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Abstract:

Bacterial strain VB3, an aerobic bacterium, was isolated from the water of Vashisht hot spring, Himachal Pradesh,
India. The lysogenic bacterial strain VB3's draft genome sequences comprise approximately 6.06 MB DNA and
5607 predicted genes with a G+C content of 60.56%. The 16S rRNA sequencing-assigned the bacterial strain VB3
to the genus Pseudomonas. Pseudomonas sp. VB3 was a Gram-negative, rod-shaped bacteria demonstrating
catalase, oxidase, citrate utilization, cellulase, and lipase activities. Genome mining revealed fourteen gene clusters
coding for the biosynthesis of bioactive secondary metabolites: PHASTER analysis identified two intact and three
incomplete putative prophage-related sequence regions in the draft genome. The reduction in the growth rate of the

strain VB3 on mitomycin-C treatment was concurrent with the detection of the clearance zone in the spot assay.
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NRPS: Non-ribosomal peptide synthase
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Introduction

Geothermal springs from India are grouped into seven geological provinces: Himalaya, Sohana, Cambay, West
Coast, Sona-Narmada Tapi (SONATA), Godavari, and Mahanandi (Chandrasekharam, 2000). The Geological
Survey of India (GSI) has reported around 400 thermal springs based on tectonic elements and geothermal gradients
across India. (Chandrasekhar & Chandrasekharam, 2010). Several hot springs are located in Himachal Pradesh's
Kullu, Mandi, and Kinnaur districts. The Vashisht hot spring from the Kullu district is three kilometers from Manali,
on the other side of the Beas River. The curative properties of the hot spring make it one of Manali's most popular
tourist destinations. Although a wide distribution of hot springs across India exists; limited attention has been

accorded to microbiological analysis.

Migula first discovered the genus Pseudomonas in 1894, and around 586 species have been described in the list of
prokaryotic names with standard nomenclature (Parte, 2020). Pseudomonas.species are ubiquitous and isolated from
diverse environments such as soil, plants, freshwater, clinical specimens, and marine environments (Peix et al.
2009). Additionally, Pseudomonas species and associated bacteriophages have been extensively studied for their
medical and ecological importance (Ceyssens & Lavigne, 2010). Two novel Pseudomonas species have been
reported and studied from Taiwan's hot springs, (Liu et al. 2013, Wong and Lee, 2014). The metagenomic studies
have also revealed the presence of Pseudomonas species from Indian hot springs (Saxena et al. 2017, Sharma et al.
2018, Poddar and Das, 2018). Although lysogeny is a favourable lifestyle for bacteriophages in hot springs
(Breitbart et al. 2004), particularly in Indian hot springs, they are the least explored. Based on this, the study aimed
to screen for temperate bacteriophages from hot springs by inducing the host organism with several inducing agents

such as ultraviolet (UV)-light radiation, polyaromatic hydrocarbons (PAH) and Mitomycin-C.

The present study reports the draft genome sequences of a lysogenic Pseudomonas sp. strain VB3 isolated from the
Vashisht hot spring, Himachal Pradesh, India harboring gene clusters for bioactive secondary metabolites and

putative mitomycin-C inducible prophage-related sequences.

Material and Method:

Water samples were collected directly from the sprout of the Vashisht hot spring in Himachal Pradesh, India (GPS

coordinates: (32.26684 N,77.18753 E) where no anthropogenic activity was observed. Temperature, pH, electrical



conductivity, and TDS of water samples were measured on-site using a multi-parameter (CyberScan PC 650,
Eutech Instruments, Thermo Fisher Scientific, India). Culturable bacteria were isolated within 48 h of collecting

the water sample.

