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Abstract : 
Biofouling remains a persistent concern in aquatic environments, largely initiated by biofilm-forming bacteria that colonize submerged surfaces. The present study (2023) evaluates biofilm formation and bacterial diversity in the Vellar estuary, southeast coast of India. Aluminum, fiberglass, and wooden panels were immersed at a depth of one meter and the associated environmental parameters such as temperature (21.5–37.1 °C), salinity (13.3–35.5 ppt), pH (7.1–8.6), dissolved oxygen (3.12–5.16 mg L⁻¹) and rainfall (1.0–129.4 mm) were recorded monthly. Fifteen bacterial genera were isolated and identified based on morphological and biochemical characteristics, including Aeromonas, Bacillus, Pseudomonas, Vibrio, and Staphylococcus spp. Total viable bacterial density ranged from 2.9 × 10³ to 6.1 × 10³ CFU mL⁻¹, with the highest colonization on wooden panels (37.6%), followed by fiberglass (34.2%) and aluminum (28.1%). Pearson’s correlation analysis indicated strong positive associations between bacterial load and salinity (r = 0.77–0.79; P = 0.01), temperature (r = 0.47–0.57), and dissolved oxygen (r = 0.72–0.79), while rainfall and pH exhibited negative relationships. The findings highlight that both substrate type and seasonal variability driven by climatic factors significantly affect microbial colonization and biofilm development. 
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INTRODUCTION:	
The existence of bacteria in an oligotrophic environment relies on the formation of biofilms or surface colonization, which creates favorable environment (Alotaibi & Bukhari, 2021; Anurag Anand et al., 2024). Other microorganisms benefit greatly from a bacterial biofilm in several ways, such as i) improved access to nutrients and waste materials ii) defensive against toxins and antibiotics, iii) extracellular enzyme activity, and iv) protection from predators (Lee et al., 2008; Philipp et al., 2024).  Successive phases of biofouling would be influenced by biofilms since they are preferable substrates for the colonization and settling of higher sessile organisms' larvae and spores. Crucial initiators of biofouling processes are the microbial populations that adhere to the surfaces (Antunes et al., 2019; Garibay‐Valdez et al., 2023).  The succession of marine biofilms in different surfaces can be understood by screening the biofilms on different panels deployed in the estuarine water. This study enables the observation of microbe-host interactions, community succession, and initial microbial adhesion (Dang et al., 2016; Srinivasan et al., 2024). The characteristics of the organic conditioning film, the metal substratum, and the attachment and detachment of biofilm forming bacteria in different panels are thought to be intricately related. The temporal formation of biofilms may have developed a consistent time series, each of which is linked to a distinct bacterial population; however, in some temporal contexts, such patterns have not been fully examined (Antunes et al., 2020). The percentage composition and variation of microbial community patterns are affected by the environmental parameters such as temperature, pH, salinity, dissolved oxygen as well as different surfaces (Stainless steel, Fibre Reinforced plastic, Carbon steel, Wood, Iron, etc) where the bacterial community adheres (Verduzo Garibay et al., 2022).This study would be helpful to understand various bacterial composition in different panels i.e., aluminum, fiber glass and wooden board immersed in Vellar estuary over a year and also to understand the influence physicochemical variabilities.
MATERIAL AND METHODS:
Environmental parameters:
Monthly assessment of temperature, salinity and pH were made in the field itself using a standard centigrade Thermometer, Refractometer model E-2 and Elico pH meter respectively. Winkler’s titration method was followed for the assessment of dissolved oxygen (Strickland and Parsons, 1972). The rainfall data were collected from meteorological division, CAS in Marine Biology, Parangipettai.

Isolation of Biofilm (Microfouling) bacteria:
Preparation of test panels:
The test panels of Aluminum, Fiberglass and Wooden board (each 6 cm x 12 cm x1cm) in triplicates were made in the given size. The panels were pre-cleaned with 1 N HCl and repeatedly washed with tap water followed by double distilled water, dried in oven before deployment (Bhosle et al., 1990). The panels of Aluminum, Fiberglass and Wooden boards were immersed in the Vellar estuarine water (11.495154 0N, 79.771263 0E) at the depth of 1 meter. The samples were collected at monthly intervals followed by screening of the bacterial communities. 
