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Metagenomic analysis of bioﬁlm forming bacteria in environmental samples remains challenging due to the nonavailability of gene sequences of most of the uncultivable bacteria. Sequences of Pseudomonas aeruginosa PAO1UW genes involved either directly or indirectly in bioﬁlm formation were analyzed using BLASTn to obtain
matching sequences from diﬀerent strain, species and genus. Conserved regions in the functional domain of the
amino acid sequences were used to design common primers for direct PCR analysis of freshwater metagenomes.
Seven key genes such as aceA, clpP, typA, cbrA, phoR, rpoS and gacA involved in bioﬁlm formation were validated. The ortholog genes belonged to wide range of Pseudomonas sp. indicating the diversity of bioﬁlm genes
and the conservation of protein functional domains. The approach would also help in analyzing the expression of
bioﬁlm genes in diﬀerent bacteria of freshwater systems for monitoring toxic contaminations such as organic or
inorganic pollutants.

1. Introduction
Most of the bacteria in the environment have the inherent capability
to exist as bioﬁlm. Microbial bioﬁlms dominate biogeochemical processes in many sedimentary environments such as stream and riverbeds,
lake sediments or ground water [1,2]. In bacteria, bioﬁlms are involved
in antimicrobial resistance, virulence and adaptation to environmental
toxicity. The microbial diversity of natural bioﬁlm has important role
for the functioning of aquatic environments [3]. Studies on bioﬁlms
help to understand the bacterial ecology and community interactions in
various environments [4]. In addition to the fundamental knowledge on
bacterial systems gained through these studies, bioﬁlms have wide
application in commercial industries [5]. Plethora of work has already
been done on Pseudomonas aeruginosa bioﬁlms and myriads of data are
available including whole genome sequence in Pseudomonas Genome
Database (PGD); (earlier referred to as the Pseudomonas aeruginosa
Genome Database http://www.pseudomonas.com/) [6]. Such available
information has made P. aeruginosa PAO1-UW a reference strain for
bioﬁlm research in other bacteria.
In a recent study by Kumari et al. [7], eﬀect of low concentrations of
titanium dioxide on the bioﬁlm related genes of P. aeruginosa, Bacillus
subtilis and B. altitudinus was reported. The study describes expression of
bioﬁlm related genes of P. aeruginosa and B. subtilis using gene speciﬁc
primers in PCR which resulted in background ampliﬁcation of unknown
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genes in B. altitudinus [7]. B. altitudinus bioﬁlm genes are yet to be
characterized. The aforesaid observation indicated the presence of gene
orthologs in bacteria towards common functionality (bioﬁlm formation).
Metagenomic study of microbiomes of various environments such as
marine water [8], freshwater [9], drinking water [10], sludge waste
[11], soil [12], guts [13], acid mine drainage [14], oral cavity [15], ice
shelves [16], glaciers [17] has already been reported. The common
approach that has been used for culture-independent study of microbes
from diﬀerent environments mainly depend on high-throughput
shotgun sequencing, followed by assembling large sequence data and
software-based generation of contigs for the taxonomic classiﬁcation of
microbial metapopulation. However, most of the earlier works on targeting genes in the metagenome were based on construction of clonal
library of the selected amplicons [18,19]. With the advent of metagenomics, where research is independent of conventional microbial culturing, there is a need for the development of gene speciﬁc probes/
primers from reference strains that can be used to detect similar orthologs in other cultivable as well as uncultivable species in the environment.
To study the gene orthologs, Polymerase Chain Reaction (PCR)
primer design based on conserved sequences has been usually common
but the present study has incorporated a protein functional domain
approach to use corresponding conserved region in genes. Although
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(F) ATCGTCATGCCGATCTGCAAC
(R) AGGTCGTAGGCGATCCACA
(F) CTGCAGATCCATGCCGGCAACG
(R) CGGCTTCTTCGGATCCTTGAC
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MifR

Histidine kinase

Isocitrate lyase AceA

PslA

Chemotaxis protein CheY

Phosphate regulon sensor protein
PhoR
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Regulatory protein TypA

Glucans biosynthesis
glucosyltransferase H
Glucans biosynthesis protein G

Histidine kinase

GDP-mannose 6-dehydrogenase

Response regulator GacA

RNA polymerase factor sigma-54

RNA polymerase sigma factor RpoS

ATP-dependent Clp protease

Protein

CategoryI: Protein domains information available for all the three selected orthologs.
CategoryII: Protein domains information available in diﬀerent species and genus selected orthologs but not in same subgroup.
CategoryIII: Protein domains information available only till same species level but was not found in diﬀerent genus selected orthologs.
CategoryIV: Protein domain information available only for P.aeruginosa PAO1 but not for any of the selected orthologs.
F – forward primer; R – reverse primer; bp – base pairs.

