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ABSTRACT: Pseudomonas that are associated with plants, often found living as parasites or saprophytes
on the surfaces or inside plant species. Such species of Pseudomonas associated with plants may promote
growth of plants by eliminating pathogenic microbes thereby synthesizing plant growth stimulating
hormones and enhancing disease resistance in plants, biological control of plant pathogens and
bioremediation. The present investigation was conducted with an aim to study comparative genomic
studies of 14 Pseudomonas strains having biocontrol, PGPR and bioremediation activities keeping P.
fluorescens as the reference strain. The study revealed that these strains are somewhat nearly related
strains based on the various parameters undertaken, and therefore can be used collectively. With the
increasing availability of sequences, the complexity of genome alignment and analysis is growing
drastically with which the computational requirements of the EDGAR 2.0 and Mauve 2.3.1 have risen
considerably over the past decade which supports an easy, user-friendly interface of evolutionary
relationships in terms of gene order thereby gaining new biological insights of differential gene content.

Keywords: Pseudomonas, biocontrol, PGPR, bioremediation, genomics, EDGAR 2.0, MAUVE 2.3.1.

INTRODUCTION manipulate the environment of the soil to create a
condition for successful biocontrol (Moore et al., 2021,
Sah et al., 2021; Kumar and Pareek 2022).

Plant growth promoting rhizobacteria (PGPR) improves
plant growth through addition of nitrogen and
phosphorous, phytohormones like auxin (AAl),
indoleacetic acid (IAA) to the soil or by decreasing the
level of ethylene under stressed conditions (Backer et
al., 2018). Bacteria associated with plants can be
beneficial, deleterious or neutral based onits effects on
plant growth. Some of these beneficial free-living
bacteria colonize roots of plant and promote plant
growth (Koul et al., 2019; Kaur et al., 2022). It affects
growth of plant in two different ways i.e. both
indirectly or directly. The direct effect includes
supplying plants with microbial phytohormones, to
facilitate the uptake of specific compounds from the
environment (Saeed et al., 2021). On the other hand,
the indirect method involves lessening or preventing the
ill effects of one or more phytopathogenic organisms.
This can occur by synthesizing combative compounds
or by inducting tolerance to pathogens (Tsukanova et
al., 2017; Backer et al., 2018).

Some members of Pseudomonas metabolize toxic
pollutants in the environment as such can be used for
bioremediation. Bioremediation may occur
independently (intrinsic bioremediation or natural
attenuation) or occur collectively through the addition
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Pseudomonas, a rod-shaped, gram-negative, non-spore
forming aerobic gamma proteobacteria, belonging to
the family Pseudomonadaceae having one or more
flagellum containing 313 members (Moore et al., 2021;
Qin et al., 2022). They are also known as oxidase
positive and catalase positive bacteria. The members
show a vast range of metabolic diversity and therefore
consequently able to colonize huge range of niches
(Scales et al., 2014; Kharte et al., 2022). Due of its
vastness in plants seeds and water,
the Pseudomonads were observed earlier in the history
of microbiology. They are known to show
antimicrobial, biocontrol, plant growth promoting
(PGP) and bioremediating activities. Since the mid-
1980s, specific members have been treated with grain
seeds or directly applied to soils with an aim to prevent
the establishment of crop pathogens. This practice
referred to as biocontrol includes all aspects of utilizing
microbes or their by-products in controlling pests
thereby preventing plant diseases (Bajpai et al., 2021;
Thakur et al., 2022). Meanwhile, it also imparts
methods that are compatible in order promote to
sustainable agriculture. Understanding the underlying
mechanisms of biocontrol through various host-
pathogen interactions may help to select and create
more effective biological control agents that can



