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Abstract

Bacterial communities colonized on submerged substrata are recognized as a key factor in the
formation of complex biofouling phenomenon in the marine environment. Despite massive
maritime activities and a large industrial sector in the nearshore of the Laccadive Sea, studies
describing pioneer bacterial colonizers and community succession during the early-stage bio-
film are scarce. We investigated the biofilm-forming bacterial community succession on three
substrata viz. stainless steel, high-density polyethylene, and titanium over 15 days of immer-
sion in the seawater intake area of a power plant, located in the southern coastal region of
India. The bacterial community composition of biofilms and peripheral seawater were analyzed
by lllumina MiSeq sequenced 16S rRNA gene amplicons. The obtained metataxonomic results
indicated a profound influence of temporal succession over substrate type on the early-stage
biofilm-forming microbiota. Bacterial communities showed vivid temporal dynamics that
involved variations in abundant bacterial groups. The proportion of dominant phyla viz. Proteo-
bacteria decreased over biofilm succession days, while Bacteroidetes increased, suggesting
their role as initial and late colonizers, respectively. A rapid fluctuation in the proportion of two
bacterial orders viz. Alteromonadales and Vibrionales were observed throughout the succes-
sional stages. LEfSe analysis identified specific bacterial groups at all stages of biofilm develop-
ment, whereas no substrata type-specific groups were observed. Furthermore, the results of
PCoA and UPGMA hierarchical clustering demonstrated that the biofilm-forming community
varied considerably from the planktonic community. Phylum Proteobacteria preponderated the
biofilm-forming community, while the Bacteroidetes, Cyanobacteria, and Actinobacteria domi-
nated the planktonic community. Overall, our results refute the common assumption that sub-
strate material has a decisive impact on biofilm formation; rather, it portrayed that the temporal
succession overshadowed the influence of the substrate material. Our findings provide a scien-
tific understanding of the factors shaping initial biofilm development in the marine environment
and will help in designing efficient site-specific anti-biofouling strategies.
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Introduction

Marine biofilms-an undesirable accumulation of microorganisms provide a captivating envi-
ronment to analyze and record the complex bacterial interactions. Once immersed in the
marine environment, surfaces of any material quickly adsorb organic molecules and form a
conditioning film [1, 2]. This nutrient-rich organic layer offers an ideal environment for the
colonization of microorganisms viz., bacteria, algae, diatoms, archaea, and protozoa that get
embedded in a self-produced matrix of extracellular polymeric substances (EPS) interspersed
with fluid channels [3-5]. This complex and dynamic community is known as biofilm and is
often referred to as microfouling in the marine environment. The architecture of the biofilm
grants a favourable mode of existence to microorganisms and presents a viable strategy to
inhabit new niches [6]. Marine biofilms are also acknowledged for their significant role in the
productivity and functioning of coastal ecosystems as they contribute to the fundamental eco-
logical processes including nitrogen cycling and degradation of organic matters [7, 8]. On the
other hand, marine biofilms also play an antagonistic role by inducing other complex phenom-
ena such as biofouling and biocorrosion [9, 10] that lead to imposing several deleterious conse-
quences in maritime industries, especially cooling systems of nuclear power plants.

Coastal positioned cooling systems utilize a large volume of seawater as a key source for
waste heat removal [11, 12]. The traversing seawater through power plants generally contains a
wide spectrum of microorganisms that tend to settle and form biofilms on the surface of the
condenser and other operational machinery [13]. This unwanted biological growth causes sev-
eral detrimental consequences including mechanical blockage of condensers, reduction in the
flow rate of pipelines, impairment in heat transfer efficiency of heat exchangers and premature
replacement of structural components [14]. The economic impact of microfouling has been
widely examined [9]. It is estimated that the economic losses from corrosion are about USD
2.5 trillion per year, approximately 3% of gross domestic product [15]. Similarly, Walker et al.
reported that the related cost associated with the condenser fouling is in the order of USD 0.4
to 4.4 million [16]. Overall, marine biofilms are considered fascinating ecosystems from both
ecological and economical perspectives, and therefore identifying the pioneer colonizers, and
understanding the key factors influencing the community composition, development, and suc-
cession in their early stage will be a worthwhile contribution.

In recent decade, there has been a surge in studies on biofilm ecology and functions, with
descriptions of their diversity and community composition [e.g. 4, 8, 17-23]. Based on their
analyses on biofilm-forming microbiota, the structure of marine biofilms is not a mere reflec-
tion of planktonic bacteria present in the surrounding seawater whereas; it is influenced by
several factors including location, prevailing environmental factors, and substrate (type, orien-
tation, and colour). Some of the previous studies have shown that the fundamental mecha-
nisms that control initial bacterial assembly are governed by species sorting (especially the
effect of different substrata) whereas, others have shown that this phenomenon is neutral [24].
For example, Meier et al. investigated the effect of engineering surfaces at Cayman Trough and
concluded that substrate types harboured varied bacterial communities [25]. Similarly, another
study inferred that the effect of species sorting on substrate type was more prominent during
the early-stage biofilm development at the Red Sea cold seep system [26]. In contrast to these
studies, Bellou et al. and Lee et al. observed that depth and in situ environment, respectively
play a major role than substrate type in determining the biofilm-forming microbiota [27, 28].

