CHAPTER 4

GENOME SEQUENCE ANALYSIS AND COMPARATIVE
PHYLOGENOMICS OF PSEUDOMONAS PUTIDA N4T

4.1 Abstract

Pseudomonas putida is a Gram-negative, rod-shaped bacterium that is metabolically
versatile and can be found in different ecological niches. P. putida N4T an endophyte,
isolated from seven-days old healthy tomato seedlings, was found to possess antagonistic
activity against a bacterial phytopathogen Ralstonia solanacearum, which causes lethal
bacterial wilt disease in more than 400 plant species including tomato. P. putida N4T was
found to be efficient in protecting tomato seedlings against R. solanacearum F1C1 wilt
disease. In this study, we performed a Next Generation Sequencing, to analyze the
genome of this bacterium and a comparative phylogenomics study of this bacterium was
performed with five other Pseudomonas strains. Also different in silico tools were used
to reveal the presence of secondary metabolite gene clusters, possible Plant growth
promotion traits, and plant interaction factors. The NGS and the short read de novo
assembly generated the 5,529,188bp genome and an average GC content of 63.3%. In
silico analysis of its genome sequence revealed the presence of secondary metabolite
biosynthetic gene clusters that are involved in the biosynthesis of different
compounds/metabolites such as pyoverdine, putisolvin, WLIP, lankacidin C and fragin.
Possible 3714 genes associated with plant growth promoting traits (PGPTs) were found
to be presentin the genome and presence of 38 different factors encoded by a range of
genes present in the genome responsible for plant interaction and virulence were
identified.

4.2 Introduction

Pseudomonas species are ubiqutious, and can be isolated from sources ranging from
plants to contaminated soils and water to human clinical samples [1-3]. The genus
Pseudomonas is one of the most diverse bacterial genera, containing over 220 validly
described species which is one of the highest among Gram negative bacteria [4]. While
the genus contains few species that are pathogenic to plants and animals, a large majority
of Pseudomonas species are commensals, and also the role of various species in

bioremediation, biostimulation, and in control of plant diseases has been elucidated [5-
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10]. In addition, Pseudomonas are known to produce several bioactive secondary
metabolites that often support them to dwell in a different lifestyle and play different
roles which include iron scavenging, swarming motility, biofilm formation,
pathogenicity, cooperation, antagonism or competition against other microorganisms [11,
12]. The genus Pseudomonas is also phylogenetically rather heterogenous, containing

several subgroups, also genome sequencing has revealed that the size is wide ranging.

Pseudomonas putida, an important member of the genus Pseudomonas, is known to
exhibit a diverse spectrum of metabolic activities which includes the ability to degrade
organic solvents and heavy metals etc. This enables them to reside in highly polluted
environments. Also, P. putida strains are known to present in the rhizosphere and the role
in plant growth promotion has also been elucidated [13-20]. P. putida is also been
demonstrated to be a potential bio-control agent against different plant pathogens
including  Fusarium  oxysporumf.sp.  radicis-lycopersici,  Rhizoctonia  solani
Pectobacterium atrosepticum, Sclerotinia sclerotiorum, Ralstonia solanacearum,
Xanthomonas oryzae pv. oryzae, X. 0. pv. oryzicola, X. citri subsp. Citri and Uromyces
appndiculatus [21-24]. Although the role of P. putida in bio-control of different diseases
has been established, the elucidation of the mechanisms involved in bio-control has not
been extensively studied yet. For a better understanding of the P. putida strains and to
identify the factors responsible for traits including plant growth promotion, secondary
metabolite production, and antagonism, technologies like genome sequencing can be
very useful. Already many strains of P. putida have been sequenced and have been
analyzed. The analysis and comparison of different available genome sequences of P.
putida strains and comparison of P. putida species with other Pseudomonas species will
help to find out the evolutionary relationships among the species and also will help in

better understanding of the species.