of fertilizers, oxygen, etc., that help in improving the
growth of the pollution-consuming microbes within the
medium known as biostimulation (Choudhury and
Bordolui 2022; Kumar and Pareek 2022). Depleted soil
nitrogen level may stimulate biodegradation of some
nitrogenous organic compounds and soil materials with
high potential to absorb pollutants may slow down the
process of biodegradation owing to limited
bioavailability of the compounds to microbes. Recent
advances have showed successful incorporation of
matched microbial strains to the medium to increase the
resident microbial population's potentiality to catabolize
contaminants. Thus, bioremediation can be termed as a
waste management procedure that ensure the use of
microorganisms to neutralize pollutants from a
contaminated site (Ojuederie and Babalola 2017;
Raklami et al., 2022; Bhargavanandha et al., 2021).
Such microbes that have vital roles in the process of
bioremediation are known as bioremediators.

In comparative genomics studies, genome sequences of
various species are compared. Through this researchers
can determine these species at their molecular level
thereby distinguishing various life forms from each
other (Das et al., 2021). It also provides a powerful
interface for analyzing evolutionary changes among
organisms thereby paving the way to identify genes that
are conserved among species, also genes that provide
organisms with its unique features (Dieckmann et al.,
2021; Jayachandran et al., 2022).

Research has been carried out so far into the insights of
PGPR, biocontrol and bioremediation which provided a
thorough understanding of the multiple aspects of
disease suppression. Yet, most of the focus has been on
free-living rhizobacterial strains, especially
Pseudomonas. However, no previous works on
Pseudomonas comparative genomics have been carried
out sp far. Therefore, keeping in view the above facts,
the present study was carried out with an aim to study
comparative genomics of different strains of
Pseudomonas, keeping Pseudomonas fluorescens as the
reference strain in terms of biocontrol, plant growth
promoting and bioremediation aspects. P. fluorescens
belonging to PGPR, have vital roles in enhanced plant
growth, induced systemic resistance and biocontrol. P.
fluorescens grows rapidly in vitro, has the ability to
rapidly utilize seeds and roots exudates, can colonize
and multiply itself in the rhizosphere and also in the
interior of the plants, has a wide range of bioactive
metabolites, can compete assertively with other
microbes, inexpensive and can adapt to various
environmental conditions.

MATERIALS AND METHODS

14 Pseudomonas strains were considered for the present
investigation. The names of the strains, their source of
isolation and functions are highlighted in Table 1.

Table 1: Pseudomonas strains considered during study.

Sr. No. Name of the strains Isolated from Function References
Rhizosphere of sweet Etfective against
1. Pseudomonas_aeruginosa_M18 pmelon Mycosphaerellamel (Zhang et al., 2020)
on is mycelium
Mellat)%Trr\:\claOlf:js;?alia Effective against
2. Pseudomonas_aeruginosa_PAO1 L - Caenorhabditis (Chandler et al., 2019)
especially in patients eleqans
with cystic fibrosis 9
Pseudomonas_brassicacearum_subsp_bra Growth and Mn
3. iy _Subsp_ Arabidopsis thaliana tolerance of the Mn- (Franzino et al., 2021)
ssicacearum_NFM421
- stressed plants
Pseudomonas_denitrificans_ ATCC_1386 S?'I after_ennchment Used as a nitrogen .
4. with succinate-nitrate . . (Ainala etal., 2013)
7 . fixing strain
medium
Effective against
Pythium ultimum,
5. Pseudomonas_ quores_cens_F113 Sugar-beet rhizophere Phytophthora (Patel et al., 2013)
(reference strain) .
cactorum, Fusarium
oxysporum
Curb plant diseases
. and to partly replace
6. Pseudomonas_protegens_ CHAO Roots OT tobaf:co n synthetic chemical (Flury et al., 2019)
Swiss soil L
pesticides that are
harmful to humans
7. Pseudomonas_protegens_Pf 5 Mushroom tissue Nltrosgiizi:xmg (Henkels et al., 2014)
Plant growth
8. Pseudomonas_putida_BIRD_1 Rhizosphere soil promoting (Roca et al., 2013)
rhizobacteria
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9. Pseudomonas_putida_DOT_T1E A wastewater treatment Tolgene . (Weimer et al., 2020)
plant degradation strain
10. Pseudomonas_putida_F1 Polluted soil Tolgene . (Dangi et al., 2021)
degradation strain
11. Pseudomonas_putida_GB_1 Soil and water Manganese oxidizer (Zheng et al., 2018)
Soil samples obtained
from a field under Nicotine degradin
12. Pseudomonas_putida_S16 continuous tobacco strair? 9 (Maity et al. (2023)
cropping in Shandong,
China
Populus trichocarpa x
13. Pseudomonas_putida_W619 deltoides cv. Endophyte of (Wu et al., 2011)
" " poplar
Hoogvorst
14. Pseudomonas_stutzeri_A1501 Soilborne . -Nltrogen- (Sah et al., 2021)
fixing bacterium