Isolation of fouling bacteria from Test Panels:
	The bacterial colonies from test panels were screened by following the method of Holt et al. (1994). In the field, all the panels were taken out of the water column after fixed time interval and the swab was done with sterilized cotton and again the panels were immersed in the same location for further studies. The swabs were placed in a tube containing sterile seawater and serially diluted. The samples from each dilution were inoculated in marine agar plates (Zobell Marine Agar, 2216) and incubated at room temperature for 24 hours. The pure bacterial strains based on colony morphology, pigmentation and appearances were isolated by repeated streaking and identified up to genus level. The isolated strains were stored in marine agar slants at 4°C.
Total viable bacterial count:
	The total viable bacteria were assessed by pour plate method in triplicate. One milliliter of the sample was serially diluted with 9 ml of distilled water. Sterilized media was poured into petri plates and kept for 3- 4 hours and 1 ml aliquot of appropriate dilution was pipette out and spread into the sterile plates. The inoculated plates were incubated at 37 ± 2 °C for 48 - 72 hours followed by the enumeration of total count (CFU/ml). For determining the TBC the dilution factor 10-5 was considered.
Identification of cultured bacterial samples:
	Morphologically different colonies were selected and isolated from the culture plates. The isolated colonies were sub cultured using appropriate medium by streaking method. The pure cultures were maintained in specific slants at 4°C to keep the microbial strains viable. The species identification was carried out using standards characteristic methods (Biochemical test) described in Bergey’s manual of systemic bacteriology (Vol. IV).  


RESULTS:
Environmental parameters study in Vellar Estaury: 
The results of environmental parameters recorded in study area are shown in figure 1. The total rainfall of about 1394.9 mm was recorded in the study site during the year 2023 in which, the minimum rainfall was recorded in the month of April (1.0 mm) and the maximum rainfall was recorded during November (129.4 mm). The atmospheric temperature was found to have varied between 37.1°C and 21.5°C during June and February, 2023 respectively.  The surface water temperature was found to have varied from 26.4°C to 32.5°C during the months of May and December respectively. The salinity (35.5 ppt and 13.3 ppt) was also found with similar month wise trend as observed for temperature. The pH levels of 8.6 and 7.1 were recorded in the respective months of May and January. The dissolved oxygen was found to have varied from 3.12 mg/l (May) to 5.16 mg/l (December) during the study period.
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Fig 1. Monthly variation of different environmental parameters in the study area during 2023



Isolation of Biofilm (microfouling) bacteria from Test Panels
Totally 15 isolates were obtained from all three test panels (Aluminium, Fiber glass and Wooden board). The density of bacterial isolate was found increased in relation to nutritive support of the substratum. The bacteria were stored in Zobell agar medium 2216 (Himedia) for bacterial isolation.
1.3.8. Total viable bacterial 
	Total viable bacterial density was recorded from all the three test panels. In the present assessment, very high bacterial count was recorded on wooden panels, whereas fiber glass showed minimum bacterial count (Figure 2). Bacterial colonies count found to have increased as the time of immersion period increases in the fiber glass. So far as the Aluminum panels are concerned, minimum number of colonies were recorded in all the months studied.
	The biofilm forming bacterial density was found to have varied from                    4.4 x 103 CFU ml-1 during December to 6.1 x 103 CFU ml-1 during January in the wooden panels. In the fiber glass, it was found to have varied from 3.6 x 103 CFU ml-1 (December) to 5.3 X 103 CFU ml-1 (January). In Aluminum panels, the density was found to have ranged from 2.9 x 103 CFU ml-1 (December) to 5.8 x 103 CFU ml-1 (January). The bacteria were recorded high during summer and found gradually decreased from the post monsoon season followed by monsoon season.
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Fig 2. The monthly variations of total viable bacterial count in the test panels


Percentage composition of microfouling bacterial community on different test panels
	The percentage composition of the bacterial biofilm developed on the test panels was found with significant variation during the study period. The maximum species composition recorded was 37.6% in wooden panels, 34.2% in fiber glass panel and 28.1% in aluminum panel (Figure 3).
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Fig 3. Composition of microfouling bacterial community on different test panels

Bacterial isolation and identification 
Biofilm bacteria present in the samples were identified by colony morphology and biochemical tests.  In the test panels, the following 15 bacterial isolates were screened such as 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., Vibrio sp.  The bacterial colonies isolated from each panel and the dominant species screened during different seasons (Summer, Pre-Monsoon, Monsoon and Post-Monsoon) are given in Table 1. 
