.0 
%). Captive juveniles exhibited lower proportions of Ascomycota (4.3 
%), Basidiomycota (4.2 %), and Bacillota (3.0 %), whereas stranded 
turtles showed greater microbial diversity, with increased relative 
abundances of Actinomycetota (13.8 %), Bacteroidota (13.7 %), Bacillota 
(6.7 %), and Campylobacterota (4.7 %). At the family level (Fig. 2b), 
Enterobacteriaceae (54.1 %) and Moraxellaceae (8.6 %) were predomi
nant in captive juveniles, while Pseudomonadaceae (67.7 %) were pre
dominant in captive adults. Wild stranded green sea turtles exhibited a 
distinct family composition, with notable enrichment of Shewanellaceae 
(19.9 %) and Neisseriaceae (10.4 %). At the genus level (Fig. 2c), Cit
robacter was the most abundant in captive juveniles (47.3 %), Pseudo
monas was dominant in captive adults (67.5 %), and wild stranded green 
sea turtles had higher proportions of Shewanella (19.9 %) and Coryne
bacterium (11.5 %). Species-level profiling (Fig. 2d) identified unclassi
fied Citrobacter (40.7 %) as the most abundant species in captive 
juveniles, unclassified Pseudomonas (51.2 %) in captive adults, and un
classified Shewanella (7.6 %) and Shewanella baltica (6.8 %) in wild 
stranded green sea turtles.

3.3. Alpha diversity in bacterial communities

Wild stranded green sea turtles tended to exhibit higher species 
count than captive juvenile and captive adult groups (Fig. 3a), although 
no significant differences in alpha diversity were observed among the 
groups (Chao1 test, p = 0.11) (Fig. 3b). Wild stranded animals repre
sented by samples S1, S2, S3 and particularly S2, showed the highest 
richness with an Abundance-based Coverage Estimator (ACE) and 
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Chao1 values of 1307 and 1302, respectively. Samples from captive 
juvenile and adult green sea turtles and especially A1 (captive adult), 
had much lower richness, with ACE and Chao1 values of 64 and 61, 
respectively.

The Shannon and Simpson indices reflected similar patterns, with S2 
in the wild stranded group exhibiting the highest diversity (Shannon =
7.487, Simpson = 0.976), while A1 in the captive adult group had the 
lowest (Shannon = 0.739, Simpson = 0.195). Good’s coverage remained 
near 1 across all samples (Table 1). The rank abundance curve demon
strated that sample S2 and S3 in the wild stranded group had the highest 
microbial diversity, with a smoother and longer curve, while samples 
from captive juvenile and adult groups showed a steeper decline, 
indicative of lower diversity (Fig. 3c)

3.4. Beta diversity in bacterial communities

PCoA revealed distinct microbial community structures between the 
different groups of green sea turtles. Wild stranded turtles exhibited 
greater dispersion along the PCoA axes, which indicates higher micro
bial diversity and greater dissimilarity within the group (Fig. 4a). In 
contrast, captive juvenile and adult turtles demonstrated tighter clus
tering with more homogeneous microbial compositions. ANOSIM 
showed a moderate to strong dissimilarity between groups, with an R- 
value of 0.597 and a statistically significant p-value of 0.011 (Fig. 4b). In 
addition, PERMANOVA indicated significant differences in community 
composition across the three groups (R2 = 0.553, p = 0.01).

3.5. Antibiotic resistance profiles

In captive juvenile turtles, the most prevalent resistance genes were 
those associated with macrolides (MacB, 4.8 %), followed by triclosan 
(Ecol_fabG_TRC, 2.6 %) and tetracycline (TxR, 2.5 %). Similarly, in 
captive adults, the ARG associated with macrolides resistance (MacB, 
4.7 %), remained dominant with triclosan (Ecol_fabG_TRC, 3.8 %) and 
tetracycline (TxR, 3.6 %) as the next most abundant. In stranded ani
mals, macrolide resistance (MacB, 3.1 %) was the most prevalent, fol
lowed by tetracycline resistance (TetA(58), 2.5 %) and nitroimidazole 
resistance (msbA, 2.2 %) (Fig. 5).