P. putida NAT was isolated from healthy tomato seedlings grown under gnotobiotic
condition. The strain was found to exhibit antagonistic activity against a bacterial
phytopathogen Ralstonia solanacearum F1C1, a causal agent of bacterial wilt. R.
solancearum F1C1 was isolated from wilted chilli plants and characterized to cause
disease in seedlings stages of tomato and eggplant in lab condition [25-30]. It was
established that P. putida N4T reduced the bacterial wilt disease in tomato seedlings and
grown-up plants and the appearance of wilt symptoms were delayed. In this study, we

performed whole genome sequencing of the P. putida N4T genome using Illumina
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platform, and after annotation we performed in silico study to find out possible
secondary metabolite producing gene clusters, and also in a separate analysis we
identified factors responsible for plant interaction and plant growth promoting traits.
Moreover, we have performed a comparative phylogenomics study of P. putida N4T with
five other Pseudomonas strains. The study includes three other P. putida strains P. putida
KT2440, P. putida F1, P. putida BIRD-1, also two other pathogenic strains P.
aeruginosa PAOL, an opportunistic human pathogen and P. syringaepv. syringae B728a
is a plant pathogen of beans. Strain KT2440 is a rhizospheric bacterium isolated from
garden soil in Japan. KT2440 is an extensively studied strain and it was the first P.
putida strain to be the whole genome sequenced [15]. P. putida F1 was obtained from a
polluted creek in USA and can be used in bioremediation due to its ability to degrade
aromatic hydrocarbon compounds [31]. Strain BIRD-1 is a rhizospheric Plant growth
promoting bacterium that is highly tolerant to drought and is able to synthesize
siderophores, and phytohormones such as IAA solubilize inorganic phosphate [32]. P.
aeruginosa PAO1 was the first sequenced Pseudomonas genome, which is an
opportunistic human pathogen and was originally isolated from a wound [33]. P.
syiangae pv. syringae Strain B728a was isolated from a snap bean leaflet in Wisconsin
[34]. We found that P. putida N4T acquires an extensive repertoire of traits responsible
for plant association, growth promotion and also obtain different secondary metabolite

gene clusters.

4.3 Materials and Methods:

4.3.1 Bacterial Growth and DNA Extraction

P. putida N4T was isolated from six to seven days old tomato seedlings grown under
gnotobiotic condition as described in chapter 2. The strain was found to be exhibiting
antagonistic activity against a plant pathogenic bacterium R. solanacreaum F1C1 strain
which was isolated from wilted chili plants in Tezpur, Assam [27]. The bacterium was
further found to be effective in bio-control of disease caused by F1C1 in tomato and
brinjal seedlings. A single colony of P. putida N4T grown on BG (Bacto Glucose) agar
was inoculated into 5ml of BG broth and grown overnight in shaking conditions at 28°C.
Bacterial cells were collected in pellets through centrifugation and genomic DNA was
isolated with a QiaAmp DNA mini kit (Qiagen, USA) according to the manufacturer's
instructions. The quality of gDNA was checked on 1% Agarose gel (loaded 5ul) for the
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single intact band. The gel was run at 110 V for 30 mins. 1 ul of each sample was loaded
in Nanodrop 8000 for determining the A260/280 ratio and 1 ul of each sample was used

for determining concentration using Qubit® 2.0 Fluorometer.

