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Abstract: The Adyar Creek, a backwater estuary at the mouth of the Adyar River on the Coromandel Coast of 
the Bay of Bengal, represents a critical ecosystem facing mounting pressure from urbanization. This study 
employed high throughput 16S rRNA gene sequencing to characterize bacterial communities within the 
riverine, estuarine, and coastal sediments of Adyar Creek. Proteobacteria was the dominant phylum across most 
samples, with proportions ranging from 39.65% to 72.09%. Notably, the estuarine environment exhibited a 
distinct taxonomic profile characterized by a significant abundance of Firmicutes (47.09% of the bacterial 
population). Distinct bacterial classes were observed across sediment types: Alphaproteobacteria (30.07% - 
34.32%) in riverine sediments, bacilli dominated estuarine sediments (40.17%), and Gammaproteobacteria 
(15.71%-51.94%) in coastal sediments. The most significant environmental factors influencing bacterial 
community composition across these samples were pH, salinity, phosphate, and nitrate. LEfSe analysis 
identified specific genera within the estuary, including Bacillus (20.26%), unclassified Paenibacillaceae (12.87%), 
Clostridium (3.81%), Gailella (3.17%), Paenibacillus (3.02%), Massilia (1.70%), Paraburkholderia (1.42%), and 
Pantoea (1.15%), as potential biomarkers for habitat health. Functional analysis revealed elevated expression 
of genes associated with ABC transporters and carbon metabolism in the estuary, suggesting a heightened 
nutrient cycling capacity. Furthermore, co-occurrence network analysis indicated bacterial communities 
exhibit a strong modular structure with complex species interactions across the three sediment types. These 
findings highlight bacterial communities' critical role and their key drivers in estuarine ecosystems, 
establishing a baseline for further investigations into the functional ecology of these vulnerable ecosystems. 

Keywords: estuarine ecosystems; riverine systems; sediment; bacterial diversity; next generation 
sequencing; ecosystems function; nutrient cycling 

1. Introduction

Estuaries are complex and dynamic aquatic environments, enriched by the mix of river 
freshwater and ocean tides, containing a blend of land-sourced materials, native biological 
interactions, and tidal influences [1]. These ecosystems also exhibit a notable accumulation of 
suspended matter (SPM), which, owing to its hydrodynamic properties, tends to concentrate in a 
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distinct turbidity maximum (TM) zone at salinities ranging from 2 to 5 % [2]. Salinity is widely 
recognized as the primary factor governing the distribution of plants in estuarine and marine 
marshes [3], and it also serves as a key determinant of microbial community composition [4], along 
with other inorganic nutrients [5]. Besides salinity, estuarine microbial communities and diversity 
are also significantly influenced by a range of physicochemical and biological factors resulting from 
tidal movements [6]. Importantly, bacteria are highly responsive to changes in physical and chemical 
conditions [7]. Within estuarine ecosystems, bacterial communities play a key role in various 
processes, including converting energy from non-living organic carbon into microbial biomass, 
binding metals, and reacting to pollutants [8]. However, it is critical to establish comprehensive 
baseline data to accurately detect changes in these microbial communities due to environmental 
changes or anthropogenic pollution [9]. 

Urbanization is leading to the gradual replacement of estuarine wetlands with residential and 
industrial zones globally. Pollution from industrial and residential developments, recreational 
activities, and other human activities within the estuary and its surrounding catchment area 
significantly affects these sensitive habitats and the living resources they harbour [10]. The Adyar 
estuary in urban Chennai, the capital of Tamil Nadu, Southern India, has suffered extensive 
ecological damage due to the presence of various industrial facilities along its bank, including 
chemical plants, a battery company, and plastic and rubber factories, as well as residential buildings 
[3]. The continuous discharge of industrial effluents and sewage has significantly affected its self-
purification capacity [11]. Additionally, as the intersection between terrestrial and marine 
ecosystems, urbanized estuarine sediments frequently accumulate a wide range of pollutants from 
this industrial and sewage runoff [12]. Moreover, sediments act as a repository of events and 
processes in the pelagic environment, and the microbial communities present in these surface 
sediments play a significant role in the cycling of elements, locally and globally [13]. Numerous past 
studies have analyzed the water and sediments of the Adyar estuary, focusing on aspects such as 
physicochemical properties [14], meiofaunal communities [15], zooplankton dynamics [16], trace 
metal content [17], methane emissions [18], and heavy metal bioaccumulation in certain fish species 
[11]. These studies have established baseline data for physicochemical conditions as well as faunal 
and plankton populations. Despite this extensive research, there has been no investigation into the 
bacterial diversity within the estuary, which could serve as a sensitive indicator for assessing 
environmental pollution levels and associated risks. 