The Pearson’s correlation co-efficient matrix was made within the physio-chemical parameters as well as bacterial count recorded in Vellar Estuary during the year 2023 and the result is presented in Figure 4. In the correlation analysis, temperature showed  positive correlation with pH, salinity and DO (Dissolved Oxygen). The total bacterial count in all the panels (TBC in Wood, TBC in Fiber, TBC in Aluminium) showed negative correlation with the rainfall (r= - 0.44; r = - 0.45; r = - 0.46 ; ns P >= 0.05 respectively). TBC in wood, TBC in Fiber and TBC in Aluminium were in negative correlation with pH (r = - 0.03; r = - 0.06; r = - 0.08; ns P >= 0.05 respectively) and it could be understood that these two variables (rainfall and pH) have inverse proportional to each other. The total bacterial count in Wood, Fiber and Aluminium showed positive correlation with salinity (r= 0.77; r= 0.79;r= 0.79; **P<0.01 respectively) and temperature(r=0.57; r= 0.52; r = 0.47; ns P >= 0.05 respectively). The total bacterial count of these three panels (wood, fiber and aluminium) also had moderate positive correlation with dissolved oxygen (r=0.79; r=0.76; r=0.72, **P<0.01).     
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Fig 4. Pearson’s correlation co-efficient of physico-chemical parameters with biofilm bacterial communities on three different test panel
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S – Summer; PR-M – Pre Monsoon; M- Monsoon; PO-M- Post Monsoon; ++ -> Most dominant; + -> Present; - -> Absent
Table1. Abundance of Bacterial species present in three different panels during different seasons.

DISCUSSION:
In Vellar estuary, the environmental variables were noticed with clear fluctuations associated with different seasons. The rainfall during the monsoon season brings about significant changes in the physico-chemical characteristics of the study area particularly during November due to the higher rain fall. Essential environmental parameters, such as temperature, salinity, pH, dissolved oxygen and nutrient concentration would alter the succession, density and thickness of biofilms during the early stages of their formation. In the present study, the low and high salinity fluctuation was found to have influenced the total bacterial growth from 49.104 cells/mm2 to 79.104 cells/mm2, and temperature variations were also found to have significant impact on the bacterial growth as the low level (40.104 cells/mm2) and the high level (68.104 cells/mm2) of bacterial isolates were found associated with lower and higher temperature variations. Hence, it was confirmed that the low concentrations of salinity and temperature diminished the bacterial growth that affected the stable formation of biofilms as reported by Moldoveanu (2012). 
[bookmark: _Hlk188198031]It is to be noted that the biofilm producing microbial communities can be both location specific and substrate specific. The location specificity is due to inherent physio-chemical differences that occur between substrates contributed to the substrate specific effects. Changes in water quality parameters adversely affects the biofilm formation (Muthukrishnan et al., 2018). Factors such as cell surface properties, surface hydrophobicity, roughness and environmental parameters i.e. temperature, pH, nutrients, hydrodynamic conditions, salinity and dissolved oxygen adversely influences the adhesion of bacterial cells (Oder et al., 2017). The seasonal variation of bacterial load recorded in the present study is in good agreement with the studies of Kaliyaperumal (1992) for Pitchavaram mangrove waters, Mathavan Pillai (1994) for Uppanar estuary, Rajasekar (1998) for Vellar estuary and Bragadeeswaran (2002) for Arasalar estuary. Similar trend as noticed in the present study was reported as negative correlation with rainfall and dissolved oxygen levels (Rajasekar, 2003). The effect of temperature on biofilm formation in two different stations such natural marine environment station-1 and the modified marine environment station-2 (condenser outfall area) was studied by Rao (2009) who reported that the increase of water temperature enhanced the metabolism and influenced the biofilm formation. The influence of pH in biofilm formation by Klebsiella pneumonia, Salmonella typhi & S. aureus was reported as significant while it was reported to be insignificant for the bacteria, Pseudomonas aeruginosa for bio film formation (Mirkar et al., 2016). In general, the findings confirmed that the temperature, salinity and pH of the estuarine water were the primary factors that influencing the effective formation of biofilms. Thus during summer due to raise in temperature, salinity and pH levels the bacterial load was higher than other seasons. The bacterial biomass was noticed with steady growth when the exposure duration increased. The biofilm formation was found developed more slowly in the winter season with less dense. Water depth is also playing