(F) GCATGCCCGGCATGGACGG
(R) CCGAACAGCTCGCTCTCGAAC
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Gene category III
cheY
(F) GTCACCGACTGGAACATGCC
(R) GCCGTTGACCCCGGCCTGGG
pslA
(F) TGGTCGGCCCGCGCCC
(R) TTGATCTGCGCCCAGCCGGT
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(F) CCAGATCGCCCTGATGATCGC
(R) TTCTCGAAGATGCGGTAGCG
algD
(F) ACCGCGATCAAGGACTAC

(F) 57
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rpoN

GC percentage

(F) 57
(R) 65
(F) 59
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Primer sequences (5′ → 3′)

Gene category I
clpP
(F) TCTATTCGCGCCTGCTGAAGG
(R) AATGCGGCAGGCAGTAGCGC
rpoS
(F) CTGCTCGACCTGATCGA
(R) CGGGTCAGGCCGATTTCCT

Genes

Table 1
P. aeruginosa PAO1- PAO-UW bioﬁlm genes, ortholog based PCR primers, corresponding proteins and functional domains.
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domain was calculated and from that conserved nucleotide sequences,
two oligonucleotides were selected for primer designing. For genes
gacA, algD, cbrA, opgG, opgH, typA, ppx and phoR, protein domain information was available for diﬀerent species and diﬀerent genera but
was not found in the selected subgroup (Category II). Hence, three sequence alignments were performed for them and oligonucleotides
corresponding to the conserved domain were used for primers.
Alignment of functional domain of protein coded by pslA indicated
conserved regions across subspecies and distinct species of
Pseudomonas. (Category III). Therefore, two protein sequence alignments were used in this category. Likewise, after all the domain
screening, above mentioned 16 genes were ﬁnally selected for analysis
(listed in Table 1). Primers contained a minimum of 17 nucleotides
from the conserved domain after assuring the suitability for use in PCR
(Table 1). Protein sequence alignments displayed more homology than
nucleotide sequence alignments for all the shortlisted genes. The hypothetical interaction among these genes based on the literature search
and their relative participation in bioﬁlm formation are represented in
Fig. 1 using Chilibot tool [21] which highlights the direct link of gene
cbrA, aceA and rpoS with bioﬁlm (green) and inhibitory connections
between rpoN, bﬁS and gacA with bioﬁlms.

protein domain-based PCR primer design has been reported earlier by
Jin et al. [11] using CODEHOPs (COnsensus-DEgenerate Hybrid Oligonucleotide Primer) tool to analyze carboxypeptidase gene in metagenome of activated sludge waste water, the study focused on a single
gene target. Consequently, for designing substantial number of primers
based on conserved gene sequence among orthologs, MetCap pipeline
was also created for largescale targeted metagenomics [20]. We targeted multiple genes of P. aeruginosa that are involved in a complex
process of bioﬁlm formation. We have used a ﬁxed criterion of choosing
possible ortholog genes in i) diﬀerent strain of the same species ii)
distinct species of the same genus (Pseudomonas) and iii) diﬀerent
genera.
2. Results
2.1. Genome wide computational analysis of bioﬁlm genes
Details of genes retrieved from P. aeruginosa PAO1-UW genome are
listed in Supplementary Table 1. The table in addition represents orthologs in other bacteria, functions and the sequence coverage
homology with orthologs. Total number of genes involved in bioﬁlm
formation was found to be 71 using the keyword “bioﬁlm” in search
option in the whole genome annotation ﬁle. Among these, seven genes
were reported to be hypothetical, whereas other genes were found
functionally annotated with cellular processes such as translation,
transcription, signal transduction, transport, motility, chemotaxis and
metabolism. However, most of the genes were found to contribute in
swarming motility and transcription regulation and exopolysaccharide
synthesis. Size of the genes ranged from 237 bp to 3582 bp. The smallest gene was found to be clpS (PA2621) with a size of 237 bp and the
largest gene was pelB (PA3063) with a size of 3582 bp.
Diﬀerent strains with maximum sequence identity and query coverage were extracted using nucleotide BLAST as described. PA0705
(migA) was the only gene for which no sequence similarity was found
with other strains, species and genus. Gene sequence of asterisked
strains of Supplementary Table 1 were reverse complemented before
performing ClustalW alignment to get matching score in accordance
with the BLAST result. For genes algQ, wapB, rsaL, pslD, pslO, clpS, pelD,
pelB and exoS, sequence similarity was conﬁned to same species but
diﬀerent substrains. Therefore, for such genes, alignment was obtained
only for two sequences. For 29 genes (sprP, lopA, pslF, pslG, pslH, pslI,
pslJ, pslK, pslL, czcR, pelE, pelC, pelA, hptB, lecB, amrZ, alg44, algK, algX,
pprB, mvaT, PA4354, PA4819, estA, algP, algR, rnk, sadB, tonB1) sequence alignment was found with diﬀerent species of Pseudomonas also.
Thus, for these genes, alignment of 3 sequences was obtained. Besides
this, 32 genes (pfpI, ﬂeR, bdlA, cheY, clpP, pslA, pslB, pslC, pslE, pslM,
pslN, gacA, aceA, pelG, pelF, algD, rpoS, bfmR, PA4108, ampR, bﬁS, rpoN,
cbrA, PA4781, opgH, opgG, typA, ppx, phoR, algB, mifR) were noticed to
display alignments even among diﬀerent genus as well. Four sequence
alignments were performed for these 32 genes.