The study of comparative genomics of all the above
mentioned strains were analyzed using two most
important bioinformatics tools — namely, Edgar 2.0 and
Mauve 2.3.1.

EDGAR 2.0. The advent of Next Generation
Sequencing methods led to the rapid expansion of
complete sequenced genomes which made it is easier to
evaluate large datasets in a comparative approach. This
includes identification and classification of orthologous
genes in different genomes as core genes and
singletons. To conduct these analyses a software was
developed known as Efficient Database Framework for
comparative Genome Analyses using BLAST scores
Ratios (EDGAR). It enables to perform comparative
analysis of genomes in a high-throughput manner. 582
genomes across 75 genus groups from the NCBI
database were comparatively analyzed and the outputs
were integrated into an underlying database (Blom et
al., 2016; Dieckmann et al., 2021).

The biocontrol/plant growth promoting bacteria and
bioremediation strains of Pseudomonas were studied.
The strains were then searched on NCBI. Their
accession numbers were noted down. Using the website
- https://edgar.computational.bio, Edgar application was
run. Then, comparing the accession numbers, we select
our required strains for analyses using one as a
reference strain. Out of the 14 Pseudomonas strains
taken for study, 9 were biocontrol and plant growth
promoting bacterial strains and 5 were bioremediation
agents. The analyses were carried out keeping
Pseudomonas fluorescens F113, as the reference strain.
The following parameters were considered during the
study period. All the data were calculated keeping
Pseudomonas fluorescens_F113 as the reference strain.
Genomic subsets. It includes core and pan genomes;
and singletons. The analysis requires selection of a
reference strain to comparatively study the set of
genomes undertaken for evaluation. The output is
presented in a tabular form (Li et al., 2018).

Core genome. Thecore genomeis the set of
homologous genes shared by all the strains of the same
bacterial species. Most of these genes are associated in
vital roles for the survival of bacteria (Park et al.,
2019).
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Pan genome. Pan genome also known assupra
genomere presents full complement of genesin
a clade especially in bacteria and archaea that have
larger variation of gene content among its closely
associated strains (Inglin et al., 2018).

Singletons. A singleton is a read with a sequence that is
present exactly once, i.e. is unique among the reads.
They are however removed at later stages to reduce
sequencing errors (Cubry et al., 2017).

Geneset. It is the calculation of all the genes found in
the genome of all the 14 biocontrol Pseudomonas
strains taken for analysis. A table depicting all
genomes present in EDGAR is seen on the upper part of
the feature. It also contains a set of options such as
“INCLUDE” and “EXCLUDE” for each genome. The
geneset is evaluated in such a way that there has to be a
set of orthologous genes in “INCLUDE” and no such
genes “EXCLUDE” genomes. Genomes not belonging
to either of these categories are ignored. (Cubry et al.,
2017).

Venn diagrams. It shows all possible combination of
the number of genes of the selected genomes. It
allowseasy visual interpretation of genome size of the
core genes number of genes in each subset of the
dispensable genome. EDGAR creates Venn diagrams
with an upper limit of 5 genomes for an informative
graphical representation (Blom et al., 2009; Blom et al.,
2016).