Although bacterial assemblages are sensitive indicators of human-induced impacts, they have 
not been sufficiently used to analyse ecosystem functioning and biomonitoring [19]. The use of 
microbial bioindicators to assess environmental health can be accomplished through various 
methods, including analysing community data with techniques like 16S rRNA gene sequencing, 
metagenomics, and metaproteomics, or by directly studying the presence or prevalence of specific 
taxa or functional genes [20]. In India, research on the bacterial diversity of estuaries has 
predominantly used culture-based methods [21–24]. Very few studies used high throughput 
sequencing technologies to assess the bacterial diversities in the estuarine ecosystem [5,25]. These 
approaches have been utilized to identify how microbial communities respond to specific 
environmental disturbances, including oil spills [26,27], nutrient influxes [28], and heavy metal 
contamination [29]. This method allows for the detection of changes in community composition and 
structure and provides insights into potential functional alterations. This study aimed to investigate 
and compare the variations in bacterial communities across estuarine, riverine, and coastal sediments 
within Adyar Creek, focusing on the impact of physicochemical factors on these communities and 
exploring their functional contributions to the estuarine ecosystem. To the best of our knowledge, 
this is the first study to assess the bacterial communities in this particular setting using high-
throughput sequencing technology and aims to provide essential insights into the microbial 
populations across various sediments, identify indicator species, and enhance our understanding of 
their role in monitoring changes within the ecosystem. 

2. Materials and Methods 
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2.1. Sampling Location and Collection 

Adyar Creek is a backwater estuary in Chennai, India, at the Adyar River's mouth along the 
Coromandel Coast of the Bay of Bengal. In total, 30 surface sediment samples were collected from the 
different points of the estuarine environment, comprising the riverine (n = 12) within part of the 
estuary, estuarine (n = 4) near the tidal mixing zone and coastal sediment (n = 12) on both sides of the 
transition zone and the sampling points were grouped and labelled as G1 and G2 (from the Adyar 
River channel), G3 (estuarine) and G4 and G5 (coastal) shown in Figure 1. In addition, control samples 
(n = 2) were collected at points not part of the estuarine system. All the samples were collected using 
a sterile snapper sediment sampler (Sampling Systems, USA), stored in a sterile plastic bag, kept in 
an ice box, and transported back to the laboratory within 24 hours. The sediment samples collected 
for this study did not require specific permissions, as the study area and sampling points are not 
governed by conservation or protection regulations. 

 
Figure 1. A map showing the sampling points within the Adyar estuary creek 

2.2. Sediment Chemical Analysis 

During sampling, sediment samples were analyzed on-site for temperature, pH, salinity, and 
dissolved oxygen (DO) using calibrated multi-parameter probes (Hanna Instruments, USA). Since 
the temperature at all sampling sites was the same (28-29 ℃), the temperature readings were not 
included in Table 1. For the quantification of Nitrate (NO3), Ammonia (NH4), and Phosphate (PO4), 
samples were collected in two sets: one in sterile plastic bags for nutrient analysis and another in pre-
washed, acid-treated (HNO3) glass containers for heavy metal analysis. In the laboratory, sediment 
samples were homogenized using a homogenizer before analysing NH4, NO3, PO4, and elemental 
contents. NO3 and PO4 concentrations and NH4 were determined calorimetrically, following the 
methods described [29,30], while the determination of heavy metals and metalloids was conducted 
using Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) (PerkinElmer Optima 
5300 DV) as described [31]. To ensure the calibration accuracy of the ICP-OES, calibration blanks and 
independent standards for calibration and verification were analyzed concurrently with the samples. 
Calibration curves with r2  >  0.999 were accepted for quantification. The results were then averaged 
from three repeated measurements. 

Table 1. Physico-chemical analysis of sediments at Adyar Estuary. 
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Sampling 
points 

pH Salinity  DO NO3 NH4 PO4 Co Cr Cu Fe Mn Ni Pb Zn 

G1 7.39 15.25 3.25 0.24 2.95 1.51 134.3 536.15 250.6 28550 273.05 89.1 47.3 213.2 

G2 7.44 17.29 2.97 0.22 4.39 1.46 109.45 357.1 167.25 31950 362.05 27.35 38.2 191.25 

G3 7.74 21.5 3.8 0.26 4.12 1.29 61.4 190.3 94.35 35900 742.8 36.9 25.6 194.3 

G4 8.03 28.17 3.43 0.11 1.72 1.13 5.25 6.6 3.695 2023.2 13.97 5.9 7.13 29.7 

G5 8.01 29.9 3.33 0.12 1.88 1.02 6.9 8.3 5.34 2108.1 15.35 6.65 5.23 33.55 

Ctrl 7.57 6.25 4.56 0.14 0.51 1.24 32.9 95.75 49.35 16200 173.05 13.2 14.2 92.5 

*Units for salinity (PSU), DO (mg/L), Nutrients (mg/g), Trace metals (µg/g). 

