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Screening of film forming microorganisms influencing the processes of bio-fouling in different gradient zones of Vellar estuary, Tamil Nadu, India

Abstract
 Estuaries represent significant intertidal ecosystems along the coast that support diverse biological communities, regulated by salinity gradients and associated physicochemical parameters. This study investigated the influence of different salinity gradient zones of the Vellar estuary, Southeast Coast of India with respect to bacterial colonization and biofilm-forming communities on submerged Polyethylene Terephthalate (PET). Total plate count and bacterial diversity were analyzed to understand the microbial succession followed by biofouling organisms at different salinity gradients and allied physicochemical nature. Bacterial density was found increased progressively up to the fourth week and subsequently declined due to colonization of higher order fouling organisms. The brackish water zone exhibited the highest bacterial density, 160x10² CFU ml-1, followed by the freshwater and marine zones, indicating that a moderate salinity gradient favoured maximum microbial growth and surface colonization. Bacterial diversity was also found varied in different salinity gradients as Vibrio spp. was found dominating in the brackish water and marine zone, whereas Pseudomonas sp. was found dominating in the freshwater zone. The bacterial identification was performed through Sanger 16S rRNA sequencing. The dominance of Gammaproteobacteria confirmed their ecological importance as early colonizers in estuarine biofilms. Biofouling is one of the major environmental and industrial challenges in various circumstances. Since microbial biofilms constitute the primary stage of biofouling and facilitate the settlement of macrofouling organisms, understanding their composition is essential for developing mitigation strategies. The findings of the present study confirms that salinity plays a major role in biofilm formation, with number of colonies and species composition on the introduced substratum, revealing that the estuarine (Brackish water) ecosystem is most suitable for microbial colonization leads to rapid biofouling process and highlighting the further research on sustainable antifouling approaches for the management of biofouling in aquatic environments
Keywords:  Estuary, Salinity gradients, physicochemical parameters, biofilm and bacterial diversity.
1. INTRODUCTION
[bookmark: _Hlk189650847]The term biofilm is used to describe a layer of microorganisms in an aquatic environment attached to substrata existing in the water medium. Any substrate particularly, solid surface in the aquatic environment would be deposited with dissolved organic matter (biogenic particles like phytoplankton debris, zooplankton faecal) thereby conditioning its surface for the settlement of microorganisms (Costerton et al., 1995; Beveridge et al., 1997; Dang & Lovell, 2000; Davey and O’Toole, 2000; Watnick and Kolter, 2000 and Hall-Stoodley et al., 2004). This serves as a source of nutrient for colonization of various microorganisms such as bacteria, fungi, diatoms and protozoans (Bakker et al., 2003). This initial settlement of microorganisms is known as primary film or biofilm formation in the processes of bio-fouling of macro-organisms, particularly barnacles, spats of molluscs etc., (O’Toole et al., 2000; Bhadury and Wright 2004; Eguía & Trueba 2007; Mahadevan et al., 2013; Pradhan et al., 2018). The biofilm settlement on submerged surfaces is often divided into three phases namely, a) induction phase at which organic matters would be deposited and act as a source of nutrient b) secondary phase at which microorganisms get multiplied that relied upon the induction phase c) third phase at which biofilm thickness is more or less constant followed by settlement of larval forms of macro fouling organisms (Féron and Dupont, 1998). Biofouling is recognized as one of the major ecological and industrial challenges worldwide. This process appears to be a global problem in a variety of circumstances or industrial fields, like colonisation of pipe surfaces in water-based industries. Biofilm-associated microorganisms, particularly sulphate-reducing bacteria, cause metal corrosion in shipping and oil industries and medical industries. Furthermore, a 1 mm thickness is enough, which can increase the frictional resistance of ship hulls by 80%, leading to speed loss; over time, it causes physical stress on ship engines and stimulates biocorrosion of vessels and interferes with maritime environments (Flemming et al., 2009; Bixler & Bhushan, 2012; Bressy & Lejars, 2014 and Samrot et al., 2021).
Estuaries are among the most dynamic aquatic ecosystems, characterised by gradients in salinity, nutrient availability and other physicochemical parameters. In this context, the present study is aimed at understanding the effect of different salinity gradient zones in an estuary on the rate at which the bio-fouling organisms that have been settled, starting from micro to macro-organisms.