Identification of typical dominant colonizers, on the other hand, is another major concern.
Intriguingly, a large inconsistency has been ascertained about the dominant bacterial taxa dur-
ing the early biofilm development by the studies conducted in various marine environments.
For instance, in few studies [17, 23, 29-31] genus Roseobacter (Alphaproteobacteria class) was
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observed as typical dominant colonizers, while few other studies [8, 19, 26, 30, 32] observed
genus Alteromonas (Gammaproteobacteria class). This part is particularly interesting because,
besides the species sorting and neutral effects, primary colonizers decide the recruitment of
secondary and tertiary colonizers.

So far, studies have been conducted either to decipher the influence of substrate types and
environmental factors on biofilm-forming community [25-28] or to analyze the temporal suc-
cession pattern of biofilm-forming microbiota assembled on the same substrate material [8,
23, 33]. Integrated studies examining the temporal succession pattern of the early-stage bio-
film-forming bacterial community on various artificial substrata are rather limited, particularly
in a peninsular country like India, where biofouling is a major concern. Furthermore, the
majority of earlier studies in the Indian context have been conducted to determine macrofoul-
ing communities using classical methods [34-36]. However, studies investigating the succes-
sion pattern during the early stages of biofilm development on various artificial substrata using
modern sequencing technologies are not yet carried out.

To fill this lacuna, we investigated the bacterial community composition of the early-stage
marine biofilms formed on three substrate types for initial 15 days in a coastal environment,
located in the Laccadive Sea, Indian Ocean. The main objectives we aimed in this study were
to: (i) catalogue the primary colonizers responsible for causing microfouling in the southern
coastal region of India, (ii) understand the impact of substrate types and successional stages on
the early-stage biofilm-forming bacterial community composition and structure, and (iii)
compare the biofilm-forming and planktonic bacterial community. The outcomes of this
study will enlighten the scientific community to understand the interactions among marine
microbes during the initial stage of biofilm development.

Materials and methods
Ethical statement

The Nuclear Power Corporation of India (NPCIL) and the authorities of Kudankulam Nuclear
Power Plant granted all the necessary permissions to conduct sampling and research work. No
Animal Care and Use Committee approval was necessary for this study as no vertebrate sam-
pling was carried out.

Study site and experimental setup

Field sampling was conducted in the intake area of a nuclear power plant (08°10'08''N, 77°
42'45""E) located in the coastal region of Kudankulam, Tamil Nadu, India (S1a Fig in S1 File).
A detailed description of the studied power plant is provided in our previous study [12]. The
study site is located in the distal end of the Gulf of Mannar Biosphere Reserve and is endowed
with rich marine diversity with various species of microbes, corals, fishes, crustaceans, mol-
lusks, and sponges [37, 38].

To understand the bacterial community dynamics during early-stage marine biofilm devel-
opment, succession pattern was investigated consecutively for 15 days (during October 15-30,
2020) on three different substrata viz., stainless steel (SS, 316L), high-density polyethylene
(HP), and titanium (Ti, Gradel). The selection of substrate materials used in our study was
based on their: (i) common applications in maritime industries (e.g. SS and Ti used as con-
denser coating material in power plants and HP for designing pipelines) and (ii) varied surface
characteristics. Virgin coupons (6 each) of these substrata with a size of 15 cm x 10 cm x 0.2
cm (total surface area ~ 300 cm?®) were embedded in a custom-made polypropylene frame.
Prior to fixing on the polypropylene frame, all coupons were rinsed with 70% ethanol and
were gently sandblasted to facilitate microbial adhesion. Each frame was designed in a way
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that it holds 18 coupons (6 coupons x 3 substrata) (S1b Fig in S1 File). A total of 12 frames
were immersed vertically in the seawater at a depth of 1 m using PVC jacketed steel ropes.
Two frames (technical replicates) were retrieved on each of the six time points: 1, 3, 6,9, 12
and 15 days. Thus, at every sampling occasion, a total of 12 coupons were analyzed for each of
the investigated substrate type. Besides the three substrata, acrylic coupons with size of 5

cm x 2 cm X 0.2 cm were also embedded onto the polypropylene frames for microscopic analy-
sis (S1b Fig in S1 File). After retrieval, the acrylic coupons were fixed on-site using 4% formal-
dehyde (v/v) and were brought to the laboratory under ice-cold condition. In addition to
marine biofilms, surface seawater (SW) from the close periphery of the immersed frames was
also collected on all sampling occasions to record the planktonic fraction.