2.3. DNA Extraction and Illumina Sequencing 

For DNA extraction, we adapted our previous method with minor modifications [32]. 
Approximately 10 g of each sediment sample was mixed with 10 mL of phosphate-buffered saline 
(PBS) at pH 7.4. These mixtures were then vigorously vortexed and allowed to settle at room 
temperature for one hour. Subsequently, 600 µL aliquots of the supernatant were taken for further 
analysis. Total genomic DNA was extracted using the Faecal/Soil Total DNA™ extraction kit (Zymo 
Research Corporation, CA, USA) following the manufacturer's instructions.  For bacterial 
community analysis, the universal 16S rRNA gene was amplified using the primers 27F (5′-
AGAGTTTGATCCTGGCTCAG-3′) and 1429R (5′-TACGGYTACCTTGTTACGACTT-3′) to target the 
full-length hypervariable region, as described by Ogola et al., (2021). A nested PCR was then 
performed to amplify the V1-V3 region, using the primers 27F and 518R (5′-
GTATTACCGCGGCTGCTGG-3′) with sequences that allow attachment to Illumina indexing and 
sequencing adapters. The amplified 16S rDNA gene fragments were purified using AMPure XP 
beads (Beckman Coulter, Agencourt Bioscience Corporation, Beverly, MA, USA), following the 
manufacturer’s protocol. Subsequent PCR steps involved adding Illumina sequencing adapters and 
dual-index barcodes to each amplicon library, utilizing the full complement of Nextera XT indices 
(Illumina Inc., San Diego, CA, USA). This PCR process included an initial denaturation at 95 °C for 3 
minutes, cycles of denaturation at 95 °C for 30 seconds, annealing at 55 °C for 30 seconds, and 
extension at 72 °C for 30 seconds, with a final extension at 72 °C for 5 minutes. The barcoded PCR 
products were then purified, validated for fragment size (~630 bp) using a Bioanalyzer DNA 1000 
chip (Agilent, Santa Clara, CA, USA), and quantified with the Qubit-HS assay (Life Technologies, 
Carlsbad, CA, USA). Finally, the DNA libraries were pooled, denatured, and sequenced on an 
Illumina MiSeq System using a 600-cycle MiSeq v3 kit (Illumina, San Diego, CA, USA) to generate 
high-quality reads (UNISA, South Africa). 

2.4. Data Analysis 

Before bioinformatic analysis, the quality of the raw sequencing data was evaluated using 
FastQC [34]. The sequences then underwent extensive processing steps using the QIIME2 
(Quantitative Insights into Microbial Ecology, v1.8.0) pipeline (v1.8.0) [35]. This included trimming, 
quality filtering, removing adapter and primer sequences, denoising, and merging with the DADA2 
algorithm [36].  This process was used to infer amplicon sequence variants (ASVs). BLAST searches 
against the Silva v138 bacterial sequence database were performed for taxonomic classification using 
the ASVs' representative sequences. A "taxa filter" was implemented to remove sequences derived 
from chloroplasts and mitochondria. To assess the diversity and richness of the bacterial 
communities, metrics such as the Chao1 richness estimator, Shannon and Simpson diversity indices 
were calculated in QIIME2 tool. Community structure was analyzed using Principal Coordinate 
Analysis (PCoA), based on Bray-Curtis dissimilarity metrics. The analyzed data were subsequently 
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visualized using bar plots and heatmaps to illustrate the taxonomic composition at various levels, 
employing Origin-Pro 22 software and the R programming package. 

Two-tailed Pearson correlation coefficients were calculated to explore the relationship between 
samples and toxic metalloids, and the results were plotted using Origin-Pro 22 software. A 
Redundancy Analysis (RDA) was conducted to investigate the influence of physicochemical 
parameters on bacterial meta-community distribution and prevalence, using the relative abundance 
of ASVs at the class level and physicochemical parameters as input data, analyzed with the R vegan 
package. Bacterial functions were predicted using the PICRUSt2 pipeline, and potential metabolic 
and degradation pathways were identified and visualized using the STAMP program tool. Based on 
Spearman’s correlation, co-network analysis was performed to understand bacterial members' 
interactions. The co-occurrence network model was visualized with Cytoscape software (v 3.10.1), 
revealing network statistics such as the number of edges and nodes, network diameter, modularity, 
clustering coefficient, average degree, average path length, density, and heterogeneity. Finally, the 
raw sequences were deposited in the NCBI Gene Bank under an SRA accession number 
PRJNA1122362. 

3. Results 

3.1. Sediment Chemical Properties 

The chemical properties of sediment samples collected from various sampling points are 
summarized in Table 1. The pH values recorded from riverine and estuarine sampling points were 
neutral, ranging from 7.3 to 7.7, whereas marine sediments exhibited a slightly alkaline pH between 
8.01 and 8.03. Salinity levels varied across the sampling points, displaying a gradual increase from 
riverine samples (15.25 to 17.29) to estuarine (21.5) and coastal sediments (28.17 to 29.9). Notably, 
dissolved oxygen (DO) concentrations were higher in estuarine sediments (3.8) compared to other 
locations (excluding control samples). In contrast, nitrate and phosphate concentrations did not 
exhibit significant variations across the sampling points. However, ammonia concentrations were 
elevated in the G2 and G3 sampling points relative to other sites.  