2. MATERIAL AND METHODS
2.1 Deployment of the plastic panels
[image: ]Polyethylene Terephthalate (PET) sheet panels (Fig 1.) were made with a size of 15 × 15 cm (thickness: 200 microns) and immersed in the three different gradient zones: Marine zone (mouth region), Brackish water zone (estuary) and Freshwater zone (upstream) of the Vellar estuary, 11°29'25.12"N 79°46'0.47"E, Tamil Nadu coast (Dyer & Ramamoorthy, 1969 and Sonak & Bhosle, 1995). Panels were retrieved at weekly intervals over 8 weeks. 




Fig 1. Polyethylene Terephthalate (PET) sheet panels- Before and after deployment
[image: ]Picture 1. Study area.

[bookmark: _Hlk131077836]2.2 Analysis of environmental variables in water: 
The physicochemical parameters were observed daily for about 8 weeks. Surface water temperature, pH, and salinity were directly measured on-site using a calibrated thermometer, a pH pen (pH EP-3), and a refractometer (ATAGO- Erma Co. Japan), respectively, at the time of sampling. Strickland and Parsons (1972), a standard procedure was employed for measuring dissolved oxygen concentrations (Winkler’s method, 1888).
2.3 Estimation of Total Heterotrophic Bacterial (THB) count
The swabs obtained from the panels were serially diluted. From the dilution, 0.1 ml of the aliquot was transformed into petri dishes (triplicate) containing Zobell Marine Agar (ZMA) by the surface spread plate method (Buck and Cleverdon, 1960). The Petri dishes were then incubated at room temperature (28 ± 2°C) for 24 h after which the total plate count and colony morphology were noted. 
[bookmark: _Hlk131077910]2.4 Identification of Bacterial Isolates on Selective and Differential Media
The microbial growths in the form of colonies have been observed and partially identified based on colony morphology, physiological characteristics, and the colour they produced on the selective and differential agar plates. The different isolates were selected, and subsequently pure cultures were prepared and subcultured.
 The genus identification (Biochemical test) was carried out using standard characteristic methods described in the Bergey’s Manual of Systematic Bacteriology (Vol. IV), and then the biofilm production test (Freeman et al., 1989) was performed.
2.4.1 DNA sequence analysing
	The species-level identification was carried out through Sanger 16S rRNA sequencing. The sequences have been aligned with representative reference sequences using CLUSTAL X (version 1.83). The phylogenetic trees were created with MEGA software (version 69.05) and the Neighbor-joining tree topology was assessed using the repeated bootstrap technique (Nadeem et al., 2021).


3. RESULT
3.1 Analysis of Physicochemical parameters:
The levels of surface water temperature, pH, salinity and dissolved oxygen in three different salinity zones (Marine zone, brackish water zone and freshwater zone) were measured daily. The temperature was found to have varied from 28℃ to 34℃ (Fig. 2). The average salinity levels in the Marine zone and Brackish water zone varied between 32 and 29 psu (Fig. 3). The pH levels were found to have varied between 8.48 and 7.2 (Fig. 4). The dissolved oxygen levels were found to be normal and varied between 4.2 and 5.9 mg l-1 (Fig. 5). 









Fig 2. Range and mean levels of Temperature (℃) in Marine zone (MZ), Brackish water zone (BWZ) and Freshwater zone (FWZ)









Fig 3. Range and mean levels of salinity (psu) in Marine zone (MZ), Brackish water zone (BWZ) and Freshwater zone (FWZ)









Fig 4. Range and mean levels of pH in Marine zone (MZ), Brackish water zone (BWZ) and Freshwater zone (FWZ)








Fig 5. Range and mean levels of Dissolved Oxygen (mg l-1) in Marine zone (MZ), Brackish water zone (BWZ) and Freshwater zone (FWZ)
3.1.1 Analysis of Variance (ANOVA) for water quality parameters
The analysis of variance was made between the brackish water zone & marine zone, marine zone & freshwater zone and brackish water zone & freshwater zone for the parameters of pH, salinity and dissolved oxygen. The results of ANOVA exhibited significant variations for all the parameters between the marine zone and freshwater zone (P<0.05), except for DO. The pH and salinity (P<0.05) showed significant variation between the brackish water zone and freshwater zone. The ANOVA between the brackish water zone and marine zone exhibited insignificant variations for pH and temperature (P>0.05), except for DO and salinity (P<0.05).