Set size statistics

Core and singleton development plot. To prepare a
core and singleton development plot of genome size for
increasing genome numbers a curve fitting approach is
made with an exponential decay function (Cubry et al.,
2017; Park et al., 2019).

Pan development plot. In order to create a pan
development plot, genome sizes can be evaluated
through Heaps’ law function. It an empirical law used
in linguistics to describe the number of distinct words
in a single or set of documents as a function of the
length of the document. When a large text is analyzed,
the different number increases according to a sub-linear
power law of the total number of scanned words (Inglin
et al., 2018).
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Synteny plots. Synteny refers to the physical co-
localization of gene locus on the
same chromosome within a species or individual.
However, during the present day, a term referred to as
shared synteny allows researchers to compare
conservation of blocks of order within two sets of
chromosomes. In order to monitor the conservation of
gene order among the Pseudomonas chromosomes,
pairwise synteny plots were constructed in which the
position of each CDS of the chromosome (X-axis) is
plotted against the position of its homologous
chromosome(Y-axis). Similar chromosomes shows a
diagonal plot. In our study, synteny plots were analysed
using one strain each time with the reference strain
(Blom et al., 2016).

Phylogeny

Create AAI/ANI matrix. While the computation of a
phylogenetic tree based on the complete core genome
shows good results, it is still a computationally
intensive task. Two different approaches toward a
phylogenetic evaluation based on the increasing
availability of whole-genome sequences were proposed
by Konstantinidis and Tiedje (2005), i.e. the average
amino acid identity (AAI) and the average nucleotide
identity (ANI). For the AAI method, the average AAls
of all conserved genes in the core genome as computed
by the BLAST algorithm are collected. The results can
be easily extracted from the EDGAR database. For both
methods, the resulting phylogenetic distance values are
arranged in an AAI/ANI matrix, clustered according to
their distance patterns and visualized as heatmaps. The
blast hits between the orthologous genes of the core of
the selected genome will be analyses for their
mean/median percent identity values. For clustering, the
centroids were used and for distance measure the
euclidean distance between the contigs was calculated
(Blom et al., 2016; Hugenholtz et al., 2021).
Phylogenetic tree. For comparison of different
genomes, a phylogenetic tree was constructed using a
slightly modified version proposed by Zdobnov and
Bork (2007). The core genome is calculated as
described above. In the next step multiple alignments
for all core genes are created using MUSCLE. Non
matching parts of the alignments are masked using
GBLOCKS and then removed. The matching parts are
concatenated to one big multiple alignment of more

than 1 Mb length. Finally, a phylogenetic tree is
generated from this long alignment using PHYLIP
(Blom et al., 2016; Young and Gillung 2019; Zhao et
al., 2021).

Genome to genome distance. The genome to genome
distance calculation is based on Stefan Auchs' "Genome
BLAST Distance Phylogeny"”, which is used to
calculate the dissimilarity of given genomes by
calculating high-scoring segment pairs. The current
web interface serves as a user friendly wrapper around
the original tool. By default, the genomic distance
calculation is achieved by leveraging a formula
recommended by Meier-Kolthoff (Blom et al., 2016).
Mauve 2.3.1 - Genome Alignment Visualization.
Mauve constructs multiple genome alignments in
presence of large-scale evolutionary events such as
rearrangement and inversion. It uses algorithmic
techniques that scale well in the lengths of sequences
being aligned. Because recombination can cause
genome rearrangements, orthologous regions of one
genome may be reordered or inverted relative to
another genome. During the alignment process, Mauve
identifies conserved segments that appear to be
internally free from genome rearrangements. Such
regions are referred to as Locally Collinear Blocks
(LCBs) (Marcais et al., 2018).

The Mauve 2.3.1 software was installed and all the 14
Pseudomonas strains (constituting all the biocontrol,
PGPR and bioremediation strains including the
reference strain) that were previously used in Edgar 2.0
were now aligned keeping
Pseudomonas_fluorescens_F113 each time.