2.3. Analyses of water samples
Pond water samples collected from diﬀerent locations of Vellore
were analyzed for their physical properties. Supplementary Table 2
shows the average value of pH, temperature, conductivity, Total
Dissolved Solids (TDS) and salinity of all samples which varied among
locations. The pH of the water samples was mostly alkaline with
maximum pH of 9.62 for VFP03 but RAN10 was found to be slightly
acidic with pH 6.26. Temperature of the samples was recorded in the
range of 29.5 °C (ALV06) to 33.5 °C (MAR09). Conductivity was found
maximum in RAN10 with 5730 μs followed by MAR09 with 4230 μs
and minimum of 357.5 μs in OTT077 with the majority lying in the
range of around 1100 μs. TDS was relatively very high for RAN10 as
compared to the other samples with the concentration of 4.07 μg/ml.
MAR09 and VFP03 were next to RAN10 with 2.97 and 2.32 μg/ml of
TDS, respectively while the normal TDS was found in the range of
0.27–1.1 μg/ml. Salinity was observed maximum for RAN10 and VFP03
with 2187.5, 1710 and 1560 ppm, though the remaining were below
800 ppm. Dissolved Oxygen (DO) and Biochemical Oxygen Demand
(BOD) were found in the range of 4–5.7 mg/l and 12–114 mg/l respectively, with the highest value of both belonging to RAN10. The
physical parameters along with DO and BOD indicate the level of
overall pollution. All these analyses represent diﬀerent pollution level
in waters samples which is the clear indication of microbial population
level in them [22]. Based on all these physical parameters sample
RAN10 was found to be the most contaminated and sample OTT07 was
the least contaminated followed by PEN04 which in turn denote lesser
microbial diversity in them.

2.2. Gene selection for design of universal primers

2.4. Metagenomic PCR analyses

In the ClustalW sequence alignments, although 32 genes exhibited
homology even beyond species level, only 18 genes showed signiﬁcant
matching of sequences. Out of these, bfmR and algB were not used for
primer designing since the conserved nucleotide regions were found
much closer, resulting in a too smaller expected PCR product (73 bp
and 63 bp respectively). After this shortlisting, the genes were grouped
into four categories. Genes clpP, rpoS, rpoN (Category I) had a explicit
domain information of all the three orthologs available in the protein
databases, whereas no domain information was available on any of the
gene orthologs of bﬁS, mifR, aceA in other bacteria, except for P. aeruginosa PAO1-UW sequence (Category IV). For category I, four protein
sequence alignment displayed high degree of homology even across
genus. The nucleotide sequence corresponding to the conserved protein