a crucial role in the formation of biofilms as it was reported that the shallow water confirmed with higher biomass than the deep waters (Zhang et al., 2021). In wooden panels, the maximum bacterial density was recorded as 23.8 x 103 CFU ml-1 during summer season and minimum 4.4 x 103 CFU ml-1 during monsoon season. In fiber glass panel the maximum density was recorded 20.8 x 103 CFU ml-1 and minimum 3.6 x 103 CFU ml-1 (December, 2023). In aluminum test panels maximum density was 16.3 x 103 CFU ml-1 and minimum was 2.9 x 103 CFU ml-1. Similarly, Indirapriyadharsini (2002) had reported higher total heterotrophic bacteria from Pichavaram water and sediment samples 6.3 x 104 to 3.70 x 104 CFU/ml and 32 x 106 to 89 x 106 CFU/ml respectively during summer season.  Kwon et al. (2002) had also isolated the bacterial strains from biofilms formed on glass slides submerged in seawater in Dae-Ho Dike in high dense when increasing duration. In earlier studies, Palaniyappan and Krishnamurthy (1985) recorded 61.5 x 104 CFU/ml of THB from Bay of Bengal and Kannan and Vasantha (1986) reported 1.3 x 103 CFU/ml from water samples of the Vellar estuary and that was in contrast to the present study since the maximum bacterial counts were reported by them during monsoon seasons and minimum during post monsoon and summer seasons. The high bacterial population during monsoon in the waters may be due to flood water flow which brings high quantities of nutrients and microorganisms (Indirapriyadharsini, 2002). However, the bacterial load was not computed in the water samples but from the surface of the test panels.
Previous studies showed that the spore-forming genus Bacillus sp., and Pseudomonas sp., were dominant in all the alloys such as Mild steel, Stainless steel (SS), Copper and Nickel based alloys (Cu/Ni 90/10), Copper and Nickel based Alloys (Cu/Ni 70/30), Brass (Br) and Copper used during the study (Krishnan et al., 2017). Suresh M., (2016) investigated the biofouling communities from Vellar estuary, in which metal panels such as Copper and SS) and non-metal panels (Wooden and FRP) were immersed in estuary for period of 3 months (April to June 2015). As observed in the present study, they had also reported that the wooden panel exhibited maximum biofilm bacterial load by 67.33 ± 2.51 to 291.33 ± 4.16 × 10-3 CFU/ml. Followed by wooden panel, the stainless steel showed highest bacterial count followed by FRP and Copper steel panel. From their study it was confirmed that Pseudomonas sp., were found dominant in all the panels followed by Bacillus drentensis and Vibrio alginolyticus. In the present study, Pseudomonas sp., Vibrio sp., and Bacillus sp., were found dominant during summer in all the test panels. All the 15 bacterial isolates were found present during all the seasons in all the test panels. Most of these bacterial isolates were dominant during summer season as environmental factors favor more bacterial species attachment to the substratum (Alotalbi and Bukhari, 2021).
The high bacterial load in wooden panel might be due to the decaying nature of the substance that would have enhanced the bacterial growth and low bacterial load in aluminum panel might be due to its corrosive and at times slightly toxic in nature. The result of this study is found in accordance with the previous study done by Iyapparaj (2011). Also as bacterial attachment increases when the roughness of the surface increases, in this present study it was observed that the wooden panel has more bacterial load followed by fiber glass and aluminum, this is due to increase in contact area between the material surface and bacterial cells and also due to roughness these surfaces protects the bacterial cells from shear forces due to environmental factors thus making strong attachment (Anselme et al., 2010; Teughels et al., 2006). Hence, it is confirmed through the present study that the rough surfaces are more favorable for the settlement of microorganisms than the smooth surfaces as described by Anderson and Underwood (1994).
CONCLUSION:
The present study confirms that the effective formation of biofilm by bacterial community in different substrates which are as follows; Wooden board > Fiber glass > Aluminum. The community changes were also found depending on the seasons as the summer was found more suitable season for the better growth of bacteria on the substrates. The present assessment also as confirms that the temperature, salinity and pH of the estuarine water were the primary factors that are influencing the effective formation of biofilms as these parameters were found with positive correlation in relation to bacterial load. Rainfall was the factor that reduced the bacterial growth in the test panels. Totally 15 bacterial isolates were identified from different panels and abundance of each bacterial isolates on different panels during different seasons were also documented. 
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