Toxic heavy metals in the sediment samples showed a sequential increase in concentration in 
the order Fe < Cr < Mn < Zn < Cu < Ni < Pb. The concentrations of Fe, Cr, Ni, and Pb were notably 
higher in the riverine sediment samples at points G1 and G2 compared to those in estuarine (G3) and 
marine sediments (G4 and G5). This variation in concentration is likely due to the leaching of tannery 
waste, electronic waste, including batteries, and atmospheric deposition from the metropolitan area. 
While elevated levels of Fe were observed in all sediment samples, the estuarine samples (G3) 
exhibited a notably higher concentration than others. This significant presence of Fe in the estuarine 
sediments may be attributed to the transportation and deposition of Fe by the Adyar River, facilitated 
by leaching from metal wastes generated by various small-scale industries specializing in metal 
fabrication, welding, and grinding located along the riverbanks and within its catchment area. 

The Pearson correlation coefficients for toxic heavy metal concentrations in sediment samples 
displayed varied degrees of linear associations between metal pairs (Figure 2). Notably, Co, Cr, Cu, 
and Pb exhibit strong correlations, with coefficients exceeding 0.98, suggesting these metals may 
share common sources or similar transport and deposition mechanisms in Adyar Creek. Co and Pb 
displayed a highly significant correlation coefficient of 0.99753 (p = 9.16E-06). Fe showed moderate to 
strong correlations with most metals, particularly Zn (0.96946) (p = 0.00138).  However, Mn showed 
weaker correlations with other metals, such as Cr and Cu (0.41-0.43), suggesting more diverse sources 
or different behaviours in the sedimentary environment. These observations indicate that while some 
heavy metals are closely associated, likely due to common environmental factors, the variability in 
correlations among other metals could be attributed to distinct geochemical properties or varying 
anthropogenic impacts. 
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Figure 2. Two-tailed Pearson’s correlation coefficients for the toxic heavy metal contents in the 
collected sediment samples. 

3.2. Diversity Indices of Bacterial Communities 

After denoising, the number of high-quality sequences obtained for the bacterial community 
analysis varied across samples, ranging from 275,552 sequences in the G2 samples to 106,675 
sequences in the G3 sediment samples. The control sites, where fewer samples were collected (n = 2), 
yielded 33,618 sequences. These high-quality sequences were further grouped into amplicon 
sequence variants (ASVs), representing unique microbial types, with counts ranging from 1,428 ± 421 
(G1) to 112 ± 19 (G4). Control samples exhibited 402 ± 33 ASVs.  

Alpha diversity metrics, including Chao1, Shannon and Simpson indices, were calculated to 
evaluate bacterial diversity in estuarine sediments (Figure 3). The Chao1 index indicated that species 
richness was notably higher in the G3 sediments (1,613 ± 405), located near the mouth of the estuary 
within the tidal mixing zone, with the lowest richness observed in the G5 samples (176 ± 41) (Figure 
3a). As measured by the Shannon index, species diversity was highest in the G1 sediment samples 
and showed a gradual decrease from riverine to estuarine and coastal sediments (Figure 3b). 
Conversely, the Simpson index, indicating the concentration of individuals within species, was 
higher in the G4 (0.48) and G5 (0.31) samples compared to those from estuarine (0.07) and riverine 
(0.02 - 0.04) sediments (Figure 3c). Analysis of the Bray-Curtis dissimilarity among sediment bacterial 
communities highlighted variations in community structure across different sampling points (Figure 
3d). Specifically, Group 1 and Group 2 sediment samples exhibited similar bacterial community 
structures, clustering closely without significant differences between them. In contrast, Group 4 and 
Group 5 samples showed distinct variations and formed separate clusters. Group 3, on the other 
hand, demonstrated unique bacterial communities that differed markedly from those of the other 
groups and control samples. 
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Figure 3. Alpha and Beta Diversity of the sediment samples (a) ACE, Chao1, Jackknife and observed 
OTUs; (b) Shannon index; (c) Simpson index; (d) Principal coordinate analysis (PcoA). 

3.3. Bacterial Community Composition in Sediment Samples 

Taxonomic classification identified over 23 phyla across all sediment samples. Proteobacteria was 
the predominant phylum in nearly all samples, with relative abundances ranging from 39.65% 
(control) to 72.09% in the G4 coastal sediment sample (Figure 4a). However, the estuarine sediment 
sample (G3) was an exception, where Firmicutes emerged as the most dominant phylum at 47.09%. In 
the riverine sediment G1 and G2 samples, Actinobacteria (8.08 - 11.37%) and Acidobacteria (6.96 - 9.47%) 
were the second most dominant phyla, respectively. Following Firmicutes in the estuarine G3 sample, 
the next most abundant phyla were Proteobacteria (28.85%) and Actinobacteria (15.43%). Conversely, 
the coastal sediment samples (G4 and G5) displayed Actinobacteria (29.74 - 32.07%) and Firmicutes 
(13.87 - 15.49%) as the second most dominant phyla, respectively. Less prevalent phyla in the riverine 
samples included Chloroflexi (4.51 - 7.76%), Verrucomicrobia (5.18 - 7.46%), and Bacteroidetes (2.07 - 
5.4%). These phyla appeared in relatively lower abundances in the estuarine and coastal sediments. 
Both Planctomycetes (0.99 - 3.92%) and Cyanobacteria (0.14 – 1.92%) were also found in low quantities 
across all samples. 