In addition, in all three experimental groups considered in this study, 
there was a high proportion of many different ARGs with very low 
relative abundance ranging from 0 to 0.6 % in captive juveniles, 0–0.7 % 
in captive adults, and 0–0.6 % in wild stranded green sea turtles (Fig. 5). 
Cumulatively, these very low-abundance ARGs accounted for majority 
of the resistance profiles comprising 60.4 %, 54.9 %, and 60.0 % of ARGs 
in captive juveniles, captive adults, and wild stranded green sea turtles 
respectively (Fig. 5). The top three antimicrobial classes represented by 
these very low abundance ARGs varied across the three groups. In 
captive juvenile turtles, genes encoding for aminocoumarin resistance 
(novA) and epoxide antibiotics such as fosfomycin (Abau_AbaF) were 
the most abundant followed by polyketides such as erythromycin and 
rapamycin (Ecol_EFTu_ENC), and fluoroquinolone (patB), resistance 
genes. In captive adults, β-lactam (Ngon_pilQ_BLA) resistance was 
dominant, followed by polymyxin (basS), mupirocin (Saur_ileS_MUP), 
and bacitracin (bcrA) resistance genes. In wild stranded turtles, tetra
cycline (tetB(P)) resistance was predominant, followed by fusidic acid 
(Saur_fusE_FA) and polyketide (Ecol_EFTu_ENC) resistance genes. A 

Fig. 1. Venn diagram illustrating the distribution of unique and shared microbial taxa among captive juvenile, captive adult, and wild stranded sea turtles. Each 
circle represents a different group, with numbers indicating the count of taxa unique to each group or shared between two or all three groups.
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comprehensive resistome profile, which includes all annotated ARGs 
with relative abundances, is provided in Supplementary Table S3.

3.6. Alpha and beta diversity of ARGs in gut microbiome in green sea 
turtles

Alpha diversity analysis of CARD-annotated genes (Chao1 and 
Shannon indices) showed no significant differences in ARGs richness or 
evenness across the three groups (p > 0.05) (Supplementary Fig. S1). 
Beta diversity analysis demonstrated significant differences in ARGs 
composition across groups. PCoA revealed distinct clustering, with ju
veniles forming a compact group, while adults displayed greater 
dispersion. Stranded green sea turtles occupied a non-overlapping 
ordination space, which indicates substantial divergence in resistome 
composition. ANOSIM further confirmed significant compositional dis
similarities among groups with (R = 0.49, p = 0.006) (Fig. 6).

4. Discussion

Green sea turtles are listed as Endangered on the International Union 
for Conservation of Nature’s Red List of Threatened Species (IUCN). 
Therefore, it is imperative to identify the main factors affecting the 
health of these animals. The microorganisms inhabiting the gastroin
testinal tract in these animals are strongly associated with health 
(Campos et al., 2018). Studies have profiled the bacterial communities 
in the gut of sea turtles using 16S rRNA gene sequencing (Ahasan, 2017; 
Ahasan et al., 2018; Biagi et al., 2019; Campos et al., 2018; McDermid 
et al., 2020), while metagenomic sequencing has been applied in only 
one, with limited sample sizes (Chen et al., 2022). The present study 
provides a more comprehensive analysis of the bacteriome and ARG 
profile based on nine pools of cloacal swabs from a total of 139 green sea 
turtles in the Gulf of Thailand. Studied animals were stratified as captive 
juveniles, captive adults and wild stranding that were mostly juveniles. 