Bacterial strain isolation and identification

Around 100 pl of the water sample from the hot spring was aseptically plated on the basal medium (BM) agar
plates, (g/L) containing KH,PO,4: 1.36, (NH4),SO4:1.0, MgS0O,.7H,0: 0.2, FeSO,4: 0.001, NaCl: 2.0,-yeast extract,
1.0 and supplemented with 0.2% sodium succinate and were incubated at 50°C. Morphologically distinct colonies
were isolated and purified. The bacterial isolates from the hot spring served as potential hosts for screening
temperate bacteriophages. As a preliminary screening for prophage induction, all/bacterial isolates were either
treated with UV-light radiation, polycyclic aromatic hydrocarbons (PAH), or mitomycin-C (Jiang and Paul, 1996).
A bacterial isolate known as strain VB3 was selected for further study since mitomycin-C treatment resulted in
prophage induction. The colony morphology and the Gram staining of bacterial strain VB3 was determined. The
biochemical and growth characteristics (temperature and pH tolerance) of bacterial strain were also studied. The
growth of bacterial strain VB3 was determined between 4 and 50°C, whereas growth at various pH was evaluated
between 5 and 11. The tolerance of the strains VB3 to different concentrations of NaCl was tested by supplementing
BM medium with NaCl in the range of 0-3% (w/v)._Biochemical tests for catalase, oxidase, nitrate reduction,
amylase, cellulase, protease, and lipase activity of strain VB3 were determined as per standard protocols. The
carbohydrate utilization pattern was determined by HiCarbo Kit KB009 (Himedia, India). The bacterial strain VB3

was preserved in BM containing 15% (v/v) glycerol at -80°C.

Genomic DNA isolation and 16S rRNA sequencing

Bacterial strain VB3 was inoculated into BM (Basal Medium) and was incubated at 30°C for 24 h. The bacterial
genomic DNA of strain VB3 was extracted with the Genei bacterial DNA isolation Kit (Genei, Bangalore, India).
The 16S rRNA gene sequence was determined after PCR amplification using 27F and 1429R universal primers
(Frank et al. 2008). A phylogenetic tree was constructed by the Neighbor-joining tree method using MEGA-X

(Molecular Evolutionary Genetics Analysis across computing platforms) software v.10.1.8 (Kumar et al. 2018).



De Novo whole genome sequencing and annotation

For next-generation sequencing, the genomic library was prepared from bacterial strain VB3 genomic DNA using
the Nextera XT as per the manufacturer's instructions (Cat #FC-131-1024). The Nextera XT adapters were added to
the DNA fragments and the sequences were read on the Illumina HiSeq platform (150 x 2 chemistry). A total of
8,269,162 million reads with a mean fragment length of ~358 bp were obtained. The quality check, trimming,
assembly, and annotation for WGS were done on Galaxy Australia version 20.05 “web _ server

(https://usegalaxy.org.au/) platform (Jalili et al. 2020). The Illumina pair-ended reads were quality-checked using

Fast QC v 0.11.8 (Andrews, 2010). The quality reads were trimmed using Trim Galore ¥.0.6.3. The high-quality
reads were then assembled into contigs using SPAdes assembler (v 3.12.0) (Bankevich et al. 2012) with the default
settings. The kmer value was set to 77K-mer. The assembled contigs were checked using Bandage Info v. 0.8.1
(Wick et al. 2015) and the assembly statistics were determined by QUAST software (Gurevich et al. 2013). The
functional annotation of Pseudomonas sp. VB3 was also done by Rapid annotation using subsystem technology
(RAST) web service (Aziz et al. 2008). The Prokka v1.14.5 (Seemann 2014) pipeline determined the gene
prediction and functional annotation. For genomic comparison; the average nucleotide identity (ANI) was calculated

using the OrthoANIu calculator on the EZbiocloud server (https://www.ezbiocloud.net/tools/ani) (Yoon et al. 2017).