Environmental parameters and seawater nutrients

Delicate environmental parameters such as pH, temperature, and salinity were measured in
situ with a portable pH meter (Eutech Instruments, Singapore), standard mercury thermome-
ter, and salinity refractometer (Atago Pvt. Ltd., India), respectively. For dissolved oxygen
(DO), seawater was collected in 300 mL BOD (biochemical oxygen demand) bottles, and DO
content was fixed on-site using 1 mL of both Winkler-A and Winkler-B reagents. The fixed
DO was measured using the modified Winkler titration method as described by Carpenter
(1965) [39]. Concentrations of seawater nutrients—soluble reactive phosphorous (PO,), nitrite
(NO;), and nitrate (NO3") were measured as previously suggested [40, 41].

Microscopic analysis

The development of the microbial growth on acrylic coupons was visualized using field-emis-
sion scanning electron microscope (FESEM, SUPRA 55VP; Carl Zeiss, Germany) as described
in our previous study [12]. Briefly, the bacterial biomass fixed on the acrylic coupons was
dehydrated by passing through the graded ethanol concentrations (20, 40, 60, 80, and 100%;
10 min each). The samples were then gold-sputtered and observed under the microscope.

Nucleic acid extraction, PCR amplification, and Illumina sequencing

Immediately after the retrieval of coupons, the loosely attached fraction of biofilms was
removed by carefully rinsing with sterile seawater (0.22 pm filtered and autoclaved). Bacterial
biomass assembled on the studied substrata was then scraped using sterile toothbrushes and
was resuspended in sterile seawater. The bacterial cells of representative biofilm (12 coupons/
substrata/sampling occasion) and seawater samples were concentrated onto 0.22 um nitrocel-
lulose filters (Millipore, Massachusetts, US) and frozen at —80°C until further processing. The
DNA was extracted using PowerWater® DNA Isolation Kit (MoBio Laboratories Inc., USA)
following the manufacturer’s instructions. The isolated DNA was eluted in an aliquot of 50 uL
PCR-grade water and the quality and quantity were measured by picogreen (Invitrogen) using
Victor 3 fluorometry. The extracted metagenomic DNA was used as a template for the prepa-
ration of 165 rRNA gene amplicon libraries following standard Illumina library preparation
procedure as described in our earlier studies [42, 43]. Briefly, the V3-V4 hypervariable regions
of the 16S rRNA gene were initially amplified using a universal pair of primer: 341F (5~
CCTACGGGNGGCWGCAG-3’) and 805R (5'-GACTACHVGGGTATCTAATCC-3') resulting in
an amplicon length of ~464 bp [44]. A second PCR was then carried out to attach dual Illu-
mina barcode indices and adapters using the Nextera XT library preparation kit (Illumina, San
Diego, CA). The final library size was validated using a DNA 1000 chip on Bioanalyzer 2100
(Agilent technologies, California, US) and was quantified using dsDNA binding fluorescent
dyes (Qubit dsDNA HS Assay Kits, Life Technologies, USA). The quantified libraries were
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then sequenced through 300x2 bp paired-end sequencing using a v3 reagent kit (Illumina, San
Diego, CA, USA) on an Illumina MiSeq platform at Macrogen Inc. (Seoul, Korea).

Bioinformatics and biostatistics analyses

The demultiplexed data obtained from the service end were loaded in the Quantitative Insights
Into Microbial Ecology (qiime2 v. 2020.11) [45] environment as a manifest file using the qiime
tools import-type “SampleData [Paired End Sequences with Quality]” and-source-format
PairedEndFastqManifestPhred33V2. The sequences were then denoised using DADA2 [46],
aligned with MAFFT [47], and the phylogenetic tree was built with default parameters using
fasttree2 [48]. The obtained features were taxonomically assigned with the q2-feature-classifier
using the Greengenes 13_8 reference sequences (Greengenes 13_8: 99_OTUs) [49]. Adequate
sampling depth was assured by constructing rarefaction curves and the core-diversity metrics
(both alpha and beta) were calculated (giime diversity core-metrics-phylogenetic) using the
rarefied feature table.

Prior to all analyses on bacterial community data, Shapiro-wilk test was performed to deter-
mine the normality distribution of the data. The differences in alpha-diversity indices were cal-
culated using Kruskal-Wallis test. The variability in biofilm and seawater microbiota was
examined using principal coordinate analysis (PCoA) performed with both weighted and
unweighted UniFrac distance measures in giime2. The multivariate differences in the bacterial
community composition among succession days, substrate type and biofilm-forming and sea-
water microbiota were analyzed using permutational multivariate analysis of variance (PER-
MANOVA) followed by a pairwise test. Both Kruskal-Wallis test and PERMANOVA were
conducted in qiime2. One-way ANOVA to ascertain significant differences for taxon abun-
dance and the UPGMA tree with 9999 permutation were produced in PAST software. Spear-
man’s rank correlations among bacterial phyla were calculated in R version 3.6.2. All figures
were generated using the plugin ggplot2 in R.