Figure 4b illustrates the diversity of bacterial communities at the class level across different 
sediment types in Adyar Creek. Alphaproteobacteria was the predominant class in the riverine 
sediments, with abundances ranging from 30.07% to 34.32%. Conversely, Bacilli dominated the 
estuarine sediments, comprising 40.17% of the bacterial population, while Gammaproteobacteria was 
the most prevalent class in coastal sediments, ranging from 15.71% to 51.94%. The control samples 
were primarily characterized by Actinobacteria, accounting for 30.01% of the community. 
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Betaproteobacteria was consistently present across all sediment types, with concentrations varying 
from 2.38% to 9.11%. Acidobacteriia showed a higher presence in riverine sediments (3.91% - 4.14%) 
compared to estuarine (2.13%) and coastal (2.33%) sediments. Specific bacterial classes such as 
Opitutae, Ktedonobacteria, Acidimicrobiia, Nitrospira, and Verrucomicrobiae were solely found in riverine 
sediments. Classes like Clostridia, Thermoleophilia, and Rubrobacteria exhibited significant 
abundances greater than 3% in estuarine sediment compared to other sediment types. Other detected 
classes, including Deltaproteobacteria, Solibacteres, Planctomycetia, and Sphingobacteriia, were present 
across all sampling zones, indicating a broad distribution across different sedimentary environments. 

 
Figure 4. Relative abundance of Bacterial community composition in sediment samples (a) phylum 
level distribution, (b) class level distribution and (c) genus level distribution. 

At the genus level, bacterial composition exhibited variability across the different sediment 
groups (Figure 4c). In riverine sediments, predominant genera included Pseudolabrys (5.03 - 5.54%), 
JADL_g (1.41 - 3.90%), Bradyrhizobium (2.48 - 2.53%), AY234741_g (1.27 - 2.17%), Rhizomicrobium (1.62 
- 1.86%), Conexibacter (1.06 - 1.55%), Opitutus (1.45 - 1.76%), and Nitrospira (0.66 - 1.20%). In contrast, 
estuarine sediments were characterized by different dominant genera, notably Bacillus (20.26%), 
unclassified Paenibacillaceae (12.87%), Clostridium (3.81%), Gailella (3.17%), Paenibacillus (3.02%), 
Massilia (1.70%), Paraburkholderia (1.42%), and Pantoea (1.15%). Coastal sediments displayed a distinct 
set of predominant bacterial genera compared to riverine and estuarine groups, including 
Coxiellaceae_g (1.19 - 39.43%), Lactococcus (0.2 - 8.39%), Cutibacterium (1.8 - 6.73%), Acinetobacter (0.51 - 
5.19%), Corynebacterium (0.45 - 4.57%), Polynucleobacter (0.37 - 4.38%), Methylobacterium (0.42 - 1.65%), 
Microbacterium (0.62 - 1.98%), and Staphylococcus (1.23 - 1.99%). Several genera, including JADL_g, 
Bradyrhizobium, Pseudolabrys, Sphingobacterium, and members of the PAC clade, were found in all 
sediment samples. This suggests a core microbial community persists across these environments 
despite variations in environmental conditions. 
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3.4. Redundancy Analysis 

A Redundancy Analysis (RDA) was conducted based on bacterial class abundance and 
physicochemical factors to identify the environmental variables influencing bacterial community 
structures across different sediments. The RDA-analysis (Figure 5) identified pH, salinity, phosphate, 
and nitrate as the most significant environmental factors influencing variations in bacterial 
community composition across the sediment samples. Dissolved oxygen (DO) and ammonia 
concentrations also played a role. Among the toxic heavy metals, iron (Fe), lead (Pb), chromium (Cr), 
and copper (Cu) demonstrated the highest explanatory power, followed by zinc (Zn), manganese 
(Mn), and nickel (Ni). The analysis showed that salinity and pH strongly influenced the prevalence 
of Gammaproteobacteria and Actinobacteria. Conversely, the DO levels strongly influenced Firmicutes, 
particularly the Bacilli and Clostridia classes. Although the toxic heavy metals were predominantly 
concentrated in the riverine sediments, they showed minimal direct influence on specific bacterial 
classes in the estuarine and coastal sediments. Nonetheless, they impacted minor classes and 
Opitutae within the bacterial community. 

 
Figure 5. Redundancy analysis (RDA) shows the first and second ordination axes of RDA explained, 
respectively. RDA explains the relationships between microbial community composition at the class 
level across various sediment sample groups and the principal environmental variables. 