4.3.2 Preparation of 2 x 150 Paired-End (PE) Libraries

The paired-end sequencing library was prepared using Illumina TruSeq Nano DNA HT
library preparation kit. 200ng gDNA was fragmented by Covaris to generate a mean
fragment distribution of 550bp. Covaris shearing generates dSDNA fragments with 3' or
5' overhangs. The fragments were then subjected to end-repair. This process converts the
overhangs resulting from fragmentation into blunt ends using End Repair Mix. The 3' to
5' exonuclease activity of this mixremoves the 3' overhangs and the 5' to 3' polymerase
activity fill in the 5' overhangs. A single ‘A’ nucleotide is added to the 3’ ends of the
blunt fragments to prevent them from ligating to oneanother during the adapter ligation
reaction. A corresponding single ‘T’ nucleotide on the 3’ endof the adapter provides a
complementary overhang for ligating the adapter to the fragment. This strategy ensures a
low rate of chimera (concatenated template) formation. Indexing adapters were ligated to
the ends of the DNA fragments, preparing them for hybridization onto a flow cell. The
ligated products were purified using SP beads supplied in the kit. The size-selected
product was PCR amplified as described in the kit protocol. The amplified library was
analyzed in Bioanalyzer 2100 (Agilent Technologies) using HighSensitivity (HS) DNA

chip as per the manufacturer's instructions.

4.3.3 Cluster generation and sequencing

After obtaining the Qubit concentration for the library and the mean peak size from the
Bioanalyser profile, library was loaded for cluster generation and sequencing. Paired-
End sequencing allows the template fragments to be sequenced in both the forward and
reverse directions. The kit reagents will be used in the binding of samples to
complementary adapter oligos on the paired-end flowcell. The adapters are designed to
allow selective cleavage of the forward strands after re synthesis of the reverse strand
during sequencing. The copied reverse strand is then used to sequence from the opposite

end of the fragment.
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4.3.4 De novo Assembly of N4T genome

De novo assembly of high-quality PE reads of sample N4T was accomplished using CLC
Genomics workbench 6[35]. The statistical elements of the assembly were calculated by

in house Perlscripts.

4.3.5 N4T Genome Annotation and Analysis

The P. putida N4T genome sequence was first annotated by Prokaryotic Dynamic
Programming Genefinding Algorithm (Prodigal) v 2.6 which is a microbial gene-finding
program. Prodigal is a highly accurate gene finder. Prodigal's false positive rate
compares favorably with other gene identification programs and usually falls under 5%.
Sensitivity is the number of correct genes divided by the number of genes in the
Genbank file and Specificity, is a measure of the false positive rate, and is the number of
'‘Matching Genes'divided by the number of genes predicted by Prodigal [36]. "Accuracy"
is defined as (SN+SP)/2. Each predicted CDS was functionally annotated evaluating the
homology by BLASTX search against the NR database. Based on similarity searches
with known proteins, we annotated 4849 CDS (about98.79% of the Total CDS) with cut-
off E-values of 10°. Putative coding sequences (CDS) were identified by the Glimmer
tool, which is embedded by the OmicsBox pipeline [37, 38]. For the identification of
transfer RNA (tRNA) genes, tRNAscan-SE v.1.31 was used. It allows detection and
accuratesecondary structure prediction of unusual tRNA species including prokaryotic
and eukaryotic selenocysteine tRNA genes, as well as tRNA-derived repetitive elements
and pseudogenes [39]. Ribosomal RNA (rRNA) genes were predicted by using
RNAmmer 1.2 server. It predicts 5s/8s, 16s/18s, and 23s/28s ribosomal RNA in full
genome sequences [40]. Repeat sequences were examined by using MISA software [41].
Genome annotation of N4T was also done by using Rapid Annotation using Subsystem
Technology (RAST) service. RAST is a fully-automated service for annotating complete
or nearly complete bacterial and archaeal genomes. It provides high-quality genome
annotations for these genomes across the whole phylogenetic tree [42]. The N4T genome
was also annotated by using the Prokaryotic Genome Annotation Pipeline (PGAP)
developed by the National Center for Biotechnology Information (NCBI) [43]. PGAP
determines structural annotation by comparing open reading frames (ORFs) to libraries
of protein hidden Markov models (HMMs), representative RefSeq proteins and proteins