The assembled draft bacterial genome was uploaded to the Type strain Genome server (TYGS) server

(https://tygs.dsmz.de/) (Meier-Kolthoff et al. 2022) and the digital DNA-DNA hybridization (dDDH) was

performed. The antiSMASH 6.1.1 server was used to identify the biosynthetic gene clusters (BGCs) for various
secondary metabolites (Blin et al. 2021). The genomic circular map was constructed by using the Proksee server

(https://proksee.ca/) (Stothard et al. 2019).

Prophage prediction was done using PHASTER (PHAge Search Tool Enhanced Release) application program
interface (API) (http://phaster.ca/) (Arndt et al. 2016). It was used to predict putative prophages in the genome of
Pseudomonas sp. VB3.

Prophage induction assay with Mitomycin-C and spot assay.

Bacterial strain VB3 was grown in BM medium until the optical density at 600 nm (ODgyy) was 0.3, after which
mitomycin-C was added at 1 pg/mL (Chen et al. 2006). The OD 600 nm was recorded every two hours. The culture

was incubated at 30°C for 18 h and clarified by centrifugation at 5000 xg for 10 min, followed by filtration through
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a 0.22 pm filter. 10pl of filtered lysate was spotted on the lawn of Pseudomonas sp VB3 host (Sambrook et al.

1989). Similarly, 10ul of lysate was spotted on the VB3 strain grown in the absence of mitomycin-C as control.



Results and Discussion

The temperature and pH of the water sample collected from the Vashisht hot spring were recorded as 50°C and 7.4
respectively. The conductivity and TDS measured in situ were 162 puS cm'! and 780 mg/L, respectively. While
investigating the culturable bacterial diversity in the water sample of the Vashisht hot springs on BM plates, five
morphologically distinct colonies were isolated on the BM plates. All 5 bacterial isolates were tested for preliminary
prophage induction using UV-light radiation, PAH, and mitomycin-C treatments. However, PAH or UV-light
radiation were unable to induce any prophages. Out of the five bacterial isolates, one of the bacterial isolate
designated as strain VB3 demonstrated a decrease in cell density after treatment with Mitomycin-C. This bacterial

strain VB3 was indicative of a lysogenic strain.

Bacterial strain VB3 grew at temperatures ranging from 25 to 50°C, with 30°C being the optimal temperature for
growth (Fig. S1). Growth of strain VB3 was observed between pH 6-10, with pH of 7 being optimal for growth (Fig.
S2). Strain VB3 grew on BM medium containing 0.1-0.2% NaCl, no growth was observed above 3% NaCl. The rod
shaped bacterial strain VB3 was Gram-negative and motile. Strain VB3 was positive for the catalase and oxidase
activities The bacteria demonstrated positive activities. for citrate utilization, cellulase, and lipase. Nitrate reduction
and ONPG (o ortho-nitrophenyl B-galactoside). tests were negative. The morphological and other biochemical

characteristics are described in Table S1.

The 16S rRNA gene sequence of bacterial strain VB3 (MZ520013) demonstrated pairwise sequence similarity to
Pseudomonas gessardii strain DSM 171527 (99.63%), Pseudomonas synxantha strain DSM 189287 (99.55%),
Pseudomonas libanensis strain CIP 1054607 (99.48%), Pseudomonas mucidolens strain LMG 22237 (99.40%),
Pseudomonas azotoforman strain DSM 188627 (99.33%), Pseudomonas carnis strain B4-1T (99.33%), Pseudomonas
paralactis strain DSM 291647 (99.33%), Pseudomonas lactis strain DSM 29167 T (99.25%), and Pseudomonas
bernneri strain CFML 97-391 T (99.25%) and lower sequence similarity to other species of the genus Pseudomonas.
The phylogenetic tree constructed using the sequence of closely related bacterial type strains by the Neighbour-
Joining tree method indicated that the strain VB3 formed a coherent cluster with the clade that comprises the genus-
type strains Pseudomonas (Fig. 1). This topology relationship was supported by the Maximum-Likelihood tree also.

Thus, strain VB3 is closely related to Pseudomonas gessardii and was identified as Pseudomonas sp. VB3.