The PCR performed using freshwater metagenomes as template
showed that the ampliﬁcation of selected genes was as per the expected
product size as shown in Fig. 2. Although for every gene, there was
variation observed in the gel band pattern for each sample, nevertheless, the expected amplicon bands were commonly present in all the
samples except a few. This common PCR ampliﬁcation pattern though
with diﬀerent band intensities conﬁrms the direct ampliﬁcation of
genes involved in bioﬁlm formation in the pond fresh water metagenome. Multiple bands indicate the possible non-speciﬁc ampliﬁcation
due to the unknown complexity of metagenome. However, aceA
(Fig. 2a) and cbrA (Fig. 2d) gene did not show multiple bands for all the
samples which might be due to the uniqueness of primer targeted region of gene sequence among freshwater bacterial community. Sample
3
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Fig. 1. Network map of bioﬁlm related genes constructed using Chilibot.
Lines and nodes indicate the interactions between genes and relation of genes with bioﬁlm. Colour represent stimulatory relationship (green), inhibitory (red), stimulatory/inhibitory
(yellow), queried terms (cyan blue), neutral interaction (grey). The numbers denote the size of the abstract searched in literature. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)

genus of bacteria having the same gene. Bootstrap consensus trees were
constructed using maximum likelihood method with bootstrap value of
1000 for high robustness is shown in Fig. 3. Gene aceA evolved in wide
range of diﬀerent Pseudomonas species as well as bacteria of diﬀerent
genus Azotobacter chroococcum. This bacterial species of diﬀerent genus
along with three cross genus bacteria Thioalkalivibrio virsutus, Hafnia
alvei and Aeromonas schubertii were also found to carry rpoS gene.
Azotobacter vinelandii, Halotalea alkalilenta and Marinobacter similis of
outside genus were found in the phylogeny of gacA, clpP and typA respectively. On the contrary, cbrA and phoR were seen only within the
Pseudomonas genus. Among all the orthologs, P. alcaligenes and P.
stutzeri were two bacteria which could be seen in all the cladograms. P.
aeruginosa, P. balearica and P. citronellolis were found common among
all the trees except for cbrA. Similarly, P. mendocina also existed in all
except rpoS. On the other hand the uniquely spotted orthologs were P.
oryzihabitan for clpP; P. koreensis, P. agrici, P. plecoglossida, P.fragi for
cbrA; P. proteogens and P. cichorii for phoR.

STH05 and THR02 displayed single expected band for all the genes.
Unlike other samples, no ampliﬁcation was observed for any gene in
sample OTT07 (Fig. 2). No ampliﬁcation was observed for cbrA gene in
samples VIT01 and THR02 (Fig. 2d). OTT07 was the sample with least
TDS, salinity, conductivity and BOD values that indicate less suitability
of this water sample for bioﬁlm bacteria. The genes that are validated
by this approach and the ampliﬁed gene and their sources are given in
Table 2.
2.5. Sequence analysis and phylogeny
Sequence analysis using BLAST search conﬁrmed that the sequences
coded for the target genes on which the primers were basically designed. The ﬁrst hit for each gene sequence search with maximum sequence identity (> 98%) was P. balearica DSM 6083 (aceA), P. alcaligenes NEB585 (clpP), P. stutzeri CCUG 29243 (typA), P. putida W619
(cbrA), P. mendocina S5.2 (phoR), P. pseudoalcaligenes (rpoS) and P. resinovorans NBRC 106553 (gacA). Although the obtained sequences were
found to be conserved not only in wide range of Pseudomonas sp. but
even in unrelated genus as well. To see the signiﬁcant relatedness of the
gene and its evolutionary trend among diﬀerent bacterial genus and
species, phylogenetic analysis was performed for the top hundred
BLAST hits with distinct species of Pseudomonas as well as diﬀerent

3. Discussion
The protein products of the genes analyzed in the study can be categorized into signal transduction by transcriptional regulators, those
involved in transcription, adaptation or protection, motility,
4
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Fig. 2. PCR analysis of freshwater metagenome using universal primers for bioﬁlm related genes.
a. aceA b. clpP c. typA d. cbrA e. phoR f. rpoS g. gacA, M - 100 bp DNA ladder, 1-VIT01, 2- THR02, 3- VFP03, 4- PEN04, 5- STH05, 6- ALV06, 7- OTT07, 8- VIR08, 9- MAR09, 10- RAN10.

genes cheY and gacA have been known to be involved in phosphorelay
response [23,24]. CheY is known to be involved in phosphate metabolism and chemotaxis [23] whereas, phoR in phosphate regulation
[25]. The reading frame of cheY resides at the downstream of ﬂiA gene
which codes for protein known to be involved in ﬂagellin synthesis.
Gene gacA is a global activator, highly conserved gene and synthesizes

chemotaxis, transport and metabolism, energy production and conservation and cell wall/membrane/cell envelope biogenesis. Out of the
16 genes for which PCR primers were designed based on protein
functional domain in ortholog genes of related and unrelated species
and genera to P. aeruginosa, we could validate the primers for seven
genes (aceA, clpP, typA, cbrA, phoR, rpoS, gacA). The proteins of the
Table 2
List of bioﬁlm genes validated by metagenome analysis.
Gene