Fig. 2. Taxonomic profiling of the gut microbiome (a) at phylum level, (b) at family level, (c) at genus level, (d) at species level.
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In all three groups, Pseudomonadota was the most predominant phyla, 
but sub-phyla bacterial diversity and community composition was 
significantly different across the groups. This pattern is consistent with 
the observation by Chen et al. (2022), who also reported dominance by 
Pseudomonadota. Members of this phyla are commonly associated with 
environmental stress and dietary fluctuations, as documented in previ
ous studies (Bloodgood et al., 2020; McMaken et al., 2023). The elevated 
presence of this phyla in the gastrointestinal tract is often associated 
with dysbiosis, and may reflect underlying pathological conditions in 
both humans and animals (Campos et al., 2018; Samuelson et al., 2020; 
Shin et al., 2015). More specifically, the dysregulated proliferation of 
some specific species in Pseudomonadota such as Klebsiella pneumoniae, 
Helicobacter pylori, and Escherichia coli are context-dependent and may 
be linked to immune, metabolic, and gastrointestinal disorders shaped 
by host and environmental conditions.

In captive juvenile turtles examined here, other notable phyla pre
sent were Ascomycota, Basidiomycota, and Bacillota albeit at relatively 
low abundances. Ascomycota and Basidiomycota are fungal taxa but 
research on fungi in gut microbiome of juvenile green turtles remains 

limited; existing studies suggest some members of these taxa may have 
opportunistic ecological or pathological roles (Cafarchia et al., 2020; 
Chai et al., 2023). The detection of these fungal phyla in the gut of 
captive green sea turtles suggests potential environmental acquisition 
with mechanistically unknown roles within the microbiome (Niu et al., 
2024). Additionally, the relatively low abundance of Bacillota in green 
sea turtles in captivity may challenge previous hypotheses regarding 
their major role in cellulose digestion. While Bacillota are known for 
their capacity to degrade plant polysaccharides (Ahasan et al., 2017a,b), 
our findings align with those of a previous study demonstrating that 
both green and loggerhead turtles exhibit the lowest relative abundance 
of Bacillota and, that Bacillota may not be as critical to cellulose digestion 
in herbivorous reptiles as previously assumed (Scheelings et al., 2020). 
Moreover, other studies have shown that dominance by Bacillota is not a 
universal feature of herbivorous vertebrates, including other reptiles 
(Dill-McFarland et al., 2016; Fogel, 2015; Raulo, 2015; Scheelings et al., 
2020). Furthermore, it has also been reported that juvenile turtles often 
harbor a simpler microbial community due to their developing gut 
environment and dietary transitions (Arthur et al., 2008; Niu et al., 
2024a; Price et al., 2017; Scheelings, 2019). Our findings emphasise the 
need for further research to elucidate the metabolic contributions of 
alternative microbial taxa in juvenile green turtle digestion and their 
role in shaping gut microbiome maturation during ontogenesis.

The gut microbiome of captive adult turtles exhibited a secondary 
dominant proportion of unclassified bacterial taxa, alongside a notably 
low abundance of Urovirocota and Actinomycetota. Urovirocota, is a 
recently identified viral phylum consisting of bacteriophages with 
double-stranded DNA genomes that infect bacterial hosts and have been 
detected in the microbiomes of various vertebrates (Benler et al., 2021; 
Lu et al., 2024). These bacteriophages can influence bacterial commu
nity dynamics by selectively lysing specific bacteria, thereby shaping 
microbial composition. Actinomycetota, a diverse bacterial phylum 

Fig. 3. Alpha diversity of the gut microbiome in wild stranded, captive juvenile, and captive adult green sea turtles. Rarefaction curves (a) show higher species 
richness in stranded animals. Chao1 estimates (b) indicate no significant differences in alpha diversity among groups (Chao1 test, P = 0.11), although stranded 
sample S2 exhibited the highest richness. Rank abundance curves (c) reveal greater microbial evenness and richness in wild stranded turtles compared to captive 
juvenile and captive adult groups.

Table 1 
Statistical analysis of Alpha diversity.

Sample Ace Chao1 Shannon Simpson Goods coverage

J1 505.282 510.146 2.641 0.666 1
J2 279.428 254.204 2.633 0.775 1
J3 231.495 233.182 2.273 0.65 1
A1 64.282 60.60 0.739 0.195 1
A2 243.04 225.00 1.899 0.628 1
A3 111.382 108.833 1.34 0.429 1
S1 168.018 167.353 2.011 0.604 1
S2 1307.43 1301.497 7.487 0.976 0.997
S3 1056.109 1063.674 4.995 0.857 0.999
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Fig. 4. Beta diversity of gut microbiome in green sea turtles. (a) PCoA reveals distinct clustering among groups, with wild stranded turtles showing greater 
dispersion. (b) ANOSIM and PERMANOVA indicate significant differences in community composition.