3.5. Functional Prediction Analysis 

A PICRUSt2 analysis predicted the metabolic functions differed between estuarine/riverine 
bacterial communities (Figure 6a). Estuarine sediments exhibited a notably higher expression of 
genes associated with ABC transporters and carbon metabolism than other samples. Riverine 
bacterial communities, on the other hand, displayed enhanced functional potential in genes related 
to bacterial chemotaxis, biofilm formation, unsaturated fatty acid synthesis, and amino sugar 
metabolism. Coastal sediment bacterial communities primarily expressed functional genes involved 
in the biosynthesis of antibiotics and secondary metabolites (Figure 6b). Degradation potential genes 
were present in all sediment samples (Figure 6c), with variations in specific degradation capabilities. 
Estuarine bacterial communities were significantly involved in the degradation of benzoate and 
naphthalene. Riverine sediments displayed a broader range of degradation capabilities, including 
genes for bisphenol, naphthalene, toluene, and atrazine degradation. Coastal bacterial communities 
were particularly active in the degradation of naphthalene and xylene. Notably, genes involved in 
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benzoxazinoid biosynthesis were predominantly found in estuarine sediments. Additionally, genes 
for the biosynthesis of antibiotics, secondary metabolites, amino acids, and pigments were observed 
in all samples (Figure 6d). 

 

Figure 6. Functional prediction (a) Major pathway distribution of collected sediment samples (b) 
Principal component analysis (PCA) (c) Major degradation pathway and (d) biosynthetic pathways. 

3.6. LEfSe and Co-Occurrence Network Analysis 

Linear Discriminant Analysis (LDA) Effect Size (LEfSe) analysis was utilized to identify effective 
microbial bioindicators within the collected sediment samples. LEfSe analysis identified 29 bacterial 
groups showing significant differences (LDA score ≥ 3.5) in abundance between the three sediment 
types (Figure 7a). For instance, Bacillales dominated in estuarine sediments, while Thermoleophilales 
and Legionellales were prevalent in riverine sediments, and Pedosphaera_f and Cytophagaceae were 
dominant in coastal sediments. The analysis also revealed representation patterns: 11 bacterial 
members were overrepresented in estuarine samples, 10 in coastal, and 7 in riverine samples. The 
bacterial co-occurrence network was analyzed using correlation coefficients, revealing a network 
comprising 62 nodes and 3,018 edges (Figure 7b). This network displayed 1,766 strong positive 
correlations and 1,212 negative correlations across the samples. Notably, there were 700 positive and 
668 negative interactions among the riverine and estuarine samples. Between estuarine and coastal 
samples, 1,066 positive and 544 negative interactions were noted. Interestingly, PAC bacterial 
members between riverine and estuarine samples exhibited more positive interactions (124) with 
other bacterial members (average r = 0.928). The dominant bacterial member in the estuarine samples, 
Bacillus, showed strong interactions (r = 0.99) with other prevalent members, including Clostridium, 
Paenibacillus, Paraburkholderia, Sphingomonas, and Methylobacterium. The observed modularity indices 
above 0.4 indicate that the co-occurrence networks of the bacterial communities possess a strong 
modular structure with complex species interactions across the three groups. 
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Figure 7. (a)  Indicator bacterial members in the three groups (Blue – coastal; Green – riverine; and 
Orange – estuarine) of sediment samples with LDA values higher than 3.5. (b) Co-network analysis 
of major bacterial members in the collected samples (red lines show the negative correlation, and 
green shows the positive correlation between the bacterial members). 

4. Discussion 

Microorganisms are crucial to the functioning of estuarine ecosystems, facilitating essential 
interactions between biological and chemical processes and acting as a bridge between ecological 
dynamics and biogeochemical cycles [37]. These microbial activities, such as nutrient cycling, 
decomposition, and pollutant degradation, play a vital role in maintaining the stability and 
productivity of estuarine ecosystems. The structure of microbial communities in sediments can vary 
with differing hydrodynamic conditions across the estuarine gradient [38]. Therefore, sediments 
from riverine to coastal zones within the estuarine ecosystem harbour highly complex microbial 
communities with notable variations in composition and diversity. In this study, species richness was 
highest in estuarine sediments, followed by riverine and coastal sediments (Figure 3a). This pattern 
may be due, in part, to the increasing salinity from riverine to estuarine sediments (Table 1), which 
typically favours estuarine bacterial communities. However, the observed decrease in species 
richness in coastal sediments may be attributed to factors such as tidal disturbances and the 
dispersion of microbial communities. This observation is consistent with the results reported by 
Campbell and Kirchman (2013), who noted considerable changes in bacterial richness along salinity 
gradients, with the lowest diversity occurring in the transition zone between freshwater and marine 
environments. Furthermore, as indicated by the Shannon index, bacterial diversity was highest in the 
riverine sediments, followed by estuarine and coastal sediments. This pattern may be due to 
differences in nutrient concentrations across the sediment samples (Table 1). Higher levels of 
nutrients such as nitrogen and phosphorus in wetland sedimentary systems contribute to increased 
microbial diversity [40]. 