Ortholog sources used for primer design

Ampliﬁed gene

Source microbe in the metagenome

GenBank Acession ID

aceA

Pseudomonas aeruginosa PAO1-VE13
Pseudomonas knackmussii B13
Azotobacter vinelandii CA6
Pseudomonas aeruginosa PAO1-VE13
Pseudomonas denitriﬁcans ATCC 13867
Marichromatium purpuratum 984
*Pseudomonas aeruginosa PAO1-VE13
*Pseudomonas denitriﬁcans ATCC 13867
*Azotobacter vinelandii CA6
Pseudomonas aeruginosa PAO1-VE13
Pseudomonas denitriﬁcans ATCC 13867
Azotobacter vinelandii CA6
Pseudomonas aeruginosa PAO1-VE13
*Pseudomonas chlororaphis strain PA23
*Thioalkalivibrio sulﬁdophilus HL-EbGr7
*Pseudomonas aeruginosa PAO1-VE13
*Pseudomonas resinovorans NBRC 106553 DNA
*Halomonas elongata DSM 2581
*Pseudomonas aeruginosa PAO1-VE13
*Pseudomonas knackmussii B13
Azotobacter vinelandii CA6

aceA

P. balearica DSM 6083

KX756976.1

clpP

P. alcaligenes NEB585

KX772807.1

typA

P. stutzeri CCUG 29243

KX779040.1

cbrA

P. putida W619

KX772806.1

phoR

P. mendocina S5.2

KX772808.1

rpoS

P. pseudoalcaligenes

KX779039.1

gacA

P. resinovorans NBRC 106553

KX831930.1

clpP

typA

cbrA

phoR

rpoS

gacA

5

Genomics xxx (xxxx) xxx–xxx

R. Anupama et al.

Fig. 3. Bootstrap consensus maximum likelihood tree representing evolutionary phylogenetic relationship of bioﬁlm forming genes among diﬀerent Pseudomonas species and other
genera.
a. aceA b. clpP c. typA d. cbrA e. phoR f. rpoS g. gacA.

modiﬁcation, intra cellular traﬃcking, attachment, motility and antibiotic resistance. In our search, complete protein domain information of
rpoN, rpoS and clpP was found available in databases in all the selected
orthologs. Polysaccharide synthesis related gene pslA encodes for sugar
transferase required for lipopolysaccharide synthesis during bioﬁlm
formation in non-mucoid strains without relying on alginate, which is a
major component of bioﬁlm. Alginate based exoplolysaccharide
synthesis in P. aeruginosa is controlled by protein products of algB and
algD genes; the latter produces GDP-mannose dehydrogenase [29].
Among the 16 genes analyzed in the present study, aceA was known
to be involved in energy production and conservation by encoding
isocitrate lyase (ICL), an enzyme of TCA cycle. This gene is

exoenzyme along with secondary metabolites [24].
Secondary metabolite synthesis is also negatively regulated by rpoS
protein, well known as sigma factor, mediating transcription of other
stress related genes. Suh et al. [26] demonstrated its regulatory activity
in various kinds of stress conditions through rpoS mutant study in P.
aeruginosa. Similarly, rpoN produces sigma 54 and known to be involved in transcriptional regulatory activity [27]. Besides, the other
transcription regulators are cbrA, algB and bﬁS. The role of clpP is in
ATP dependent protease system, which couples with clpA and the
product formed is a cylindrical core of serine protease. ClpP constitutes
the subunit of ATP dependent ClpP protease, exhibiting peptidase activity [28] in addition to other functions such as post translational
6
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Molecular ﬁngerprinting of bacterial communities in fresh water
bioﬁlms can serve as water quality monitoring tool as well [45] as the
community may diﬀer according to the geographical location, seasonal
environmental changes and contaminants. The sample sources used in
the present study are mainly used for irrigation purpose and also a
source of drinking water for farm animals. In addition, the rural poor in
India use this water for house hold purposes except drinking. The
bacterial bioﬁlms in fresh water systems could serve as reservoirs for
pathogenic microbes and cause water borne diseases [38] in human and
cattle. Hence, it becomes indispensible to study the bacterial communities in pond water for monitoring the quality as well as to take up
sanitation measures for preventing any water borne diseases. We
strongly believe that the molecular approach described here using a
simpliﬁed PCR ampliﬁcation strategy could serve as a step forward
towards understanding bacterial bioﬁlms in fresh water ecosystems.