from well-characterized reference genomes. GeneMarkS+ then makes ab initio coding
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region predictions for genomic regions that lack HMM or protein evidence and selects
start sites for ORFs whose evidence comes from HMMs. After annotation the genome
was automatically submitted to NCBI through the PGAP pipeline and ad subsequently to
GenBank, which is a genetic sequence database where annotated collections of all
publicly available DNA sequences are incorporated. GO annotation was obtained for
annotated CDS using blast2GO Pro. GO sequence distributionshelps in specifying all the
annotated nodes comprising of GO functional groups. CDS associated with similar
functions are assigned to the same GO functional group. The GO sequence
distributionwas analyzed for all the three GO domains i.e. biological processes,
molecular function and cellular components. Ortholog assignment and mapping of the
CDS to the biological pathways were performed using KEGG automatic annotation
server (KAAS) [44]. All the genes were compared against the KEGG
database using BLASTX with a threshold bit-score value of 60 (default). The
identification of secondary metabolite biosynthesis gene clusters in the N4AT genome was
performed using antiSMASH 6.0. antiSMASH allows the rapid genome-wide
identification, annotation, and analysis of secondary metabolite biosynthesis gene
clusters in bacterial and fungal genomes. It integrates and cross-links with a large
number of in silico secondary metabolite analysis tools that have been published earlier
[45]. The genome sequence of N4T has been deposited in GenBank under the accession
number WBOI00000000 and the version is WBOI00000000.1.

4.3.6 Comparative Gene Content Analysis of NAT using EDGAR

EDGAR is a tool that provides comparative gene content analysis, Phylogenetic analysis
between genomes and also includes features that allow visualization of the results in the
form of plots or Venn diagrams. The EDGAR platform for comparative genomics
permits the differential gene content of bacteria to be easily analyzed and their common
features and differences to be identified. Furthermore, EDGAR provides AAI and ANI
matrices as well as the core-genome-based Phylogenetic trees. The EDGAR tool
contains numerous numbers of published genomes that are accessible to users. Also
using EDGAR analysis of unpublished genomes and comparison of them with already
publicly available genomes can be done [46].

Comparative genomics of P. putida N4T with three other P. putida strains and two of the

pathogenic Pseudomonas species were performed using the EDGAR tool. The
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Pseudomonas strains taken in the study were P. putida KT2440, P. putida F1, P. putida
Birdl, P. aeruginosa PAO1 and P. syringaepv. syringae B728a. All the three P. putida
strains are non pathogenicwhere as P. aeruginosa PAOL is an opportunistic human
pathogen and P. syringaepv. Syringae B728a is a plant pathogen of bean. The genomes
of all these strains are already sequenced and the sequence data is present in public
databases. N4T genome was included in the EDGAR software platform along with the
other five mentioned genomes and a custom project namely Pseudomoas_Tezpur was

created for the subsequent comparative genomics study.

The core genome and pan-genome of all the six organisms were calculated using the
EDGAR tool. Also, different set size statistics were calculated and based on the statistics
and data different plots like core development plot, singleton development plot, pan
development plot and pan vs. core development plots were generated by the EDGAR
tool. Also using EDGAR some other plots and diagrams like Venn diagram, synteny
plot, synteny matrix, circular plot, etc. were generated for visualizing common features
between all the genomes, also using these plots the difference between the genomes can

also be interpreted.

The phylogenetic tree was constructed using the phylogeny pipeline of the EDGAR tool
to understand the phylogenetic relationship between N4T and the other five genomes that
were included in the project. The phylogeny pipeline calculated the core genome of all
strains included in the project, and then multiple alignments for all core gene sets were
calculated. As this pipeline analyses the phylogenetic relationships between genomes
based on the thousands of orthologous genes contained in the complete core genome, the

phylogenetic trees usually show high stability.