RESULTS AND DISCUSSION

EDGAR 2.0

Genomic subsets. These were calculated for all
Pseudomonas strain considered for the study keeping
Pseudomonas fluorescens F113 used as a reference
strain.

Core genome. The core genome consists of 1928 CDS
(Cell Data Set of an Open Reading Frame).

Pan genome. The pan genome consists of 16942 CDS.
Singletons. There are 372 singletons for the reference
strain Pseudomonas_fluorescens_F113 vs. all other
strains taken for analyses.

Singletons: 35.9%

Core 11.4 %, Genes — 1928
Singletons 35.9%, Genes — 6090
Dispensable52.7%, Genes - 8924

/ Core:11.4%

Dispensable: 52.7 %

Fig. 1. Graphical representation of Genomic subset distribution.
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Set size statistics: in the number of genomes, as because with the addition
Core development plot. There is an exponential of each new strains the number of genes those are
decrease in the number of core genes with the increase common to all decreases.

Core genome development (MEAN):
Decay function: 2642.023 * exp(-x / 3.447) + 1945.859

o observed values
confidence interval upper limit
fitted model
confidence interval lower limit

3000 4000 5000 6000 7000
L

Mumber of core genes

f
‘},
|
i

1000

[} 5 10 15

Fig. 2. An exponential decay function fitted to the calculated numbers of core genomes for genome counts from 2-
12 (1 is ignored as it is just the number of genes per genome). Mean values are used for each genome count. The

approximated core genome size is 1945 in this example. The number of genomes of all the Pseudomonas strains was
placed on the x-axis to the number of core genes on the y-axis.

Singleton development plot. There is an exponential in the number of genomes the singletons are seen to
decrease in the number of singletons with the increase  decrease.

Table 2: The core development plot showed the following mean number of core genes of the contigs.

Sr. No. Number of contigs Mean no. of core genes

1. Pseudomonas_fluorescens _F113

2. Pseudomonas_protegens_ CHAQ 3495.736
3. Pseudomonas_putida_W619 2973.379
4. Pseudomonas_putida_DOT_T1E 2716.968
5. Pseudomonas_denitrificans ATCC_13867 2542.265
6. Pseudomonas_stutzeri_A1501 2431.231
7. Pseudomonas brassicacearum subsp. Brassicacearum_NFM421 2330.364
8. Pseudomonas_putida_GB_1 2251.284
9. Pseudomonas_S16 2184.747
10. Pseudomonas_putida_BIRD_1 2125.199
11. Pseudomonas_aeruginosa_PAO1 2069.739
12. Pseudomonas_aeruginosa_M18 2018.593
13. Pseudomonas_protegens_Pf 5 1970.571
14. Pseudomonas_putida_F1 1925.000

Singleton development (MEAN):
Decay function: 2428.887 * exp(-x / 2.898) + 349.242

©  observed values
confidence interval upper limit
fitted model
—— confidence inlerval lower imit

Number of singletons
2000 3000 4000 5000 6000 7000
1 1

1000

Number of genomes

Fig. 3. An exponential decay function fitted to the calculated numbers of singletons for genome counts from 2-12 (1
is ignored as it is just the number of genes per genome). Mean values are used for each genome count. The
approximated singleton size is 349. The total genomes of all the Pseudomonas strains were taken and the plot was
observed showing the number of genomes on the x-axis and the number of singletons on the y-axis.
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Table 3: The singleton development plot showed the following mean number of singleton genes of the contigs.

Sr. No. No. of contigs Mean no. of singleton genes

1. Pseudomonas_fluorescens F113

2. Pseudomonas_protegens CHAQ 1613.346
3. Pseudomonas_putida_W619 1148.213
4. Pseudomonas_putida DOT T1E 929.529
5. Pseudomonas_denitrificans ATCC 13867 774.953
6. Pseudomonas_stutzeri_A1501 675.914

Pseudomonas brassicacearum sub sp.