Fig. 5. Relative abundance of antibiotic resistance genes identified in the gut microbiome of captive juveniles, captive adults, and wild stranded green sea turtles.
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known for its role in secondary metabolite production, was also present 
at low relative abundance. Members of this phyla are known for pro
ducing antibacterial and antifungal compounds which help protect 
turtle eggs from fungal pathogens such as Fusarium falciforme 
(Sarmiento-Ramírez et al., 2014). Stranded green sea turtles exhibited a 
distinct gut microbial profile, characterised by a high relative abun
dance of Actinomycetota as a second dominant phylum, followed by 
Bacteroidota, Bacillota, and Campylobacterota. This composition aligns 
with prior 16S rRNA gene sequencing studies, which reported Bacter
oidota and Bacillota as prominent constituents of the gut microbiome in 
stranded sea turtles (Ahasan et al., 2017a,b). These observations suggest 
an overall conservation in microbial shifts associated with stranding 
events.

At genus level, distinct microbial profiles were observed across the 
three groups of green sea turtles studied. In captive juveniles, Citrobacter 
emerged as the predominant genus. This finding aligns with previous 
work (Guo et al., 2022), that reported species of the Citrobacter genus 
being dominant on the carapaces of healthy juvenile green turtles. Cit
robacter spp. has also been implicated in disease processes, including 
carapacial ulcers and systemic infections (Goldberg et al., 2016; Inurria 
et al., 2024), and may act as both a dominant coloniser and an oppor
tunistic pathogen depending on host and environmental conditions.

Stranded green turtles exhibited elevated relative abundances of 
Shewanella and Corynebacterium. While some Shewanella spp. are rec
ognised as part of the normal gut microbiome in sea turtles (Al-Bahry 
et al., 2011; Foti et al., 2009), Shewanella and Corynebacterium are 

increasingly associated with opportunistic infections in marine reptiles 
with pathogenic potential influenced by host immunity and environ
mental factors. (Magiorakos et al., 2012; Paździor, 2016; Tsai et al., 
2008). Their presence in stranded green sea turtles in the current study 
likely reflects an opportunistic colonisation since these organisms can 
act both as colonisers and pathogens. Consistent with this postulation, 
Shewanella spp. were identified in cloacal samples from loggerhead 
turtles in the Western Mediterranean (Blasi et al., 2020), in prehospi
talisation samples from turtles at a rehabilitation centre in Australia 
(Ahasan et al., 2018), and in tracheal lavages from Kemp’s ridley turtles 
in USA (McNally et al., 2021). Similarly, Corynebacterium spp., though 
less frequently reported, have been implicated in chronic infections in 
green sea turtles (Ahasan, 2017; Turtle, 2010). In one case, Corynebac
terium spp. was isolated from bilateral shoulder abscesses in an adult 
green turtle, alongside Nocardia spp. and alpha-hemolytic Streptococcus 
spp. (Turtle, 2010), suggesting a potential role in deep-seated, poly
microbial infections. These observations underscore the opportunistic 
nature of both Shewanella and Corynebacterium, and their emergence in 
stranded turtles further emphasises the likelihood of vulnerability in 
immunocompromised hosts to otherwise commensal or environmentally 
derived bacteria.