The phylogenetic relationship between all the six genomes was also evaluated by
calculating ANI and AAI values. For the AAI method, the average AAls of all conserved
genes in the core genome as computed by the BLAST algorithm is collected. The results
can be easily extracted from the EDGAR database. ANI values are computed as
described in and as implemented in the popular JSpecies package. For both methods, the
resultingphylogenetic distance values are arranged in an AAI/ANI matrix, clustered
according to their distance patterns andvisualized as heat maps. The heat map images, as

well as theraw AAI/ANI values, can be exported from the web server.
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Table 4.1: Strains used for comparative genomics study

Strain Size (Mb) GC% Isolated From Function
P. putida N4T 5.52 63.3 Tomato seedlings (This study) Anti-bacterial activity
P. putida KT2440 6.18 61.6 Garden soil Biotechnological
applications
P. putida F1 5.95 61 Polluted creek Potential for bio-
remediation
P. putida BIRD-1 5.7 61.7 Soil Plant growth promotion
P. aeruginosa 6.3 66.6 wound Opportunistic human
PAO1 pathogen
P. syringaepv. 6.09 59.23 Bean leaflet Plant pathogen of bean

syringae B728a
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Fig 4.1: Circular representation of P. putida N4T genome. Circle (from outside to
inside): First, scale bar in megabases; second and third, predicted coding sequences of P.

putida N4T genome on the leading and the lagging strand, respectively; fourth, G+C

content; fifth, G+C skew.
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4.4 Results
4.4.1 General features of N4AT Genome

The genome of P. putida N4T has a single circular chromosome of 5,529,188bp and an
average GC content of 63.3%. A total of 4908 CDS were predicted by the Prodigal
algorithm, out of those 4849 (98.79% of total CDS) CDS were annotated using the
BLASTX tool. A total of 4920 putative coding genes were predicted by the Glimmer
tool. Using tRNAscan-SE v.1.31 and RNAmmer 1.2 server total of 50 tRNA and 4
rRNA were identified respectively. A total of 8 different repeat sequences were found in
the N4T genome. Using RAST 5089 geneswere annotated out of which 4983 were found
to be protein-coding genes, among the coding genes 882 were annotated as a
hypothetical protein. Also, a total of 50 tRNA and 5rRNA were identified by the RAST
tool. Using PGAPtotal of 5035 genes was annotated in which 4973 CDS were identified.
Out of the 4973 CDS, 4875 were identified as protein-coding genes. A total of 62 RNA
genes were identified, out of which 51 were tRNA genes, 7were rRNA genes and
4ncRNA genes.

Table 4.2: Characteristic features of P. putida N4T genome

Features
Size (bp) 5,529,188
GC content 63.3%
Predicted no. of CDS 4908 (Prodigal), 4920 (Glimmer),
rRNA genes 4 (RNAmmer 1.2), 5 (RAST), 7 including partial sequence
(PGAP)
tRNA genes 50 (tRNAscan-SE v.1.31 and RAST), 51 (PGAP)
Annotated genes 4849 (BLASTX), 5089 (RAST), 5035 (PGAP)
Hypothetical protein 882 (RAST)
Repeat sequence 8 (MISA)

4.4.2 Secondary metabolite biosynthesis gene clusters

The genome of P. putida N4T was analyzed for the presence of secondary metabolite
biosynthetic gene clusters using the antiSMASH6 platform. A total of 11 putative

secondary metabolite biosynthesis clusters were predicted for N4T. Seven of these
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werefound to be NRPS (Non-Ribosomal Peptide Synthetase) or NRPS like clusters.
Apart from NRPS clusters there were lassopeptide, betalactone, hserlactone, bacteriocin,
butyrolactone, redox-cofactor and NAGGN type clusters were predicted in N4T genome.
These clusters were found to have genes that are involved in the biosynthesis of different
compounds/metabolites such as pyoverdine, putisolvin, WLIP, lankacidin C and fragin.