The genomic DNA of Pseudomonas sp. strain VB3 was sequenced using Illumina HiSeq 2500 platform and
approximately 8,269,162 million reads with a mean fragment length of ~358 bp were obtained (59.69 % G+C
content). The quality of the raw data was evaluated using FastQC. The contigs were assembled by De
novo assembly using SPAdes assembler (v 3.12.0) (Bankevich et al. 2012) at the Galaxy platform. The genome
assembly size of Pseudomonas sp. strain VB3 is 6,065, 353 bp distributed over 256 long contigs and has a G+C
content of 60.5% which is comparable to other Pseudomonas species. The largest contig length was 1, 97,576 bp,
and the N50 of the genome was 56,396 bp. The draft genome of Pseudomonas sp. strain®VB3 is 6,065, 353 bp
(Table S2). The general features of the Pseudomonas sp. strain VB3 are summarised in Table S3, ensuing the
Minimum information about any (X) sequence as per (MIxS) standard checklist.

The genome sequence of Pseudomonas sp. VB3 includes 5607 protein-coding genes, four rRNAs, and 58 tRNAs, in
256 contigs. Applying the RAST, a total of 5607 protein-coding genes were assigned to 388 subsystems (Fig. 2).
The number of protein-coding sequences within the genome is about 5607, with 62 non-coding RNAs (including
tRNA (58), and rRNA (4) (Fig. 3). The maximum values of ANI and digital DNA-DNA hybridization (dDDH) of
the genome were 90.45 % and 49.5%, respectively (Table S4). The ANI threshold for species delineation is
recommended at 95-96% (Richter & Rossell6-Mora, 2009) and ANIu between Pseudomonas sp. strain VB3 and
phylogenetically closest relatives is < 90%. The ANI values were significantly lower than the threshold for
describing prokaryote species (95-96%). The dDDH values of Pseudomonas sp. strain VB3 were predicted by using
the formula d4 to P.gessardii DSM 17152 T and P. synxantha DSM 18928 T were 49.5.6% and 29.1%
respectively.

A whole genome-based taxonomic analysis performed in Type strain Genome server (TYGS) constructed a GBDP
(Genome BLAST Distance Phylogeny) tree on genome data of Pseudomonas sp. strain VB3 illustrated that it forms
a distinct clade with P.gessardii DSM 17152 T (Fig. S3). However, the dDDH analysis obtained from TYGS stated
that the strain VB3 separate from P. gessardii DSM17152 as the dDDH values between them were 49.5%, which
again is less than the recommended threshold (<70%). The dDDH values of other Pseudomonas sp. were <29.1% is
much lower than the species threshold of 70% recommended for species differentiation (Meier-Kolthoff et al. 2013)
(Table S4).

Genome mining revealed that Pseudomonas sp. strain VB3 harbours 14 gene clusters coding for the biosynthesis of

bioactive secondary metabolites (Table 1). Based by antiSMASH 6.1.1 analysis, the genome of Pseudomonas sp.



strain VB3 harbours NRPS (Non-ribosomal peptide synthase), arylpolyene, RiPP-like, redox-cofactor, betalctone,
butyrolactone, hserlactone, NAGGN (N-acetylglutaminylgutamine amide), NRPS-like producing secondary
metabolite biosynthetic gene clusters (BGC). The antiSMASH 6.1.1 prediction suggested that Pseudomonas sp.
strain VB3 may produce small molecules like Pyoverdine, Lankacidin C, and fengycin. The antiSMASH 6.1.1
identified four BGCs for pyoverdine (Clusters 2,7,11 and 13) produced by fluorescent Pseudomonas strains and
represent a major class of siderophores that possess high-affinity iron chelating abilities (Greenwald et al. 2007).