This study also presents a comparative analysis of antibiotic resis
tance genes in captive juveniles, captive adults and wild stranding green 
sea turtles that were mostly juveniles. The Alpha diversity analysis of 
CARD-annotated genes showed no significant differences in ARGs rich
ness or evenness across the three groups, but beta diversity analysis 

Fig. 6. Illustrating the principal coordinates analysis of antibiotics resistant genes-based beta diversity in the gut microbiome of green sea turtles. Distinct clustering 
is observed among captive adults (red), captive juveniles (green), and wild stranded (blue) animals. R and p-values denote ANOSIM results.
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demonstrated significant differences in ARGs composition across the 
three groups. These differences in the broader classes of antibiotic 
resistance may be attributed to exposure to varying environmental 
pollutants in the Gulf of Thailand and thus contributing to observed 
resistance patterns. For example, the macrolide-specific efflux pump 
gene MacB emerged as the most dominant ARG across all groups, 
particularly in captive juveniles and captive adults, which suggests 
pervasive macrolide resistance likely driven by chronic environmental 
exposure to antibiotic residues from agricultural runoff or aquaculture 
(Milaković et al., 2019; Okeke et al., 2022). In a previous study con
ducted by Senta et al. (2021), it was demonstrated that macrolide resi
dues can persist in surface and alluvial aquifer sediments for more than 
ten years after their discharge into the aquatic environment. These an
tibiotics commonly enter aquatic environments via untreated waste
water and agricultural runoff (Burnett et al., 2019; Wang et al., 2021; 
Wattayakorn, 2006). Studies have demonstrated that such discharges 
contribute to the accumulation of antibiotic residues in canal and river 
systems, which ultimately flow into the Gulf of Thailand (Mrozik et al., 
2019; Tewari et al., 2013; Wang et al., 2021). In this study, MacB was 
the most abundant resistance gene across all three groups, consistent 
with patterns reported in a previous metagenomic analysis of gut bac
teria from captive green and hawksbill turtles in China, where MacB was 
also the most prevalent resistance gene (Chen et al., 2022). This high
lights the ecological persistence of macrolide antibiotics across diverse 
host species and environments. Adult green sea turtles in captivity also 
exhibited elevated tetracycline resistance (TxR), whereas wild stranded 
turtles showed a marked increase in TetA(58) and multiple ARGs asso
ciated with resistance to last-resort antibiotics including pleuromutilins, 
oxazolidinones, and daptomycin. Given that the health status of the 
stranded turtles was not assessed, the relationship between health, 
antibiotic resistance, and environmental factors remains unclear. Future 
studies investigating both healthy and stranded wild populations, 
alongside environmental samples, are needed to clarify these associa
tions. In the current study, the widespread detection of resistance genes 
against other biocides such as triclosan (Ecol_fabG_TRC) may highlight 
the significant impact of anthropogenic pollution on marine ecosystems. 
Triclosan has been identified as a predominant contaminant in fish 
samples in Gulf of Thailand and this chemical disrupts reproductive 
functions in aquatic organisms (Chokki Veettil et al., 2024; Juksu et al., 
2019). Additionally, triclosan exposure can shifts the bacterial com
munity composition in marine periphyton at environmentally relevant 
concentrations (Martin et al., 2020), and it is known to promote the 
transfer and persistence of ARGs in aquatic environments (Lu et al., 
2022). In the Gulf of Thailand, comparable anthropogenic activities 
such as industrial discharges, agricultural runoff, and tourism have been 
identified as source of pollutants into marine ecosystems. In addition, 
the Map Ta Phut industrial hub with its industrial estates, ports, and 
factories, is a major source of pollutants, including heavy metals, nu
trients, and volatile organic compounds, and all these anthropogenic 
activities have the potential to significantly impact the Gulf’s marine 
ecosystems (Burnett et al., 2019; Wattayakorn, 2006). These pollutants 
may create environmental conditions that promote the proliferation and 
dissemination of antibiotic resistance within marine environments.

Despite the comprehensive analyses presented in this study, some 
limitations exist, and these should be addressed in future studies. First, 
sample sizes across groups were unbalanced, primarily due to conser
vation policies requiring the prompt release of rehabilitated turtles, 
which restricted sampling to opportunistic collections. This limitation 
may have introduced bias in statistical evaluations. Second, sampling 
was confined to a short time frame, preventing assessment of temporal 
variation in both microbiome composition and ARG profiles. Third, 
direct measurements of antibiotics and other biocides in the study re
gions were not feasible due to logistical constraints. Indirect evidence 
points to microbial shifts and ARG emergence, but direct quantification 
of these compounds would provide stronger support for causality. 
Future studies should therefore incorporate longitudinal sampling 

across seasons and include direct quantification of antibiotics and bio
cides to more accurately capture temporal dynamics and identify causal 
drivers.