3.2 Estimation of Total heterotrophic bacterial count
Swabs collected from the panels that were deployed in the brackish water zone, marine zone and freshwater zone of Vellar estuary and all the samples were assessed for the Total Plate Count (TPC) of bacteria in the Zobell marine agar media. 
[bookmark: _Hlk226828773][bookmark: _Hlk168989613]The Total Plate Count (TPC) of bacteria retrieved from the panels showed an increasing trend over 4 weeks, followed by a gradual decrease in the range of colony-formation. The TPC count from the panels immersed in the Marine zone showed a minimum of about 27x10² CFU ml-1 during the 1st week and reached a maximum density of 118x10² CFU ml-1 by 4th week. In the brackish water zone, the minimum density was about 35x10² CFU ml-1 in the 1st week and a maximum of about 160x10² CFU ml-1 in the 4th week. Similarly, panels immersed in the freshwater zone exhibited a minimum of 30x10² CFU ml-1 during the 1st week and a maximum of 125x10² CFU ml-1 in the 4th week (Fig 6).
Fig 6. Total Plate Count (TPC) from Marine zone (MZ), Brackish water zone (BWZ) and Freshwater zone (FWZ)


3.3 Isolation and identification of bacteria:
[bookmark: _Hlk226828817]Based on the colony morphology and physiological characteristics, the strains selected from the differential media were identified through standard biochemical tests (Table 1). Bacterial colonies belonging to Vibrio sp., Pseudomonas sp., Bacillus sp., Flavobacterium sp., Arthrobacter sp., Enterobacter sp., and Chromobacter sp. were isolated from the brackish water mixing zone and the marine zone. Among those, Vibrio sp., Pseudomonas sp., Bacillus sp. and Chromobacter sp. were found to have present on all sampling days. Vibrio sp. exhibited the strongest biofilm production and the highest abundance during the study period. In the freshwater mixing zone, colonies belonging to Pseudomonas sp., E. coli, Staphylococcus sp., and Flavobacterium sp. were found to have present throughout in all the samples. Among those, Pseudomonas sp. was found dominant and exhibited very strong biofilm activity.
3.3.1 DNA sequencing:
[bookmark: _Hlk226828830]The most dominant strains from each of the three zones were identified through 16S rRNA gene sequencing and their sequences were deposited in the NCBI database. The most dominant species identified from the marine, brackish water and freshwater zones were Vibrio alginolyticus (PQ770699), Vibrio harveyi (PQ764994) and Pseudomonas putida (PQ687526), respectively. These strains showed high sequence similarity with other known film-forming Vibrio sp. and Pseudomonas sp., as evidenced from diverse aquatic environments and as further supported through the clustering pattern observed from the phylogenetic tree analysis (Fig. 7).
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	BIOCHEMICAL TESTS
	Gram staining
	Oxidase
	Catalase
	Citrate utilization
	Urease
	Indole test
	Methyl red test
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Table 1. Biochemical test results of the isolates
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Fig 7. The phylogenetic tree construction using Neighbor-joining method based on 16S rRNA gene sequences presents the position of CAS MTL TSD 1, CAS MTL TSD 3 and CAS MTL TSD 4.
4. DISCUSSION 
Variations in the physico-chemical parameters viz., temperature, salinity, pH, ammonia and dissolved oxygen were recorded during 60 days of assessment in three different salinity gradient zones (Marine zone, brackish water zone and freshwater zone). The temperature ranged between 28℃ and 34℃ over the study period. The narrow range of temperature was found in this study might be due to the similar level of exposure to the sunlight in the Vellar estuary, irrespective of the seasons as reported by Rajasegar, 2003; Santhanam & Perumal, 2003 and Jayasingam et. al., 2015 and it was confirmed through ANOVA also. Salinity is the factor that profoundly influences the abundance and distribution of animals in the aquatic environment. In the present study, the salinity in the brackish water zone and marine zone varied between 29 and 32psu, whereas the average salinity in the freshwater zone was 9.9psu. ANOVA results also confirm significant variations in salinity for both the brackish water zone and marine zone (P> 0.05).  