The BGC for lankacidin C is known to have antitumor and immunosuppressive activities on ¢ancer cell lines (Oostu
et al. 1975). Additionally, fengycin has been reported as a biocontrol against fungal disease in crop plants (Zeng et
al. 2021). Further characterization of these pathways and secondary metabolites from Pseudomonas sp. VB3 would

unravel novel compounds with unique biological properties.

Prediction of Prophage and Preliminary induction assay using Mitomycin=C

The putative prophage DNA sequences were detected using PHAge Search Tool Enhanced Release (PHASTER)
method. Five putative prophages-like elements were identified from the genome of Pseudomonas sp. strain VB3.
The genome sizes of Pseudomonas VB3 prophages ranged from approximately 7.4- 47.6 kb and GC content varied
between 52.49 and 60.53% (Table 2). Prophage search by PHASTER showed the presence of coding sequences

(CDS) predictive for two intact and three incomplete prophage sequences in the genome of Pseudomonas sp. VB3.

After mitomycin-C treatment of Pseudomonas sp. strain VB3, cell lysis was detected by a decrease in the optical
density of the bacterial culture. Mitomycin-C treated induced decreased growth curves was indicative of lysogeny
in Pseudomonas sp. VB3 (Fig. 4). An initial increase followed by a sharp decrease in optical density in the
mitomycin-C treated .culture compared to the respective control was an obvious indication of the presence of
prophage. In spot assay, lysis was observed on the host lawn as clearance on the lawn (Fig. 5). Prophages have been
identified as widespread and varied genetic components by studying bacterial genomes. Under certain adverse
conditions, active prophages can be induced during host cell division. Prophages, as external genetic material,
contribute significantly to the evolution of the host strain by transferring their useful genes (Casjens, 2003). These
could make the bacterial host population more able to adapt to a certain environment (Zeng et al. 2016). Further
characterization of the induced virus particle through TEM imaging and NGS sequencing will give a better

understanding of which putative temperate prophage from strain VB3 is inducible by Mitomycin-C
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Conclusion:

In this study, we determined the draft genome sequence of Pseudomonas sp. VB3 from Vashisht geothermal spring
in the Himalayan geothermal province. This lysogenic bacterial strain VB3 harbours 5 putative prophage regions.
Genome mining also revealed that Pseudomonas sp. strain VB3 harbours 14 gene clusters coding for the
biosynthesis of bioactive secondary metabolites. Further characterization of these pathways and metabolites will
support the goal to identify novel compounds with biological properties. Characterization of the Mitomycin-C

inducible phage will give a better understanding of prophages and phages from the hot springs.

Nucleotide sequence accession number:

The 16S rRNA sequence (1368 bp) of the strain VB3 was submitted to the GenBank database with
accession number MZ520013. This Whole Genome Shotgun project has been deposited at DDBJ/ENA/GenBank
under the accession JAPQMF000000000 (BioProject PRINA899365). The version described in this paper is version

JAPQMF010000000.
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Table 1: Secondary metabolite biosynthetic gene clusters in Pseudomonas sp. strain VB3 as predicted by
antiSMASH 6.1.1.