monocistronic having an independent existence i.e. it does not rely on
ﬂanking genes for its function [30]. In P. aeruginosa, three main genes
(bfmR, bﬁS and mifR) have been characterized for similar functions, in
the absence of which fabrication of bioﬁlm tends to collapse as explicitly manifested by Petrova and Sauer [31]. For the genes aceA, bﬁS
and mifR, information about protein functional domain is not available
in our chosen orthologs. Therefore, primers were spotted in the conserved region which was corresponding to the protein domains of the
reference strain P. aeruginosa. Osmoregulated periplasmic glucans
(OPGs), a membrane glycosyltransferase, has been reported to be the
result of opgG and opgH gene transcription where, the protein opgG also
reconciles inorganic ion transport and metabolism [32]. Another key
enzyme for the transport of ions and nucleotides is ppx encoding exophosphatases causing hydrolysis of polyphosphate [33]. One of the
genes analyzed in this study was typA which has a role in virulence of P.
aeruginosa [34]. This is also a highly-conserved gene present in other
pathogenic bacteria such as Vibrio cholerae, Yersinia pestis, Mycobacterium tuberculosis and Escherichia coli [35–37]. These genes that are
validated in the study since are known to play key roles in bacterial
bioﬁlm formation, they could be considered as signature genes for
bacterial bioﬁlms. In this context, the simple approach described for
analyzing these genes could be widely used for metagenomic studies in
other environments.
Metagenomic analysis to understand microbial diversity in environmental samples has been shown usually through 16S rRNA clone
libraries. Next Generation Sequencing (NGS) and tag pyrosequencing
helps in deeper analysis of microbial diversity [38,39]. Chao et al. [10]
were able to generate and identify occurrences and abundances of
speciﬁc genes including those involved in glutathione metabolism,
SoxRS system, OxyR system, RpoS regulated genes and production of
extracellular polymeric substances. Based on speciﬁc pattern frequencies and tetranucleotides, it was possible to construct near complete draft genomes. Binning to cluster nucleotide sequences of NGS
analysis based on base composition to identify functional roles of microorganisms is yet another approach described [40]. Recently, genecentric metagenome analysis to identify speciﬁc functionality based
microorganisms in a community gained importance in parallel. BonillaRosso et al. [41] designed and evaluated primers that targeted genes
encoding nitrate reductases. However, the design of PCR primers was
based on known nirS and nirR genes of denitrifying microorganisms.
Similarly, PCR ampliﬁcation of nifH gene was used to develop and
analyze a metagenomic nifH gene clone library from soil samples [42].
Muller et al. [43] used gene speciﬁc primers to amplify non ribosomal
peptide synthetases to investigate bioactive substance related genes in
old vegetation forms. Huson et al. [44] performed protein-alignmentguided assembly of ortholog gene families from microbiome sequencing
reads. This was done in the short reads obtained from microbiome
projects. Using this approach, a gene family can be selected based on
classiﬁcation such as KEGG and the reads binned to the gene family can
be assembled.
In our study, freshwater metagenome was targeted to validate a
simpliﬁed strategy of gene analysis based on known orthologs without
the need for metagenome/microbiome sequencing. The primers designed based on the conserved protein domains in orthologs of other
strain, species and genus were able to amplify ortholog genes in entirely
diﬀerent species of Pseudomonas which were not used for primer design
(Table 2). Primers of all the seven genes could amplify orthologs from
wide range of species of Pseudomonas including P. balenrica (aceA), P.
alcaligenes (clpP), P. stutzeri (typA), P. putida (cbrA), P. mendocina
(phoR), P. pseudoalcaligenes (rpoS) and P. resinovorans (gacA). This indicates i) presence of these Pseudomonas species in the pond water
samples studied ii) distribution of bioﬁlm genes across various species
of Pseudomonas iii) conservation of functional domains in proteins
coded by these bioﬁlm genes iv) ability of the our PCR primes to amplify ortholog genes in other bacteria which are not used for designing
PCR primers.