These values of salinity in the marine zone could be attributed to the mixing of seawater at the mouth region and moderate salinity at brackish water except summer, during which the highest salinity was noticed (Sridhar et al., 2006; Gopinath et al., 2013 and Jayasingam et al., 2015). The average values of pH recorded in the marine zone, brackish water zone and freshwater zones was found as 8.16, 7.95 and 7.42 respectively. There was no significant variation between the brackish water zone and marine zone, but the freshwater zone showed significant variation with the brackish water zone and marine zone (P<0.05). The pH concentration was found to have changed with time due to the changes in temperature and salinity. Both salinity and temperature affect the dissolution of oxygen levels in the aquatic environment (Das et al., 1997; Vijayakumar et al., 2000; Saravanakumar et al., 2008; Prabu et al., 2008 and Gopinath et al., 2013). During the study period, the average DO levels observed from the brackish water, marine and freshwater zones were in the levels of 4.35 mg l-1, 4.51 mg l-1 and 5.27 mg l-1, respectively. Environmental parameters such as salinity, temperature and dissolved oxygen that influenced the bacterial abundance as it was also reported through positive correlations by Celcia et al., (2026), supporting the present observation of higher bacterial density in brackish environments.
[bookmark: _Hlk229932405]Physical factors like temperature, pH and salinity play an important role in determining the density of the microbial population. The present study exhibited a distinct pattern of microbial colonization on submerged panels in gradient zones, with the Total Plate Count showing a rapid increase during the initial four weeks, followed by a gradual decline. It reflects the typical stages of biofilm development, including the initial bacterial attachment, subsequent growth, stabilization and reduction due to ecological succession. This pattern can be attributed to the succession of biofouling communities, where the early bacterial colonizers were gradually replaced by the macrofouling organisms. The subsequent decrease in the bacterial counts may be associated with the attachment of larval stages of larger marine organisms, such as barnacles, spats of mussels, which colonize the surface habitats and alter the microbial community structure as previously described by Féron & Dupont (1998) and Bragadeeswaran et al., (2011a). 
The highest bacterial density was observed in the brackishwater zone (160x10² CFU ml-1), followed by freshwater (125x10² CFU ml-1) and marine zone (118x10² CFU ml-1), indicating that intermediate salinity conditions favour enhanced microbial production and biofilm formation. Rajeev et al., (2019) also reported that the bacterial densities from the vicinity of a nuclear power plant, Kudankulam, Southeast coast of India ranged from 1.6- 7.9 x 104 CFU ml-1 in seawater and comparatively lower counts (1.5 x 102 – 2.0 x 103 CFU ml-1) in natural biofilm substrates (viz., stainless steel, polyvinyl chloride and titanium), highlighting the variability between planktonic and surface-associated communities. Likewise, the bacterial abundance among marine, brackish water and freshwater zones in the present study differentiates and further emphasises the influence of environmental gradients on microbial distribution.
[bookmark: _Hlk227087042]The bacterial diversity observed in the panels of the present study, including Vibrio sp., Pseudomonas sp., Bacillus sp., Flavobacterium sp., Enterobacter sp., and Chromobacterium sp., is substantiating with previous reports on biofilm-forming communities from estuarine environments (Bragadeeswaran et al., 2011a). Also, as reported, Vibrio sp. was found dominant in marine and brackish water zones, exhibiting strong biofilm-forming capability in the present study, while Pseudomonas spp. dominated in the freshwater zone with strong biofilm activity. Molecular identification confirmed the dominance of Vibrio alginolyticus, Vibrio harveyi and Pseudomonas putida, highlighting their ecological significance in biofilm formation and surface colonization across salinity gradients. Similarly, Al-Tarshi et al., (2024) reported, the plastic associated bacterial communities with abundance of Vibrio sp., and Pseudomonas sp. from Sawadi and Qurum lagoons (mangrove habitats) in the Sea of Oman. These findings are found to be similar with earlier observations made by Sonak and Bhosle (1995) from the Mandovi estuary, Goa, where 11 genera of bacterial community were isolated from the aluminium panels that showed Agrobacterium sp., Alkaligenes sp., Arthrobacter sp., Chromobacterium sp., Corynebacterium sp., Enterobacteriaceae, Flavobacterium sp., Moraxella sp., Pseudomonas sp., Staphylococcus sp., and Vibrio sp. as dominant. Among them, Vibrio sp. constituted 37% of the total isolates and was reported as dominant in brackish water biofilm bacteria. 