! Brassicacearum_NFM421 598.445
8. Pseudomonas_putida GB_1 534.854
9. Pseudomonas_S16 485.928
10. Pseudomonas_putida BIRD 1 441.989
11. Pseudomonas_aeruginosa PAO1 409.400
12. Pseudomonas_aeruginosa_M18 378.461
13. Pseudomonas_protegens Pf 5 350.846
14. Pseudomonas_putida_F1 325.714

Pan development plot. The number of pan genes
increased with the increase in the total number of
genomes. Since pan genome considers all the full

complement of genes in a clade, therefore with the
addition of new genomes in the plot the pan genome
increases.

Pan genome development (MEAN):
Heaps’ law function: 5580.583 * x ** 0.423

10000 15000 20000
I I I

Number of genes in pan genome

5000

o observed values
confidence interval upper limit
—— fitted model
—— confidence interval lower fimit

T T
10 15

Number of genomes

Fig. 4. Pan genome development plot for 14 Pseudomonas strains. The red curve shows the fitted exponential
Heaps’ law function. Based on these results the pan genome is considered to be open with a growth exponent of
0.423. The total genomes of all the Pseudomonas strains were taken and the plot was observed showing the number
of genomes on the x-axis and the number of singletons on the y-axis.

Table 4: The pan development plot showed the following mean number of pan genes of the contigs.

Sr. No. No. of contigs Mean no. of pan genes

1. Pseudomonas_fluorescens F113

2. Pseudomonas_protegens CHAQ 7387.945
3. Pseudomonas_putida_W619 8836.082
4. Pseudomonas_putida DOT _T1E 10020.448
5. Pseudomonas_denitrificans ATCC 13867 11079.376
6. Pseudomonas_stutzeri_A1501 11972.704

Pseudomonas brassicacearum subsp.

! Brassicacearum_NFM421 12762436
8. Pseudomonas_putida GB_1 13521.946
9. Pseudomonas_S16 14176.922
10. Pseudomonas_putida_BIRD 1 14848.886
11. Pseudomonas_aeruginosa_PAO1 15427.157
12. Pseudomonas_aeruginosa_M18 15973.242
13. Pseudomonas_protegens Pf 5 16483.571
14. Pseudomonas_putida_F1 16961.000

Synteny plots. In order to monitor the conservation of
gene order among the Pseudomonas chromosomes,
pairwise synteny plots were generated with EDGAR

Rehman etal.,
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2.0, where the position of each CDS of the chromosome
given on the X axis is plotted against the position of its
homologue in the second chromosome given on Y-axis.
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Identical plots result in a diagonal plot. In the 1% plot,
i.e. of Pseudomonas fluorescens F113 and
Pseudomonas brassicacearum subsp. brassicacearum
NFM421, there are very few chromosomal
rearrangements which signify close similarity between
their gene orders. The number of rearrangements seems
to increase substantially from 4™ to the 12" plot, and
the plot takes somewhat a diagonal shape which
indicates that the species may have similar gene order
to their reference strain. But in Pseudomonas putida

Synteny plot

DOT_TI1E the gene order seems to be completely
disintegrated. Moreover, in the 2" and 3" plots, the
graph is seen to be almost similar to each other, from
which  we can conclude that the strains
Pseudomonas_protegens_ CHAOQ and
Pseudomonas_protegens_Pf5 are very similar to each
other in terms of their gene order; and they further takes
quite a diagonal plot; which is an indication that they
have similar gene order to the reference strain i.e.
Pseudomonas_fluorescens_F113 (Fig. 5-7).

Synteny plot

Synteny plat B

Fig. 5. The synteny plots for contigs A. Pseudomonas brassicacearum_subsp._ brassicacearum_NFM42 B.
Pseudomonas_protegens CHAO C. Pseudomonas_protegens Pf5 D. Pseudomonas_putida_F1 comparing each
time with the reference strain (Pseudomonas_fluorescens_F113).