4. Materials and methods
4.1. Mining of bioﬁlm related genes in P. aeruginosa PAO1-UW genome
Genes that are known to be involved in bioﬁlm formation in P.
aeruginosa PAO1-UW strain were ﬁltered out from PGD [6] using ‘bioﬁlm’ in text search. All information related to the bioﬁlm genes viz.
nomenclature, locus, size and function were collected.
4.2. Ortholog search using P. aeruginosa bioﬁlm gene sequences
Sequences of bioﬁlm related genes were used for similarity search
using nucleotide BLAST. Among the BLAST search results, gene sequences of bacterial strains one each from diﬀerent stain, diﬀerent
species and diﬀerent genus to P. aeruginosa PAO-UW were chosen. If
there were more than one bacterium in each category, the bacterium
with highest query coverage and highest homology to the test sequences was selected. Matching gene sequences of the corresponding
strains were collected from GenBank database and converted to properly aligned clusters of sequence in FASTA format.
4.3. Multiple sequence alignment using ClustalW
For each bioﬁlm related gene of P. aeruginosa, four nucleotide sequences (gene sequences of PAO1-UW strain, a diﬀerent strain of P.
aeruginosa, a diﬀerent species of Pseudomonas and a genus diﬀerent
from Pseudomonas) as selected from BLAST results were used for
alignment in ClustalW software. Wherever required, sequences were
converted to reverse complemented sequences since some of the BLAST
matches were on negative strand of the bacterial genomes. For the gene
sequences, which did not show BLAST matches with other genus, three
sequences were used for alignment (PAO1-UW strain, diﬀerent strain of
P. aeruginosa and a diﬀerent species of Pseudomonas). Similarly, for the
gene sequences which did not show BLAST matches with other genus
and other species, only two sequences were aligned (PAO1-UW strain
and a diﬀerent strain of P. aeruginosa).
4.4. Protein domain based comparison
Uniprot, Prosite, Pfam, Interpro and NCBI are the databases used to
obtain information on the functional domain of the proteins encoded by
bioﬁlm related genes under study. Protein functional domains of the
orthologs were also obtained from these databases. Thus, the amino
acid sequences of each bioﬁlm related protein of P. aeruginosa PAO1UW was aligned with the protein sequences of other bacteria (other
strain, species and genus) as obtained from nucleotide BLAST results.
The nucleotide sequence corresponding to the protein domain was
computed manually for each selected gene. From this nucleotide sequence, two similar conserved regions were selected visually from the
ClustalW alignment for the design of PCR primers (17 nucleotides or
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except ﬁrst annealing of 10 cycles at 50, 55, 50, 50, 47, 54, 49, 49 and
50 °C respectively followed by 20 cycles at 52, 58, 59, 59, 52, 57, 52, 52
and 58 °C. For all the genes, PCR was run with ten samples containing
metagenomic DNA from ten water samples as template. The ampliﬁed
products were analyzed in 1.5% agarose gel containing ethidium bromide (0.33 mg/l) for amplicon < 500 bp and 1.2% for 500 bp and visualized under short-wavelength UV light.

more contiguous sequences). The ﬂanked region was ﬁxed within the
range 100–2000 bp nucleotides for easy analysis in PCR.
4.5. Sample collection
Freshwater samples (2.5 l) from two diagonally opposite sites of ten
diﬀerent freshwater ponds of Vellore (12°54′40″N 79°8′10″E) district,
located at 220 m above the mean sea level (http://www.vellore.tn.nic.
in/) in Tamil Nadu, India, were collected in sterile container during
morning hours, during the month of September 2016 (monsoon
weather) and pooled to 5 l of each, respectively. The water samples
were checked for physical parameters that included pH, temperature,
colour, electrical conductivity, total dissolved solids and salinity using
portable multi-parameter (Oaklon Instrument, PCSTestr™ 35). All the
samples were stored at 4 °C immediately to avoid further microbial
growth and allotted unique identiﬁer based of the sequential collection
and location name (Supplementary Table 2). Fresh samples were ﬁltered by Whatman ﬁlter paper (grade 1) used for DO and BOD analysis
which was performed within a week using standard Winkler's method.