Similarly, studies conducted in the Vellar estuary by Bragadeeswaran et al., (2011a), Prabhu et al., (2014) and Celcia et al., (2026) reported a comparable diversity of bacterial genera, Escherichia sp., Pseudomonas sp., Klebsiella sp., Salmonella sp., Staphylococcus sp., Bacillus sp., Streptococcus sp., Micrococcus sp., Enterobacter sp., Flavobacterium sp.,  Aeromonas sp., Alcaligenes sp., Alteromonas sp., and Corynebacterium sp.,  across different substrates such as aluminium, fiberglass, wood and stainless steel. These observations highlighted the diversity and adaptability of these microbial communities in the estuarine environment as surface colonizers and biofilm development. 
	Comparative analysis with the study made by Rajeev et al. (2019) showed some similarities in microbial diversity and biofilm-forming capacity. They reported a higher abundance of the bacterial community in seawater than in natural biofilms and demonstrated that the isolates from the natural biofilm exhibited stronger adhesion and biofilm-forming capability than planktonic communities. The predominant members of the class Gammaproteobacteria, which constituted 67%, included Vibrio, Pseudoalteromonas, Halomonas, and Marinobacter, with Vibrio sp., showing particular dominance. In agreement with the present study, Vibrio sp. reported as the most dominant and efficient biofilm formers in brackish water and the marine environment, highlighting their ecological importance in early-stage biofilm formation. This class (Gammaproteobacteria) had been widely recognized as a primary colonizer on artificial surfaces, as reported earlier by Dang et al., (2011). Furthermore, Sosa and Chen (2022) experimented with microplastics (polypropylene, polystyrene & polylactic acid) and glass beads in the Baltimore Inner Harbour to understand the community structure of microbes on the plastics and reported that the Proteobacteria comprised above 40% in all samples throughout the study period. 
	The lower bacterial biomass observed in freshwater, compared with brackish and marine zones in the present study, might be attributed to the greater contribution of algal components to the biofilm matrix. An earlier report made by Romani, 2010 highlighted the significant role of algae and extracellular polymeric substances in structuring freshwater biofilms, in which algal biomass often dominates bacterial communities. The observed dominance of Vibrio and Pseudomonas species in the present study can be attributed to their efficient EPS, which facilitates adhesion and structural stability. Additionally, EPS production has been linked to material corrosion, as demonstrated by Bragadeeswaran et al. (2011b), where it was shown that the increased concentrations of Bacillus cereus accelerated the corrosion on stainless steel surfaces, which was also experimentally confirmed in the Vellar estuary. These were relative to the earlier report, in which Pseudoalteromonas was used as a biofouling model, particularly due to its strong EPS production and surface colonization experimented at the Madras Atomic Power Station in the sea water intake region by Saravanan et al., (2006).
	A similar estuarine gradient study was reported by Qiang et al. (2021), in which biofilm-forming communities associated with microplastics (high-density polyethene, PET & polystyrene) in the Raritan River at Perth Amboy were examined. Gammaproteobacteria were enriched on HDPE and PS in the lower estuary (estuarine), whereas Betaproteobacteria were enriched on HDPE, PET and PS in the upper estuary and lower saline(freshwater). Even though there were a few enriched communities, the highest bacterial community density was observed on PET surfaces and suggested that polymer characteristics and environmental conditions influence biofilm development and microbial community composition. These findings support the present study, which also demonstrated the importance of salinity in shaping microbial and biofilm development in the PET.
Consolidation of earlier studies of surface-associated, natural and biofilm from different substrates in different aquatic environments is shown as follows (Table 2)
Table 2. Earlier reports on biofilm microorganisms from different substrates
	Microorganisms
	Source
	Reference