Rehman etal.,

Biological Forum — An International Journal

15(6): 01-16(2023) 7



Synteny plot A Synteny plot B

Fig. 6. The synteny plot for contigs A. Pseudomonas_putida_GB1 B. Pseudomonas_putida_BIRD C. Pseudomonas
putida_S16 D. Pseudomonas_putida_ W619 comparing each time with the reference strain
(Pseudomonas_fluorescens_F113)

Fig. 7. The synteny plot for contigs A. Pseudomonas_denitrificans ATCC 13867, B.
Pseudomonas_aeruginosa._ M1 C. Pseudomonas_aeruginosa PAO D. Pseudomonas_stutzeri_ A1501 E.
Pseudomonas_putida_ DOT_T1 Ecomparing each time with the reference strain (Pseudomonas_fluorescens F113)
Rehman etal., Biological Forum — An International Journal  15(6): 01-16(2023) 8



Genesets

Venn diagrams. The venn diagrams for 14 contigs
were analyzed comparing each time with the reference
strain. Since 5 contigs can be selected at a time, the
analysis was carried out in 4 different sets.

The first set showed that the venn diagram generated
shows that the chromosomes shared 2832 orthologous
CDS exclusively among all the four strains including
the reference strain Pseudomonas fluorescens F113.
While Pseudomonas fluorescens F113 (reference)
shared 1501 orthologous CDS with Pseudomonas
brassicacearum sub sp. brassicacearum NFM421
which shows it shares a great similarity in their gene
order. On the other hand, Pseudomonas aeruginosa
PAO1 and Pseudomonas aeruginosa M18 shares 1154

orthologous CDS exclusively indicating somewhat high
similarity in their gene order. The second set showed
that the venn diagram generated shows, that the
chromosomes of all the four strains shared 3029
orthologous CDS. It is also seen that Pseudomonas
protegens CHAO and Pseudomonas protegens Pf5
shares 1362 orthologous CDS which indicates close
similarity of their gene orders between these two
species. The third set showed that the venn diagram
generated shows that the chromosomes of all the three
Pseudomonas strains shares 3210 orthologous CDS.
While the fourth set showed that the venn diagram
generated shows that the chromosomes of the two
Pseudomonas shares 2286  orthologous CDS
exclusively (Fig. 8).

Pseudomonas_aeruginosa_M18_NC_017548
Pseudomonas_aeruginosa PAOL NC 002516

P subsp.
Pseudomonas_denitrificans ATCC_13867 NC_020829
Pseudomonas_fluorescens_F113_NC_016830

NFM421_NC_015379

LaE -

9 ewNe

: Pseudomonas_fluorescens_F113_NC_016830
. Pseudomonas protegens CHAO NC 021237

: Pseudomonas_putida_DOT_T1E_NC_018220

Pseudomonas_protegens_Pf_5_NG_004129
Pseudomonas_putida BIRD 1 NC 017530

: Pseudomonas_fluorescens F113 NC 016830
: Pseudomonas putida F1 NC 009512

: Pseudomonas_putida_ GB_1_NC_010322

: Pseudomonas_putida S16_NC_015733

1
2
3
2

N

1

Pseudomonas_fluorescens_F113_NC_016830
Pseudomonas_putida W619_NC_010501
Pseudomonas_stutzeri A1501 NC_009434

Fig. 8. Venn diagrams generated for the 14 contigs analyzed in 4 different data sets

AAI and ANI matrix. The AAI/ANI mean and median
matrix thus generated showing the average AAIs/ANIs
of all conserved genes in the core genome. The
resulting phylogenetic distance values are arranged in
an AAI/ANI matrix, clustered according to their
distance patterns and visualized as heatmaps. Based on

Rehman etal.,
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the colours of the markers given on each left corner of
the heatmaps, the average distance patterns between the
different strains are known (Fig. 9).