Clusters Type Most similar know cluster with MIBiG MIBIG-BGC-ID
(Gene location predicted by
antiSMASH)
Cluster 1 Arylpolyene  APE VT biosynthetic gene cluster (35% of gene BGC0000837
(Region 5.1) show similarity) (10,693 - 54,267 nt)
Cluster 2 NPRS Pyoverdine biosynthetic gene cluster (9% of BGC0000413
(Region gene show similarity) 1-45,167 nt.
10.1)
Cluster 3 RiPP-Like N.D -8
(Region 8,363 - 19,244 nt
16.1)
Cluster 4 Redox- Lankacidin C biosynthetic gene cluster (13% of BGC0001100
(Region cofactor gene show similarity) 39,232 - 61,379 nt
17.1)
Cluster 5 RiPP-Like N.D -
(Region 42,061 - 52,906 nt.
21.1)
Cluster 6 betalactone Fengycin biosynthetic gene cluster (13% of BGC0001095
(Region gene show similarity) 1-17,637 nt
30.1)
Cluster 7 NRPS Pyoverdine biosynthetic gene cluster (12% of BGC0000413
(Region gene show similarity) 1 -29,749 nt.
35.1)
Cluster 8 Butyrolactone N.D 13,441 - 26,923 nt.
(Region
43.1)
Cluster 9 Hserlactone N.D 17,929 - 38,507 nt.
(Region
47.1)
Cluster 10 NAGGN N.D 17,929 - 38,507 nt.
(Region
70.1)
Cluster 11 NRPS Pyoverdine biosynthetic gene cluster (9% of BGC0000413
(Region gene show similarity) 1-28,761 nt.
73.1)
Cluster 12 NRPS-like N.D 1-17,231 nt.
(Region
105.1)
Cluster 13 NRPS Pyoverdine biosynthetic gene cluster (3% of
(Region gene show similarity) BGC0000413
111.1) 1-15,624 nt.
Cluster 14 NRPS N.D 1-7,765 nt.
(Region
151.1)

N.D., no defined known clusters are available; NAGGN, N-acetylglutaminylgutamine amide; NRPS, non-ribosomal
peptide synthase; RiPP-Like, other unspecified ribosomally synthesised and post transcriptionally modified peptide
product; APE Vf arylpolyene cluster.
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4" indicates no match found.
b The similarities indicate the percentage of genes in BGC similar to other known clusters predicted by antiSMASH.

Table 2: Putative prophage DNA sequences were detected using PHAge Search Tool Enhanced Release

(PHASTER).

Prophage Score Region No of Completeness Closest relative %GC
Length proteins

Prophage 130 20.5kb 29 Intact PHAGE Vibrio VP882 NC 009016 (14) 60.53%
region 1
Prophage 150 47.6kb 45 Intact PHAGE lodoba phPLPE NC 0011142(14) 56.88%
region 2
Prophage 20 10.3kb 19 Incomplete PHAGE Pseudo PMG1 NC 016765(3) 57.38%
region 3
Prophage 30 242kb 12 Incomplete PHAGE_Escher 500465_1 NC_049342 (6) 58.75
region 4 %
Prophage 30 7.4kb 10 Incomplete PHAGE Shigel sfl1 NC 021857 (2) 52.49%
region 5
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Fig. 1: Neighbor-joining phylogenetic tree based on 16STRNA gene sequencing of Pseudomonas sp. strain VB3

(with a Bootstrap value of 1000 replication).
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Metabolism of Aromatic Compounds (98)
Aming Acids and Derivatives {481)

Sulfur Metabolism (6)

Phosphorus Metabolism (38)
Carbohydrates (252)

HEEEE

Fig. 2: RAST annotation of Pseudomonas sp. VB3: The subsystem category distribution shows the percentage

distribution of the genes in different pathways, that are labelled with different colours and the number of

genes in each are mentioned in the bracket.
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Fig. 3: Circular representation ‘of Pseudomonas sp. strain VB3 contigs using Proksee (https://proksee.ca/).

The scale is shown in megabases on the inside central circle. Moving outward, two outer blue circles
show forward.and reverse strand CDSs, respectively. The tRNAs (magenta), rRNAs (purple), tmRNA
(dark blue) are'shown in CDSs circles. The next circle shows GC content (black) followed by GC

Skew (dark'green and purple).

20


https://proksee.ca/).

OD 600 nm

2.5

=
h

sk

0.5

0 5 10 15 20 25 30

Time (h)

—e— Without Mitomycin-C = —e— With mitomycin-C

Fig. 4: Prophage induction in bacterial strain VB3 with and without Mitomycin-C.
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Fig 5: Spot test after induction with Mitomycin-C on the lawn of Pseudomonas sp. VB3.

(A) Mitomycin-C treated, Arrow depicts clearance zone, (B) Control, without Mitomycin-C.
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