One NRPS cluster belonging to region 3.3 showed 100% similarity with WLIP
biosynthesis genes present in a reference organism P. putida strain RW10S2. This
suggests that the same WLIP is also present in P. putida N4T, as all the relevant genes
required for the biosynthesis of WLIP are shared between the two strains. On the other
hand, three gene clusters present in region 1.3, region 12.1 and region 14.1 were found to
have no similarity with genes that are known to have a role in synthesizing secondary
metabolites/compounds.There is a possibility that these clusters produce a completely
unknown molecule or some molecule that has not been reported yet. Also, there are four
regions 1.1, 3.1, 9.1 and 17.1 belongs to NRPS and betalactone type BGCs which
showed very less percentage similarity (less than 10% in each) with pyoverdin of P.
protegensPf-5. This suggests that because minorities of the genes are shared so the
pyoverdin will be different from Pf-5 and other known pyoverdine. In region 3.2, an
NRPS, bacteriaocin type BGC was present, which showed 50% similarity with a
biosurfactant, putisolvin from P. putida PCL1445. Region 21.1, an NRPS like BGC was
found to exhibit 37% gene similarity with fragin producing BGC of Burkholderia

cenocepacia H111.

Table 4.3: Prediction of secondary metabolite biosynthesis gene clusters

Region/Clust Type Metabolite/compou | similarit Organism
er nd y
Region 1.1 NRPS pyoverdin 9% Pseudomonas

protegens Pf-5

Region 1.3 | lassopeptide | - - -

Region 3.1 Betalactone | pyoverdin 2% P. protegens Pf-5
, NRPS
Region 3.2 NRPS, putisolvin 50 P. putida PCL1445
bacteriocin
Region 3.3 NRPS WLIP 100% | P. putida RW10S2
Region 6.1 Redox- Lankacidin C 13% Streptomyces rochei
cofactor
Region 9.1 NRPS pyoverdin 5% P. protegens Pf-5

Region 12.1 | hserlactone, | - - -
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butyrolacto
ne
Region 14.1 NAGGN | - - -
Region 17.1 NRPS pyoverdin 2% P. protegns Pf-5
Region 21.1 | NRPS-like | fragin 37% Burkholderiacenocepa
cia H111

4.4.3 Association of P. putida N4T with plants

P. putida N4T isolated from tomato seedlings was found to be localized inside vascular
tissues of tomato seedlings as well in grown up plants in laboratory conditions. PLaBase
web resource was used to predict the traits for plant growth promotion and plant
association of P. putida N4T.PLaBAse encompasses various features including (i) a
database for screening 5,565 plant associated bacteria (PLaBA-db), (ii) a tool for
predicting plant growth-promoting traits (PGPTs) of bacteria using their genome data
(PGPT-Pred), and (iii) a tool for the prediction of bacterial plant-association by marker
gene identification (PIFAR-Pred) [47].

PGPT-Pred analysis of the P. putida N4T genome revealed the presence of possible 3714
genes associated to PGPTs in the genome. The genes were found to be linked with
different functions including colonizing plant system, competitive exclusion, stress
control, bio-fertilization, phytohormone/plant signal production, bio-remediation, plant

immune response stimulation and putative functions.

PIFAR-Pred analysis of the N4T genome predicted the presence of possible 38 factors
encoded by different genes present in the genome those play role in plant interaction and
virulence. These factors were responsible for important functions such as toxins, EPS,
detoxification, hormone, adhesion, MDRs, metabolism, movement, pigment, LPS,

protease, volatiles and PCWDE.
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Fig 4.2: A. Plot generated by PGPT —Pred tool represents the percentage of genes
predicted involved in functions that contributes to plant growth promotion, B. Plot
generated by PIFAR —Pred tool represents percentage of genes possible involved in traits

responsible for plant association and virulence.
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Table 4.4: Possible factors responsible for plant interaction and colonization (PIFAR-
Pred)