Further, linear discriminant analysis (LDA) effect size (LEfSe) [50] was used to identify the
discriminative features that varied significantly among succession days, substrate types, and
between biofilm-forming and seawater microbiota. The analysis was conducted at the online
Galaxy interface (http://huttenhower.sph.harvard.edu/galaxy), wherein default parameters of
Kruskal-Wallis (0.05) and LDA score of greater than 3 was used to identify the discriminative
features.

Deposition of raw NGS reads in public repository

The Illumina-generated paired-end raw reads (.fastq files) for this study are available in the
NCBI database under the accession codes: SRR14741817- SRR14741840 (Short Read Archive;
SRA) and PRJNA735217 (BioProject).

Results
Environmental parameters

The physico-chemical characteristics and nutrients content of seawater collected throughout
the sampling occasions are summarized in Table 1. During all the sampling occasions, the
temperature of the seawater was found to be in the range of 26°C to 27.5°C and the pH ranged
between 8.01 and 8.15. Content of DO was detected in the range of 5.8 to 6.9 mg L™". Similarly,
concentration of inorganic nutrients ranged from 0.33 to 1.44 uM for nitrite, 4.99-15.22 pM
for nitrate, and 0.62-2.15 uM for soluble reactive phosphorous. No significant differences
among the environmental parameters and nutrients content were observed during the
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Table 1. Environmental parameters and nutrients content of seawater.

Parameters Day 1 Day 3 Day 6 Day 9 Day 12 Day 15
Temperature (°C) 26 27.5 27.5 26.5 27 27.5

pH 8.13 8.09 8.01 8.15 8.09 8.08
Salinity (g kg ") 35 35 35 35 35 35

DO (mgL ™) 5.80 +0.22 6.11+0.22 6.74+0.22 6.89 £ 0.44 6.42+0.22 6.27 + 0.44
Nitrite (WM L ) 1.40 £ 0.04 1.03 £ 0.04 1.24 £ 0.02 1.73 £ 0.02 0.33 +0.01 0.27 £0.01
Nitrate (uM L ™) 10.51 £ 0.24 9.42+0.20 15.22 + 0.68 13.48 £ 0.32 4.99 £ 0.28 8.28 + 1.44
SRP (uM L) 1.38 +0.33 1.77 £0.15 2.15£0.07 2.88 +0.50 0.62 +£0.26 1.81+0.33

Values for salinity, temperature, pH, dissolved oxygen, nitrate, nitrite and SRP provided here represent average + SD.

https://doi.org/10.1371/journal.pone.0257961.t001

Signal A= SE2
Mag= 2500KX

Date :6 Nov 2020
Time :15:10:10

sampling occasions. Regarding the development of biofilm biomass, there was an average
increase in 7.6 + 3.7 g per bare plate on SS, 10.2 + 4.5 gon HP, and 5.4 £ 2.1 gon Ti.

Microscopic images

FESEM images depicting biofilms formation on acrylic coupons are shown (Fig 1). These
micrographs revealed that the immersed substrata were colonized rapidly in the studied envi-
ronment and therefore microbial colonization can be visualized within 1-day of immersion. In
addition, a steady increase in biofilm biomass and content of extra polymeric substances (EPS)
along the successional days 3, 6, 9, 12, and 15 were observed. After day-9, we observed a minor
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Fig 1. Representative field-emission scanning electron microscope (FESEM) images of acrylic coupons deployed in the intake area of a power plant

located in the Laccadive Sea for different durations (1, 3, 6, 9, 12 and 15 days). Images display an increase in biofilm biomass and exopolymeric substance
(EPS) with increasing time.

https://doi.org/10.1371/journal.pone.0257961.9001
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growth of macrofoulers such as tiny barnacles, mussels, and algae. The growth of lower
eukaryotes viz. diatoms can also be seen in the microscopic images of 9, 12 and 15-day
biofilms.

Sequencing outputs

A total of 24 samples from both marine biofilms and seawater were selected to generate bacte-
rial community data on microfouling succession using high-throughput tag sequencing. Of
the selected samples, 18 samples (3 substrata x 6 sampling occasions) and 6 samples (1 sam-
ple x 6 sampling occasions) were from marine biofilms and seawater, respectively. Here, the
characters used to define samples name denotes sampling days (e.g. day-1: 1d, day-3: 3d) and
their sources (biofilm assembled on stainless steel: SS, biofilm assembled on high-density poly-
ethylene: HP, biofilm assembled on titanium: Ti, and seawater: SW).