Furthermore, ARGs that are presumably associated with bacteria in 
the gut but the close association between individual ARGs and bacteria 
species are not known. This could be elucidated using highly sophisti
cated sequencing approaches such as Hi-C sequencing that maps chro
matin interactions across entire genomes. Additionally, the functional 
relevance of the identified ARGs was not assessed, and sequencing of 
RNA transcripts which was beyond the scope of the current study, would 
help to confirm the activity of detected ARGs within the microbiome. 
Host-and environment-specific factors influencing the microbiome were 
not fully explored, therefore metatranscriptomics or metaproteomics 
could offer a more comprehensive understanding of microbial function. 
Finally, the potential role of mobile genetic elements (MGEs) in ARG 
transfer was not examined; whole-genome sequencing combined with 
mobilome analysis could clarify the dynamics of ARG dissemination 
within microbial communities.

5. Conclusion

This study offers a comprehensive metagenomic analysis of the gut 
microbiome and resistome across different life stages and health statuses 
of green sea turtles in the Gulf of Thailand. The findings highlight sig
nificant shifts in microbial composition and antibiotic resistance profiles 
and, the likely influence of developmental stage and differences in the 
environments inhabited by the turtles. The functional significance of the 
microbial changes has not been characterised and should be focused for 
future studies. The resistome analysis revealed widespread resistance to 
macrolides and tetracyclines in juveniles and adults, while stranded 
turtles showed higher levels of resistance to last-resort antibiotics, 
including pleuromutilin and oxazolidinones. These results indicate that 
green sea turtles may serve as a reservoir for clinically relevant anti
biotic resistance genes. These observations are potentially linked to 
environmental pollution, and this raises a concern of microbial evolu
tion in marine species. The study highlights the critical need for inte
grating resistome surveillance into conservation strategies to mitigate 
emerging infectious threats and safeguard biodiversity in a changing 
environment.
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azithromycin-manufacturing promotes macrolide-resistance gene propagation and 
induces spatial and seasonal bacterial community shifts in receiving river sediments. 
Environ. Int. 123, 501–511. https://doi.org/10.1016/j.envint.2018.12.050.

Mrozik, W., Vinitnantharat, S., Thongsamer, T., Pansuk, N., Pattanachan, P., 
Thayanukul, P., Acharya, K., Baluja, M.Q., Hazlerigg, C., Robson, A.F., 2019. The 
food-water quality nexus in periurban aquacultures downstream of Bangkok, 
Thailand. Sci. Total Environ. 695, 133923. https://doi.org/10.1016/j. 
scitotenv.2019.133923.

Niu, X., Lin, L., Zhang, T., An, X., Li, Y., Yu, Y., Hong, M., Shi, H., Ding, L., 2024. 
Comparison of the intestinal flora of wild and artificial breeding green turtles 
(Chelonia mydas). Front. Microbiol. 15, 1412015. https://doi.org/10.3389/ 
fmicb.2024.1412015.

Niu, X., Lin, L., Zhang, T., An, X., Li, Y., Yu, Y., Hong, M., Shi, H., Ding, L., 2024b. 
Research on antibiotic resistance genes in wild and artificially bred green turtles 
(Chelonia mydas). Sci. Total Environ. 954, 176716. https://doi.org/10.1016/j. 
scitotenv.2024.176716.

Okeke, E.S., Chukwudozie, K.I., Nyaruaba, R., Ita, R.E., Oladipo, A., Ejeromedoghene, O., 
Atakpa, E.O., Agu, C.V., Okoye, C.O., 2022. Antibiotic resistance in aquaculture and 
aquatic organisms: a review of current nanotechnology applications for sustainable 
management. Environ. Sci. Pollut. Control Ser. 29 (46), 69241–69274. https://doi. 
org/10.1007/s11356-022-22319-y.
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