Possible factors responsible for plant interaction and
colonization (PIFAR- Pred)
1 Haemagg_ac
2 Pilin
3 Usher
4 YadA
5 attC
6 cbb
7 COpA
8 dps
9 isothiocyanate_resistance
10 katB
11 katE
12 katG
13 pip
14 galu
15 gpsX
16 gumH
17 cytokinin_ptz
18 salycilic_hydroxylase
19 galU
20 rfb303
21 wzt
22 ACR_tran
23 Multi_Drug_Res
24 OEP
25 acnB
26 aroC
27 arokK
28 aroQ
29 mao
30 purine_biosynthesis_purC
31 purine_biosynthesis_purD
32 trpCG
33 motN
34 pilA
35 lipA
36 htrA
37 tagetitoxin
38 budB
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4.4.4 Phylogenetic analysis of Pseudomonas strains

The Phylogenetic tree constructed by the neighbor-joining method taking the
orthologous genes of all the five genomes showed that P. putida Birdl and P. putida
KT2440 were closely related. The next related strain to these two was found to be P.
putida F1. P. putida N4T was distantly related to the three strains. Whereas the two
pathogenic strains P. aeruginosa PAO1 and P. syringae pv. syringae B728a were not
very much similar to N4T and the other three non-pathogenic strains as appeared in the

Phylogenetic tree.

P. putida Birdl

P. putida KT2440

100 P. putida F1

P. putida N4AT
1000

P. aeruginosa PAO1

P. syringae pv. syringae B728a

Fig 4.3: Phylogenetic tree of the six strains based on the multiple alignment of the core
genome

4.4.5 Phylogenetic analysis by ANI and AAI

The heatmaps generated by calculating both the ANI and AAI values to establish the
Phylogenetic relationship between all the six genomes including N4T showed that the
strains F1, BIRD-1 and KT2440 were close to each other. The ANI and AAI percentage
of N4T was not very similar to the otherthree P. putida strains mentioned above. It was
observed that N4T was not a part of the same cluster that all the three above mentioned
P. putida strains formed. Also, the heat maps showed that the opportunistic human
pathogen PAOL and plant pathogen B728a were not so similar with all the four non-
pathogenic strains; they both shared less than 80% ANI and AAI with all the four strains.
PAO1 and B728a shared less than 80% ANI and AAI between them too.
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Fig 4. 4: Heat map of ANI mean percentage between different Pseudomonas strains,
including lab isolate N4T.
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Fig 4.5: Heat map of AAI mean percentage between different Pseudomonas strains,
including lab isolate N4T.
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4.4.6 Core genome V/S Pan genome analysis

Core vs. Pan Plot

8k

7k

4 X
(o] n

daquinN

4k

3k

Core
-e- Pan

ey,
Wo
hsmw
d
4]
znmc -
0
N~
l4%
3 mh.c.go.
ﬁto
Eob:&q
Dmm
<~
O,
Q@G;

Core vs. Pan Plot

10k

laquinN

Core
-e- Pan

Fig 4.6: Core versus pan genome development plot of the four P. Putida strains

including the lab isolate N4T (A) and all the six strains (B)

83



(=] Legend (from outer to inner):
—— Ganen on +i. strant

- \\O;\/\\/ AN

\ o T

AL “'. 0 I/ 1/ //,,/.\\
S WS e
\\} “\\\\\\\\\\‘\\\‘\\\ il i T It q;

A ¢
& \\\‘\\ . H .
8 i N %
Qe ”""'/. 0'/
RS

AR & , \
/S Q‘g\ %
/S S S g\ AN “1.&4[//
NG e "444
& :
b 5
g -‘- ‘1 P. aeruginosa
=
=

v o
O | s
i 9 ‘_‘.-W;;,“, , ’

3

=
= PAOL

‘% 6264404 bp
-

Uy 9% >
1,9 e,

e

\\\\\\\\- \
B\
s

8

$

&
\
$

(G + CJ] (1000 bp window):