Sequencing of the V3-V4 region using Illumina MiSeq platform generated a total of
4,608,494 paired-end raw reads. As summarized (S1 Table in S1 File), the read values were
least for day-9 (536,986) and highest for day-12 (611,800). With regard to substrata, the num-
ber of reads was higher in samples of HP (1,168,714) and least in Ti (1,090,110). Assembly and
applying of quality filtering criteria resulted in 1,496,022 reads, of which, 1,191,649 reads hit
the reference. To equalize the uneven sequencing depth, all samples were rarefied to the lowest
number of reads (35,998 of sample 1dSW). Finally, high-quality reads were clustered into
3,655 features with a range of 56-1167. The sparse curves with a cluster distance of 0.03 were
saturated reaching asymptote indicating adequate sequencing depth per sample to cover the
whole diversity of both sessile and planktonic samples (S2 Fig in S1 File).

Bacterial diversity and community composition of biofilm-forming
microbiota is determined by temporal succession than substrata
materials

The Shannon diversity index—a measure that represents taxa and their distribution (i.e. evenly
distributed or skewed), trended toward significance when comparing succession days (Krus-
kal-Wallis, H = 20.89, p = 0.001) but not substrate material (Kruskal-Wallis, H = 4.03,

p = 0.25). Similarly, the results of Faith’s_PD revealed that the differences in bacterial richness
among substrata types were significantly less (Kruskal-Wallis, H = 0.406, p = 0.938) as com-
pared to the temporal succession pattern (Kruskal-Wallis, H = 19.7, p = 0.003) (Fig 2 and S1
Table in S1 File). The development of early-stage biofilm on substrate resulted in a continuous
elevation in bacterial richness and diversity from the succession day-1 onwards and reached a
maximum at day-6. Later, the biofilm development demonstrated a reduction in both richness
and diversity from day-9, and thereafter it remained constant during day-12 and again rose at
day-15. Highest number of features and greater evenness were observed during day-6 and day-
15 (Fig 2 and S1 Table in S1 File). Regarding the effect of substrate type, the Shannon diver-
sity was least in SS and higher in HP, while the bacterial richness was higher in SS and less in
Ti. Nevertheless, there were no significant differences in diversity indices observed among the
substrata types.

Principal coordinate analysis (PCoA) based on both unweighted (presence-absence-based)
and weighted (abundance-based) UniFrac distance was constructed to compare the whole
microbiota structure of the early-stage biofilms (Fig 3). Obtained results of both PCoA dis-
played no clustering of samples based on the substrate type whereas, the clustering occurred
on the basis of succession days (Fig 3a and 3b). Interestingly, we observed two major clusters:
biofilm-forming communities of succession day-1, day-3 and day-9 were clustered distinctly
into 1 group whereas, biofilm-forming communities of succession day-6, day-12, and day-15
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richness, and evenness of marine biofilms assembled on three artificial substrata viz., stainless steel (SS), titanium (Ti) and high-
density polyethylene (HP) and peripheral seawater (SW) collected during day-1 to day-15 from the southern coastal region of India.

https://doi.org/10.1371/journal.pone.0257961.9002

as another on the unweighted UniFrac-based PCoA plot with a variance of 30.55% at axisl
(PC1) (Fig 3a). The significance in clustering of samples by days in PCoA was supported by a
non-parametric multivariate analysis of variance (PERMANOVA, F = 4.077, p < 0.001). In
the case of weighted UniFrac-based PCoA, biofilms of day-1, day-3, day-9 and day-12 were
grouped as a single cluster leaving behind biofilms of day-6 and day-15 (PERMANOVA,

F =4.873, p < 0.001) (Fig 3b). It should be emphasized here that the community variations
observed during various stages of biofilm development is higher based on the presence/
absence of bacterial taxa rather than their abundance. Overall, these results indicated the negli-
gible influence of substrata types whereas, strong influence of temporal succession in deter-
mining the early-stage microbiota.
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Fig 3. Principal coordinate analysis (PCoA) plots showing variation in biofilm-forming and seawater-associated bacterial communities collected for
consecutively 15 days from the southern coastal region of India. a) PCoA plot displaying clustering pattern based on unweighted UniFrac (take presence/absence
matrix in the account). b) PCoA plot displaying clustering pattern based on weighted UniFrac (take abundance in the account). Coloured circles in the PCoA plots
represent the days of marine biofilms and seawater sampling.

https://doi.org/10.1371/journal.pone.0257961.9003

Impact of temporal succession remained more prominent than substrate
types on taxon abundance of biofilm-forming microbiota

The Ilumina-generated reads were next allocated at various taxonomic ranks to evaluate the
temporal succession pattern of biofilm-forming microbiota. The relative proportions of domi-
nant bacterial taxa are represented at phylum (S3 Fig in S1 File) and class (S4 Fig in S1 File)
levels. At phylum and class levels, no visible difference of bacterial community composition
between substrata types was observed throughout the succession stages. The bacterial commu-
nity composition of the biofilms was largely dominated by the phylum Proteobacteria (92.78%
+ 6.31%), followed by Bacteroidetes (5.61% + 4.73). Other phyla such as Cyanobacteria, Planc-
tomycetes, and Firmicutes constituted for < 2% of the overall biofilm-forming bacterial com-
munity. At the class level, the community composition was dominated by three major classes
viz., Gammaproteobacteria (83.13 £ 13.77%), Alphaproteobacteria (6.66 * 5.33%), and Flavo-
bacteriia (5.25 + 4.57%) (S4 Fig in S1 File).