	Agrobacterium sp., Alkaligenes sp., Arthrobacter sp., Chromobacterium sp., Corynebacterium sp., Enterobacteriaceae, Flavobacterium sp., Moraxella sp., Pseudomonas sp., Staphylococcus sp., Vibrio sp.
	Mandovi estuary, Goa
(aluminium panels).
	Sonak & Bhosle (1995).

	α- Proteobacteria (Roseobacter)
	Clam Bank Creek, North Inlet salt marsh system near Georgetown, S.C (PVA, BR, PEG-S, PEG-L, PEG-M, PU)
	Dang & Lovell (2000)

	Pseudoalteromonas
	Sydney waters, Australia (marine alga Ulva lactuca)
	Egan et al., 2000

	α- Proteobacteria (Rhodobacter)
	Oyster Landing in the North
Inlet salt marsh system near Georgetown, S.C (glass microscope slides)
	Dang & Lovell (2002)

	Pseudoalteromonas
	Ulvaria fusca (Mariager Fjord), Ulva lactuca (Aarhus Bay), and C. intestinalis (Aarhus Harbor)
	Skovhus et al., 2003

	β- Proteobacteria, Cytophaga- Flavobacterium
	Kanzaki River, Osaka City, Japan (Polycarbonate slides)
	Araya et al., 2003

	Pseudoalteromonas ruthencia, Staphylococcus sp., Bacillus sp.
	Atomic power station, Kalpakkam, Southeast coast of India (water sample).
	Saravanan et al., 2006

	Bacillus megaterium, Vibrio sp 1., Idiomarina baltica, Dietzia sp., Bacillus marisflavi, Staphylococcus equorum, Salinicoccus roseus, Bacillus sp., Marinobacter sp., Bacterium K54, Pseudomonas sp., Ruegeria sp. Vibrio parahaemolyticus, Bacillus subtilis, Vibrio fortis, Vibrio sp 2.
	Hare Island, Tuticorin,
South East coast of India (sponges associated).
	Anand et al., 2006.

	Proteobacteria (Halomonas spp., Idiomarina spp., Marinobacter aquaeolei, Thalassospira sp., Silicibacter sp. and Chromohalobacter sp.) and Bacilli (Bacillus spp. and Exiguobacterium spp.)
	Marine water pipeline in an oil-producing facility in the Gulf of Mexico (corrosive coupons in a steel pipeline)
	López et al., 2006

	α- Proteobacteria, β- Proteobacteria, γ- Proteobacteria and Cytophaga- like
	Delaware estuary seawater, near the Roosevelt Inlet shipwreck in Lewes, DE, USA (stainless steel coupons and polycarbonate filters)
	Jones et al., 2007

	NUDMB50-11 Pseudomonas sp., FS55 Bacillus pumilus, II-111-5 Bacillus subtilis
	(Surface of seaweed and nudibranch)
	Eguía & Trueba (2007)

	Rhodobacterales
	Wheat Island off the Qingdao coast (glass, Plexiglas and polyvinyl chloride)
	Dang et al., 2008

	Pseudomonas aurogenosa, Micrococus sp., Bacillus cerens, Pseudomonas sp., Escherichia coli, Vibrio cholerae and Vibrio parahe molyticus
	Vellar estuary, Parangipettai, Tamil Nadu (aluminium, wood and fibre panels).
	Bragadeeswaran et al., 2011a.



	Bacillus cereus
	Vellar estuary, Parangipettai, Tamil Nadu (stainless steel panel).
	Bragadeeswaran et al., 2011b.


	Alphaproteobacteria (mainly Rhodobacterales), Gammaproteobacteria (mainly Alteromonadales & Oceanospirillales) and Bacteroidetes (mainly Flavobacteriales)
	Qingdao coastal seawaters (carbon steel coupons)
	Dang et al., 2011

	Acidimicrobiales sp., Bacteroidetes sp., Sphingobacteriales sp., Vibrio sp., Chitinophagaceae, Cyanobacteria, Proteobacteria, Alphaproteobacteria, Gammaproteobacteria and Rhodobacteraceae.
	North Atlantic, towed in a cruise vessel (Plastic samples: PP & PE)
	Zettler et al., 2013.

	Escherichia sp., Pseudomonas sp., Pseudomonas sp., 1, Klebsiella sp., Salmonella sp., Staphylococcus sp., Bacillus sp., Bacillus sp., 1, Streptococcus sp., and Micrococcus sp.,
	Vellar estuary, Parangipettai, Tamil Nadu (aluminium, wood and fibre panels).
	Prabhu et al., 2014.

	Streptomyces sp.
	Tuticorin, southeastern coast of India.
	Chellaram et al., 2014.