Variations in microbial community composition across the three sediment groups can be 
attributed to the ecological roles played by dominant microbial taxa. In riverine and coastal 
sediments, Proteobacteria emerged as the predominant phylum (Figure 4a). However, estuarine 
sediments were primarily dominated by Firmicutes followed by Proteobacteria, indicating a notable 
deviation. Proteobacteria, the predominant bacterial community in sediment environments, are 
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extensively found in nature and play vital roles in the global cycling of carbon, nitrogen, and sulfur 
[41,42] as well as in degradation and metabolism [43]. While many recent studies on various estuarine 
sediments have identified Proteobacteria as the dominant phylum in various estuarine sediments 
[25,41,44–46], a study by  Huang et al., (2019)  found that Firmicutes were more abundant in 
estuarine sediments around Taihu Lake compared to lake and wetland sediments. Additionally, a 
study by  Anderson et al. (2018) suggested that increases in soil pH could solubilize organic matter, 
significantly enhance denitrification potential, and stimulate growth within the Firmicutes phylum. 
This may explain the prevalence of Firmicutes in estuarine sediments observed in this study, which 
also recorded a gradual increase in pH along with high ammonium and nitrate concentrations. 
Further, the authors identified that pure isolates from the microcosms were dominated 
by Bacillus and exhibited varying nitrate reductive potential. Consistently, Bacillus was identified as 
the dominant indicator genus in the estuarine sediments of this study (Figures 4c and 7a). Moreover, 
studies indicate that Acidobacteria is strongly associated with pH levels and prefers environments 
exhibiting lower pH  [29,49]. In this study, the riverine sediments, which had a lower pH than other 
sediment types, showed a higher abundance of Acidobacteria. Furthermore, the phylum Actinobacteria 
was found across all sediment types. Their ubiquitous presence in estuarine systems is beneficial for 
various ecological functions, including the decomposition of leaf litter [50], breakdown of 
hydrocarbons [51], metal oxidation [52], and nitrate reduction [53]. 

The predominance of Alphaproteobacteria in riverine sediments aligns with findings from other 
estuarine studies [1,47]. While some studies have indicated a higher occurrence of Betaproteobacteria 
compared to Alphaproteobacteria in freshwater zones of estuaries, potentially due to lower salinity 
levels [5,54], the higher salinity observed in our study area typically favours Alphaproteobacteria. This 
indicates that shifts in salinity significantly influence the distribution and abundance of both Beta- 
and Alphaproteobacteria. However, the specific processes that drive bacterial community shifts at 
varying salinity levels remain poorly understood. Members of Alphaproteobacteria may be involved in 
nutrient cycling processes, especially given their known roles in carbon and nitrogen cycles. This is 
supported by the RDA findings (Figure 5) where nitrate and phosphate levels, important for such 
biogeochemical processes, play a critical role in microbial community variance. In contrast, 
Gammaproteobacteria were the predominant class in coastal sediments, consistent with findings that 
they dominate in most ocean water and sediments [55,56]. Known for their active roles in carbon 
fixation, sulfur oxidation, and ammonia oxidation, Gammaproteobacteria play crucial ecological 
functions in marine environments [57]. Estuarine sediments were predominantly composed of Bacilli 
(Figures 4c and 7a), consistent with previous studies [47,58].  This dominance suggests an estuarine 
environment enriched with organic matter from human activities, supporting strong decomposition 
activities. These processes may be influenced by the relatively stable and possibly higher pH levels 
compared to the other riverine sediments, as indicated by the RDA.  Acidobacteria, which are more 
abundant in riverine sediments, align with their preference for less saline, more acidic environments, 
reflecting the influence of pH on microbial distribution patterns. Coastal sediments show a distinct 
bacterial profile with genera such as Lactococcus and Coxiellaceae_g, highlighting adaptations to saline 
conditions and dynamic coastal environments. These genera, which are endosymbionts potentially 
driven by terrestrial pollution, significantly contribute to nutrient metabolism and detoxification 
processes in these environments [59,60]. Moreover, dissolved oxygen levels notably affected the 
prevalence of Firmicutes, particularly Bacilli and Clostridia, indicating the critical role of oxygen in 
regulating anaerobic processes. Although heavy metals such as Fe and Pb were significant predictors 
in the RDA, their impact was more visible on minor bacterial classes, suggesting some indirect 
interactions between microbial communities and metal contaminants. 

In estuarine and riverine sediments, a diverse array of functional genes related to nutrient 
cycling processes, such as ABC transporters and carbon metabolism in estuaries, as well as 
chemotaxis and biofilm formation in riverine areas (Figure 6a), underscores the adaptability and 
ecological roles of these bacteria. ABC transporters play a key role in importing essential nutrients 
like organic nitrogen sources (ammonium/urea and amino acids/peptides), sugars, 
phosphorus/phosphonate, and metal-chelate complexes [61], supporting the nutrient dynamics in 
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these environments. ABC transporters in Firmicutes, particularly in Gram-positive bacteria (Bacillus 
and Clostridium), are crucial for bacterial resistance, transport mechanisms, and gene regulation [62]. 
Furthermore, Pseudolabrys, Rhizomicrobium, Delftia, and Massilia belonging to the order  
Hyphomicrobiales, Rhizobiales, and Burkholderiales were significantly present and are known to have 
metabolic capabilities for transforming C as well as N compounds [63–65]. These bacterial taxa 
regulate nutrient and organic carbon levels within the estuarine environments [45]. Riverine 
sediments exhibited a wide range of degradation capabilities (Figure 6c), including genes responsible 
for the breakdown of bisphenol, naphthalene, toluene, and atrazine. Although this study did not 
directly assess PAH concentrations in the sediments, high levels of PAHs are typically associated 
with riverine sediments due to petroleum-related activities and the combustion of fossil fuels near 
Adyar Creek [17]. Naphthalene and other low-molecular-weight hydrocarbons can serve as energy 
sources for certain bacteria. While PAHs can be toxic to bacteria at high concentrations [27], they may 
support bacterial growth and even enhance microbial activity across a range of concentrations 
commonly found in the environment. Coastal bacterial communities showed particular abilities in 
degrading naphthalene and xylene. Studies have revealed that the genus Exiguobacterium, isolated 
from nearshore surface sediments of the Pacific Ocean, is capable of breaking down compounds such 
as benzene, toluene, and xylene [66], a finding that aligns with the observed dominance of 
Exiguobacterium in coastal sediment samples in this study. Likewise, the degradation of naphthalene 
may be facilitated by Arthrobacter, a halotolerant bacterium known for its ability to decompose 
polycyclic aromatic hydrocarbons [67]. 