When we performed regression analysis with non-parametric Spearman correlation to
understand the temporal pattern of dominant marine phyla, a significant positive linear associ-
ation with succession days was observed for most of the phyla including Bacteroidetes
(p < 0.05), Cyanobacteria (p < 0.05), Planctomycetes (p < 0.05), and GN02 (p < 0.005) (Fig
4a). Contrastingly, phylum Proteobacteria showed a strong and significant (p < 0.05) negative
linear correlation along the succession days.
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https://doi.org/10.1371/journal.pone.0257961.9g004

The study on the pattern of temporal succession became more interesting and visible when
the relative abundance was analyzed at the order level (Fig 4b), where every individual succes-
sion day was characterized by unique taxonomic profile. For example, the relative abundance
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of Alteromonadales tended to be significantly (p < 0.005) higher during succession day-1 and
day-9, while Vibrionales substantially (p < 0.005) dominated the biofilm-forming microbiota
of succession day-3 and day-12. On the succession day-6 and day-15, a diverse numbers of
bacterial orders were observed as compared to other succession days. Oceanospirillales was the
third abundant bacterial order that was found proportionally high during succession day-6
and day-15. Interestingly, when significantly differed families among succession days were
analyzed using STAMP software, we observed that there are nine families that can be catego-
rized into early and late biofilm formers (S5 Fig in S1 File). For example, families Rhodobac-
teraceae (day-3 and day-6) and Pseudoalteromonadaceae (day-1 and day-9) were found to be
significantly abundant during the initial days of biofilm while, families such as Verrucomicro-
biaceae, Sinabactereraceae, Cryomorphaceae were abundant during later six days (day-12 and-
15) of biofilm development. Similar to higher taxonomic ranks, the community composition
difference was clearly visible when we looked at the genus level (Fig 5). We observed that gen-
era Vibrio, Alteromonas, Idiomarina, Halomonas and Pseudoalteromonas were dominant
groups among the biofilm samples. On the other hand, biofilms developed on the three artifi-
cial substrata displayed no significant variations in taxon abundance, further highlighting the
unexpected result of the negligible influence of substrate type on biofilm-forming microbiota.

LEfSe analysis was performed for identifying biomarker taxa associated with succession
days and substrate types. This analysis revealed that except for the day-9 and day-12, biofilm-
forming microbiota of all other succession days was dominated by specific bacterial taxa with
day-6 being the most abundant, followed by day-15 (S6 Fig in S1 File). Most prominently,
abundant orders such as Alteromonadales and Vibrionales were identified as biomarkers for
day-1 and day-3, respectively. Similarly, other bacterial orders viz., Rhodobacterales, Strameno-
philes, Sphingomonadales and Campylobacterales were exclusive for day-6 and Rhizhobiales
and Synechococcales were exclusive for day-15. Contrary to the succession days, no substrate
type-specific bacterial taxa were identified.

Variations in biofilm-forming microbiota is independent of the
community composition of seawater

To further study the personalized community composition of biofilms, the similarity between
seawater (collected during all sampling occasions) and biofilm-forming microbiota was inves-
tigated. As can be seen in PCoA plots, the dissimilarity between the microbiota of seawater
and biofilms was the most pronounced than the differences between temporal succession and
substrata types. In the unweighted UniFrac-based PCoA plot, the microbiota composition of
all planktonic community (SW samples) were evidently separated from the biofilm microbiota
with 30.55% variation in PC1 and 13.99% variation in PC2 (Fig 3a). However, the weighted
UniFrac ordination analysis showed some overlapping of SW samples with biofilm-forming
bacterial communities but the variation observed was comparatively high (41.70% in and 20.
23% in PC2) (Fig 3b). These results were supported by highest significance (p < 0.002) in
PERMANOVA analysis. Similarly, when the distance of dissimilarity is considered, succession
day-1 and day-3 were more apart from the seawater samples. The observations made in the
PCoA ordination plots was further strengthened by UPGMA analysis (S7 Fig in S1 File) and
heatmap clustering at the genus level (Fig 5). These results further confirmed that biofilm-
forming bacterial community composition is characterized by distinct groups of bacterial gen-
era as compared to surrounding free-living bacterial communities. The differences in the rela-
tive proportions of dominant bacterial genera such as Alteromonas, Idiomarina, Halomonas,
Pseudidiomarina, Vibrio, Pseudoalteromonas, Polaribacter, and Glaciecola contributed pro-
foundly to the observed differences. In support of these outcomes, LEfSe analysis revealed that
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Fig 5. Hierarchically clustered heatmap analysis of the bacterial community composition in the biofilm and seawater
samples collected on different days. Figure shows the clustering of seawater samples separately from the biofilm samples and the
colours represent the relative abundance of the top abundant 50 genera.