	MBF 1 Bacillus flexus, MBF 3 Bacillus sp., MBF 8 Bacillus sp., MBF 12 Bacillus megaterium, MBF 13 Bacillus flexus, MBF 14 Bacillus megaterium, MBF 15 Bacillus flexus) and MBF 9 Pseudomonas sp.,
	New harbour (Tuticorin) area of the Gulf of Mannar region, southern India (metal coupons).
	Krishnan et al., 2017.

	Gammaproteobacteria, Alphaproteobacteria, Gemmatimonadetes, Nitrospira, Deltaproteobacteria, Epsilonproteobacteria, Fibrobacteres and Chlamydiae,
	Coastal waters around Mauritius (fibreglass screen)
	Rampadarath et al., 2017

	Gammaproteobacteria, Bacilli, Actinobacteria and Alphaproteobacteria.
	Kudankulam nuclear power station, nearshore, the South coast of India (stainless steel, polyvinyl chloride and titanium panels).
	Rajeev et al., 2019

	Proteobacteria, Bacteroidetes, Alteromonadales, Vibrionales, Actinobacteria and cyanobacteria
	Sea water intake region, nuclear power plant, Kudankulam, Tamil Nadu, India (stainless steel, HDPE and titanium).
	Sushmitha et al., 2021

	Alphaproteobacteria, Gammaproteobacteria and Cyanobacteria and Diatoms
	Yellow Sea, China (polypropylene, polyethylene, polylactic acid pellets and glass)
	Zhang et al., 2021

	Acinetobacter, Aeromonas sp. and Vibrio sp.
	Urban estuary in Brazil (HDPE, LDPE and polypropylene).
	Canellas et al., 2023

	Gammaproteobacteria, Bacilli, Alphaproteobacteria
	Sawadi and Qurum lagoons in the Sea of Oman (sediment, water, snail guts and plastics)
	Al-Tarshi et al., 2024

	Acinetobacter sp., Bacillus sp., Rhodococcus sp., Shewanella sp., Streptomyces sp. and Vibrio sp.
	Recreational marina, Port of Lexioes, Portugal (fishing nets- braided polyethylene, braided nylon and thin nylon)
	Perdigão et al., 2025

	Aeromonas sp, Alcaligenes sp., Alteromonas sp., Bacillus sp., Chromobacterium sp., Escherichia coli, Corynebacterium sp., Enterobacter sp., Flavobacterium sp., Klebsiella sp., Micrococcus sp., Proteus sp., Pseudomonas sp., Salmonella sp., Staphylococcus sp., and Vibrio sp.
	Vellar estuary (aluminium, fiberglass and wooden panels)
	Celcia et al., 2026







5. CONCLUSION
	The present investigation demonstrated that salinity gradients strongly influence physico-chemical conditions, bacterial abundance and biofilm- forming communities across marine, brackish and freshwater zones of the Vellar estuary. Variations in physicochemical conditions found created distinct ecological equivalents that regulated microbial colonization and succession on the submerged PET panels. Significant differences between the parameters among the zones were supported by ANOVA analysis, confirming the importance of salinity-driven habitat differentiation in shaping the microbial communities. The TPC was found to have increased over 4 weeks, followed by a decline due to the colonization by higher order organisms. The brackish zone recorded the highest bacterial density, 160x10² CFU ml-1, followed by the freshwater zone, 125x10² CFU ml-1 and the marine zone (118x10² CFU ml-1), indicating that intermediate salinity conditions favour microbial proliferation and surface colonization. Bacterial composition was found to vary along the salinity gradients. Marine and brackish zones were dominated by Vibrio sp. (Vibrio harveyi and Vibrio alginolyticus), followed by Pseudomonas sp., Chromobacter sp., whereas the freshwater zone was dominated by Pseudomonas sp. (Pseudomonas putida), E. coli, Staphylococcus sp., and Flavobacterium. These findings showed similarity with previous reports describing Gammaproteobacteria as major early colonizers of submerged surfaces in estuarine and marine systems. Thus, the present study emphasizes the role of salinity gradients in shaping microbial succession and biofilm formation in estuarine environments. The identified bacterial taxa provide valuable insight into biofouling, surface colonization, and microbial interactions, contributing to a better understanding of microbial community development on artificial substrates and their potential applications in antifouling research.
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Polyethylene terephthalate (PET) sheet panels- Before and after deployment
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