4.8. Sequencing and phylogenetic analysis
Ampliﬁed DNA bands of expected product size were excised from
agarose gel using sterile scalpel. DNA was eluted from the gel band
piece using SureTrap® Gel Extraction Kit. Randomly, two samples from
each gene sample set were used for sequencing (Amnion Biosciences
Pvt. Ltd., Bangalore). Raw sequence reads exported in FASTA format
were fed in BLASTn and BLAST hits were scrutinized to conﬁrm the
gene function and validation. Top hundred hits belonging to diﬀerent
genus and diﬀerent species of Pseudomonas in BLAST result were used
for phylogenetic study of the gene among the orthologs. Molecular
evolutionary genetics analysis software MEGA (6.06) [48] was used to
construct phylogenetic tree using maximum likelihood method keeping
bootstrap value of 1000 for higher accuracy.
The partial gene sequences were submitted in GenBank database
using Bankit submission tool and accession number KX756976,
KX772806, KX772807, KX772808, KX779039, KX779040 and
KX831930 for gene aceA, cbrA, clpP, phoR, rpoS, typA, and gacA respectively were obtained. For all the gene sequences the translated
protein amino acid sequences were also added in the features with
partial 5′ and 3′ coding end during submission.

4.6. Isolation of metagenomic DNA
Metagenomic DNA from all the water samples was extracted according to the method described by Ranjan et al. [46] with few modiﬁcations. Sample volume of 2 l was centrifuged (Eppendorf 5804 R,
Germany) at 8000g for 10 min to harvest total cells and suspended in
8 ml of extraction buﬀer (100 mM Tris-HC1, pH 8.0, 100 mM EDTA,
100 mM sodium phosphate, 1.5 M NaCl, 1% CTAB), followed by incubation at 37 °C for 15 min. Lysozyme (5 mg/ml) was added to the
mixture and again incubated for 1 h at 37 °C with gentle shaking.
Proteinase K (2.5 mg) and 1% SDS were added and incubated at 65 °C
for 1 h. The lysate was centrifuged at 8000g for 10 min and to the supernatant, equal volume of phenol-chloroform (1:1) was added and
aqueous phase was separated in a fresh vial. DNA of the aqueous phase
was precipitated using 0.6 volume of isopropanol (kept undisturbed for
1 h) and centrifuged at 10,000g for 20 min at 4 °C. DNA pellet was
washed using 70% ethanol, air dried and dissolved in TE buﬀer (10 mM
Tris and 1 mM EDTA buﬀer, pH 8.0). DNA bands were checked in 0.7%
agarose gel under UV transillumination (AlphaImager HP) and quantiﬁed using Nanodrop 2000 (ThermoScientiﬁc) facility.

5. Data Access
The sequences of the bacterial bioﬁlm genes that were ampliﬁed
from fresh water genome are available in the GenBank database with
accession numbers KX756976, KX772806, KX772807, KX772808,
KX779039, KX779040, KX831930 for genes aceA, cbrA, clpP, phoR,
rpoS, typA, and gacA respectively.
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4.7. PCR analysis
PCR reactions for ampliﬁcation of bioﬁlm genes that were ﬁltered
during computational analysis were optimized to give the speciﬁc expected band size using P. aeruginosa VITLWS3 DNA as template, which
was isolated from VIT freshwater lake and has been reported to form
bioﬁlm mass of 0.48 at OD 590 nm [7]. For DNA isolation from P.
aeruginosa VITLWS3, a loop full of colony from culture plate was inoculated in 50 ml sterile nutrient broth in ﬂask and left overnight for
incubation at 37 °C in shaker incubator. When OD600 exceeded 0.8,
1.5 ml of liquid culture was used to isolate genomic DNA using standard
DNA isolation protocol [47]. The optimized PCR conditions (annealing
temperature, template concentration, primer concentration and cycles)
which were diﬀerent for diﬀerent genes were then used for metagenomic PCR analysis. PCR ampliﬁcations were performed in reaction
volume of 20 μl containing template DNA in the range of 1–2 μl
(50–100 ng), 1–2 μl (0.5–1 μM) forward and reverse primer, 10 μl PCR
master mix [(2×)(Taq polymerase 2 units), Amplicon] and remaining
volume of sterile water. Ampliﬁcations were carried out in thermal
cycler (Eppendorf, Germany) under following conditions: 30 cycles of
initial denaturation at 94 °C for 2 min, denaturation at 94 °C for 1 min,
annealing at 51 °C for rpoN, 58 °C for clpP, 55 °C for phoR, 55 °C for cheY
for 1 min, extention at 72 °C for 1 min and ﬁnal extension at 72 °C for
7 min. Touchdown PCR was used for ampliﬁcation of the genes typA,
aceA, mifR, pslA, gacA, opgH, rpoS, cbrA and bﬁS with similar conditions
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