https://doi.org/10.1371/journal.pone.0257961.9005

both high- and low-abundance taxa differed significantly between biofilm-forming and seawa-
ter bacterial communities. Phylum Proteobacteria was enriched in biofilm-forming micro-
biota, whereas Bacteroidetes, Cyanobacteria, SAR406, and Actinobacteria were abundant in
seawater (Fig 6). Collectively, these results reinforce a general notion that there exist particular
bacterial communities that can only adhere and proliferate successfully to form biofilms in
marine environment. Not all the taxa present in seawater are able to adhere and form biofilms.

Discussion

Microbial colonization on submerged surfaces is a prime phenomenon in aquatic ecosystems.
The structure and community composition of biofouling development are largely determined
by microbial recruitment from the planktonic (free-floating) community, and the mechanism
of pioneering succession determines the stability of the long-term biofouling assemblages [51-
54]. Several factors including the environmental heterogeneity, substrate material, spatio-tem-
poral variations can influence the recruitment of species [52, 55, 56], and understanding these
key associations provide useful insights into their control strategies. Extending on our previous
research work [57], the present study describes the bacterial community succession that occurs
during the early stages of biofilm development on various artificial substrata.

Succession of biofilm-forming bacterial community formed on various artificial surfaces
has been studied extensively [8, 19, 26, 30-32, 51], with higher diversity observed during the
first 24 h of immersion. Our findings are relatively different from this description as we
observed greater diversity on succession day-6 and day-15. A significant increase in Shannon
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https://doi.org/10.1371/journal.pone.0257961.9g006
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diversity index during succession day-3 and day-6 and between succession day-12 and day-15
might be driven by an increase in evenness. However, the changes were insignificant at the
substrate level. Similarly, Faith’s PD also showed a significant increase between succession
day-3 and day-6 and day-12 and day-15 as an effect of recruitment of new and phylogenetically
distinct bacterial taxa during the development of biofilm. The high richness and low evenness
on succession day-1, 9, and day-3, 12 can be explained by the presence of dominant taxa such
as Alteromonadales and Vibrionales, respectively. Moreover, the dominance of competitive
species may also be the reason behind lower diversity during the initial days of biofilm devel-
opment [23, 58, 59].

In parallel with several earlier studies, the pioneering biofilm-forming community was
largely dominated by Gammaproteobacteria particularly the order Alteromonadales. The
members of Alteromonadales are frequently reported as an important primary colonizers of
submerged substrata and are found to be dominant in the young biofilm [4, 17, 21] as they are
widely involved in recruitment of subsequent micro- and macro-foulers [21, 60]. Members of
Alteromonadales are also known to protect the biofilms from land-based contaminants [7].
Similarly, few other orders such as Vibrionales, Oceanospirillales, and Pseudomonadales also
accompanied Alteromonadales in establishing early-stage biofilm. These bacterial orders are
identified as prominent members to cause biocorrosion on steel surfaces [61]. Few assump-
tions have been proposed to account for the high prevalence of Gammaproteobacteria at the
early-stage biofilm development, which includes the presence of diversified members in this
class with their ability to thrive in various environmental conditions [21, 23].

Contrary to this, few studies [17, 23, 30, 31] have reported Alphaproteobacteria (members
of Rhodobacteraceae) as a prominent member of the early-stage (developed within 24-48 h)
biofilm community, which could be basically due to differences in environmental conditions.
However, we also observed a significantly higher abundance of family Rhodobacteraceae dur-
ing day-3 and day-6, which is in accordance with Dang and Lovell, (2002) [29].

Moving onto the taxon abundance, we witnessed that the relative abundances of dominant
bacterial taxa change in a continuum from succession day-1 over the entire succession period.
We also observed a recurrence of the same pattern change with two major shifts in the bacte-
rial community composition. First shift was observed beyond 24 h of succession, where the
community dominance shifted from Alteromonadales (members of Alteromonadaceae and
Idiomarinaceae) to Vibrionales (members of Vibrionaceae). The second shift occurred between
succession day-3 and day-6, wherein the community composition of the members of Oceanos-
pirallales, Flavobacteriales, Rhodobacterales, Bhurkholderiales, Pseudomonadales became
equally proportional to that of Alteromonadales and Vibrionales. These dominant members
are also witnessed as biomarkers of the respective days in LEfSe analysis. The same pattern of
compositional shift observed during succession day-1 to day-6 was repeated for the rest of the
sampling days, wherein, the diverse biofilm-forming microbiota of succession day-6 reduced
again at day-9 during which the dominance of Alteromonadales prevailed. Following this,
Vibrionales dominated the biofilm microbiota of succession day-12 as similar to succession
day-3. At succession day-15, the community composition was once again diversified.