Co-occurrence networks are essential for deciphering interactions within complex microbial 
ecosystems (Lv et al., 2022). In estuarine sediments, Bacillus, a key member, exhibited more negative 
(72) than positive (66) interactions (Table S1; Supplementary Materials). Within this network, Bacillus 
has strong positive associations with Clostridium, Massilia, and Paenibacillus but negative interactions 
with Opitutae, Pseudolabrys, and Rhizomicrobium. Interestingly, although Bacillus and Paenibacillus 
belong to the same class, Bacillus showed a cooperative relationship with Massilia, a different class 
member, and positively interacted with the obligatory anaerobe Clostridium. Cooperative interactions 
among bacteria can be established through the exchange of intermediate metabolites, electron 
carriers, or the removal of inhibitory by-products [68]. In such dynamics, metabolites produced by 
one bacterium may serve as resources for another. These strong positive interactions, especially 
among oligotrophic bacteria, enhance the efficient utilization of nutrients within estuarine 
ecosystems [69]. This suggests that key bacterial players in specific environments control specialized 
metabolic functions and are critical in maintaining community stability and ecological functionality 
[70]. Moreover, the movement and distribution of bacteria among riverine, estuarine, and coastal 
sediments exhibit a complex pattern. Distinct key members from these environments exhibit selective 
dispersal behaviours (Figure S1; Supplementary Materials). For instance, Bacillus was predominantly 
dispersed from estuarine to coastal sediments rather than riverine environments, while Pseudolabrys 
from riverine sediments tends to move towards coastal rather than estuarine environments. 
Conversely, the coastal sediment member Coxiellaceae_g showed no significant dispersal to estuarine 
or riverine sediments. Other estuarine bacterial members are more likely to spread to coastal rather 
than riverine sediments, suggesting that bacteria acclimated to estuarine conditions may be better 
suited to coastal environments than riverine ones. However, various factors can influence bacterial 
mobility, including nutrient availability, predation pressure, physicochemical conditions, and 
interactions with other bacterial species [71]. Thus, the dynamics between bacterial members and the 
given ecosystem are crucial in determining their dispersion patterns. 

5. Conclusions 

This study provides the first comprehensive analysis of bacterial diversity across riverine, 
estuarine, and coastal sediments of the Adyar Creek estuary in Tamil Nadu, India. A gradual increase 
in salinity from riverine to estuarine and coastal sediments was observed, significantly impacting the 
variations in bacterial diversity observed. Proteobacteria predominated in riverine and coastal 
sediments, while Firmicutes was the major phylum in estuarine samples. Additionally, there was 
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considerable variability in bacterial genera across different sediment types. Redundancy Analysis 
(RDA) revealed that salinity, nutrients, and toxic metals were the primary factors influencing 
variations in bacterial composition. Predictive functional analysis highlighted that while coastal 
bacterial communities exhibited similar metabolic functions, those in estuarine and riverine 
sediments displayed diverse functions. Bacillus, a key bacterial member in estuarine samples, 
demonstrated strong interactions with other significant bacteria, emphasizing its role in specialized 
metabolic processes and maintaining community stability and ecological health. Moreover, this study 
highlights the potential of using specific indicator ASVs as a valuable tool for monitoring ecosystem 
health and pollution within the Adyar Creek estuary. These findings pave the way for future studies 
to explore the functional roles of dominant members in maintaining estuarine health or to develop 
an Estuarine Bacterial Index based on the identified indicator taxa. However, microbial communities 
can change rapidly due to environmental pressures, seasonal changes, or anthropogenic impacts. 
This study's lack of temporal data can limit understanding of these dynamics. Therefore, 
understanding these variations in bacterial communities can provide insights into their potential 
influence on the overall functioning of the estuary ecosystem, including nutrient cycling and organic 
matter decomposition. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org, Figure S1: Sankey-plot showing selective dispersal behaviours exhited by distinct 
key members from the studied environments; Table S1: Co-occurrence network correlations. 
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