&
N
&
o’
W \\\\

o
W

L gy VY

| W
AW

¥

\
-

\ v
L
\\

i !
v/ /7T e
Al

\

7 «8
"™
P ‘m“ﬁ'\‘

\&““\\
o
%,

iy
/
o

Uiy

P { -
Q% % s
27, ’//o « w g " N
YU R RN

o J /II \\\\\\\ MR
% 7/ 4 II" i ‘\\ A

@V
»
Q%

(X
4,
Y
Yy
)
7

LT ey
Q7 ////;////,f//w TN LTS
~{ // LIl i \ et

L0 g WS

Fig 4.7: Circular plot representation gene clusters present in the all six genomes. The
other five genomes were pairwise aligned with the reference P. aeruginosa PAO1
genome; the scale represents genome size in KB. Circle ranges from 1 (outer circle) to
10 (inner circle). Circle 1 and 2 represents CDSs present in + and — strand of PAO1.
Circle 3 represents the core genome of the six strains used in the study. Then circle 4 to 8
represnts genomes of BIRD1, F1, KT2440, N4T and B728a respectively in different

colours. GC content and GC skew are represented in the circle 9 and 10 resepectively.

Using EDGAR tool core genome and pan genome of the six strains were calculated. The
pan genome was found to be consists of 11426 genes. And the total number of core
genes was found to be 2414 among the six strains. Also, the pan genome and core
genome for the four P. putida strains were calculated. A total number of 7743 genes

were found in the pan genome and 3577 genes were present in the core genome.

4.5 Disscusion

In the present work, the genome of P. putida N4T was investigated after sequencing and
annotation. Firstly, the general genome features were explored and then different other
properties like prediction of secondary metabolite biosynthesis gene clusters, presence of

potential plant growth promoting traits and potential genes involved in plant association
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were elucidated using different tools. After delving in to these different properties of P.
putida N4T, a comparative analysis was carried out recruiting genome information of
five other Pseudomonas strains to understand genomic similarity and variability among
each other. This comparative analysis involved both non-pathogenic and pathogenic
strains of Pseudomonas spp. The presence of 11 secondary metabolite biosynthesis gene
clusters were predicted. These gene clusters included different genes that were involved
in producing metabolites like pyoverdine, putisolvin, WLIP, lankacidin C and fragin.
Another study revealed the presence of 38 different factors that were associated with
different functions are responsible plant association of the bacterium. The functions
included for plant association included toxins, EPS, detoxification, hormone, adhesion,
MDRs, metabolism, movement, pigment, LPS, protease, volatiles and PCWDE. Also,
total 3714 genes were linked with plant growth promoting traits of the bacterium. The
genes were related to having role in colonizing the plant system, competitive exclusion,
stress control, bio-fertilization, phytohormone/plant signal production, bio-remediation,
plant immune response stimulation and putative functions. The N4T genome contains
diverse important traits encoded by a variety of genes that are responsible for nitrogen
fixation, chemotaxis, siderophore production etc. which are well known characteristic of
plant associated bacteria. Apart from these the genome also possesss traits that are
related to the Type six secretion system, which are involved in different roles including
inter-bacterial competition. The Type six secretion system acts as a molecular weapon
that delivers toxic effectors to prey cells [48]. The anti-microbial property of Type six
secretion systems has been elucidated in many organisms. N4T genome is encomprises
with arsenal of genes that are associated with different functions that enables the
bacterium to be a successful plant colonizer also these traits bestow different roles on the
bacterium. A more detailed analysis of the genome data might unravel new insight into
the N4T strain.

The phylogenetic analysis with the five genomes recruited in this study validated that
N4T was not closely related to the three non pathogenic strains F1, BIRD-1 and KT2440
as well with the two pathogenic strains PAO1 and B728a. On the contrary F1, BIRD-1
and KT2440 shared lots of similarity. Inclusion of more genome in comparative
genomics study will help to better understand the diversity and stratification patterns of
Pseudomonas species. The rapid advancements in next generation sequencing and

availibilty of new genome sequences will help to excavate new findings in this field.
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