Generally, all the successional communities display an increase in diversity and richness in
their early-stage development, which makes it difficult to explain the results of our observation
on pattern of reduction and increase in diversity. A lake-based wetland mesocosm research by
Jackson et al. also noted a similar nature of variations, explaining that it would have been pos-
sibly due to the competitive dominance of some bacterial populations [59]. This might also be
a result of the transitory phase of maximum richness in the middle stages of community
growth, similar to what the intermediate disruption hypothesis suggests [62]. However, this
pattern of entire community shift has been rarely documented by any of the previous studies,
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which may be due to the fact that most of these studies have discussed the change in succession
at higher taxonomic “phylum and/or class” [7, 8, 27, 63] or lower taxonomic “genus” [26, 28]
levels, where either dominance or diversity prevails, respectively. This shift was keenly
observed at the order level.

At the level of substrata, our experimental setup on the succession pattern revealed that the
substrate type was not as influential as the succession days. Generally, it has been shown that
the bacterial attachment in marine environment is highly influenced by the physico-chemical
properties of the surfaces [27, 64, 65] and hence the substrata types have been frequently
reported to determine the bacterial community composition of marine biofilms [17, 26]. Our
findings refuted the presumption that substrate material has a major impact on early-stage of
marine biofilm formation; rather, the effect of substrate material was overwhelmed by tempo-
ral succession and in situ environmental conditions. However, HDPE demonstrated greater
diversity than Ti and SS, owing to the surface roughness and hydrophobicity of SS and the tox-
icity of Ti [26]. Nevertheless, these differences were not statistically significant in comparison
with the observed differences in temporal succession. In line with this, Bellou et al. and Lee
et al. also noticed the importance of environment, rather than substrata types, in defining the
biofilm community structure in the deep sea [27, 28].

We also observed a clear difference between biofilm-forming and planktonic bacterial com-
munity composition. Planktonic communities characterized consistently by heterogeneous
taxonomic groups and higher diversity than biofilm-forming communities [23]. Ecologically,
the principle that “everything is everywhere”, and the environment selects do apply in the case
of species sorting and biofilm development [10, 66]. Higher diversity and community compo-
sition in seawater may be surmised by the fact that all microorganisms in the ocean are widely
distributed, but majority of the species are only latent in a given environment. We identified
several bacterial groups, whose abundance was observed solely either to the planktonic (e.g.
Bacteroidetes, Cyanobacteria) or attached state (e.g. Proteobacteria, Legionellales) causing over-
all community differences. These results suggest that there exist a stronger influence of species
sorting in structuring biofilm-forming microbiota in the studied marine environment, which
is in agreement with the previous studies focusing on marine biofilms assembled on different
artificial substrates in cold seep systems [26, 28]. Moreover, we also identified an order Legio-
nellales that was overrepresented in biofilm-forming microbiota. Members of Legionellales are
considered as predominant members associated with water systems of built environment and
are potent parasites [67]. Their existence in the biofilm-forming microbiota may have been
enhanced by the presence of other organisms besides bacteria such as amoeba [68]. Apart
from these, there were more biomarkers associated with planktonic part than biofilms suggest-
ing that several bacterial groups in marine environment are adapted solely either to the plank-
tonic or attached state causing overall community differences. Perhaps, changing the
environmental conditions and parameters might contribute higher diversity to biofilm
microbiota.

In conclusion, our findings revealed a distinct ecological succession in the early stages of
marine biofilm. Although several studies compared the bacterial assembly on artificial sub-
strata, this is the first pilot study showing the early-stage bacterial biofilm succession in the
coastal region of India. Moreover, since our prime target was on the substrata that are widely
used in coastal located industries, specifically power plants, we limited the substrata types to
three (SS, HP, and Ti). Higher variations in substrate material and their replicate diversity
analysis may result in some significant changes to support the theory of species sorting with
respect to substrata types. Nevertheless, based on the obtained data in this study, we conclude
that the in situ environment and temporal succession play a major role in structuring early-
stage biofilm microbiota in the southern coastal seawater of India. Analyzing the succession

PLOS ONE | https://doi.org/10.1371/journal.pone.0257961 September 27, 2021 15/20


https://doi.org/10.1371/journal.pone.0257961

PLOS ONE

Bacterial community structure of early-stage marine biofilms assembled on various artificial substrata

pattern of macrofouling communities in future studies may shed more light on the role of a
particular bacterial community on a single substratum.
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of biofilm-forming and seawater bacterial communities at the phylum level. (4) S4

Fig. Taxonomic classification of biofilm-forming and seawater bacterial communities at the
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