Pseudomonas  putida_GB, with  Pseudomonas
putida_BIRD1 shows 37495 pairwise LCBs, 366 Mb
working set size, 345 Mb Pagefile usage, root
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alignment having 593 superintervals, 8852132 root
alignment length and the organisms have 61.2% of GC
content. While with Pseudomonas putida_S16 shows
35988 pairwise LCBs, 344Mb working set size, 257 Mb
Pagefile usage, root alignment having 577
superintervals, 8980641 root alignment length and the
organisms have 61.5% of GC content. On the other
hand, with Pseudomonas putida_W619 shows 35049
pairwise LCBs, 358 Mb working set size, 313 Mb
Pagefile usage, root alignment having 362
superintervals, 8664271 root alignment length and the
organisms have 61% of GC content (Fig. 11).

Pseudomonas_fluorescens F113 and Pseudomonas
denitificans_ ATCC_13867 showed 45240 pairwise
LCBs, 370 Mb working set size, 313 Mb Pagefile
usage, root alignment having 603 superintervals,
9103152 root alignment length and the organisms have
62.8% of GC content. While with Pseudomonas
aeruginosa M18 shows 45399 pairwise LCBs, 359 Mb

working set size, 324 Mb Pagefile usage, root
alignment having 703 superintervals, 9317418 root
alignment length and the organisms have 63.5% of GC
content. On the other hand, Pseudomonas aeruginosa
PAO1shows 44954 pairwise LCBs, 376 Mb working set
size, 299 Mb Pagefile usage, root alignment having 703
superintervals, 9257021 root alignment length and the
organisms have 63.5% of GC content, with
Pseudomonas stutzeri A1501 showed 41959 pairwise
LCBs, 367 Mb working set size, 373 Mb Pagefile
usage, root alignment having 312 superintervals,
8894155 root alignment length and the organisms have
62% of GC content. While Pseudomonas putida
DOT_T1E showed 42125 pairwise LCBs, 333 Mb
working set size, 274 Mb Pagefile usage, root
alignment having 687 superintervals, 9257906 root
alignment length and the organisms have 61.1% of GC
content (Fig. 12).
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Fig. 9. Heat maps generated for AAIl and ANI matrix for all 14 Pseudomonas strains considered for the study.

MAUVE 2.3.1. The display layout of the various
alignments, shows the alignments  between
Pseudomonas_fluorescens_F113 (reference strain) with
all the other 13 Pseudomonas strains taken for study.
The figures shows colored blocks in the first genome
that are connected by lines to similarly colored blocks
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in the second genomes. These lines indicate which
regions in each genome are homologous. Each
contiguously colored region is a locally collinear block,
a region without rearrangement of homologous
backbone sequence. LCBs below a genome’s center
line are in the reverse complement orientation relative
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to the reference genome. Lines between genomes trace
each orthologous LCB through every genome. The
images were generated by the Mauve rearrangement
viewer. The Mauve rearrangement viewer enables users
to interactively zoom in on regions of interest and
examine the local rearrangement structure.

The results revealed that Pseudomonas_fluorescens
F113  (reference  strain)  with  Pseudomonas
brassicacearum subsp. brassicacearum NFH421
showed 4659 pairwise LCBs, 239Mb working set size,
172 Mb Pagefile usage, root alignment having 9
superintervals, 7521541 root alignment length and the
organisms have 60.7% of GC content. While with
Pseudomonas protegens CHAO shows 7269 pairwise

LCBs, 250Mb working set size, 223 Mb Pagefile usage,
root alignment having 28 superintervals, 7514346 root
alignment length and the organisms have 61.3% of GC
content, with Pseudomonas_protegens_Pf5 showed
40832 pairwise LCBs, 340 Mb working set size, 263
Mb Pagefile usage, root alignment having 343
superintervals, 9158705 root alignment length and the
organisms have 62% of GC content, with Pseudomonas
putida_F1 shows 38870 pairwise LCBs, 348 Mb
working set size, 270 Mb Pagefile usage, root
alignment having 623 superintervals, 8932757 root
alignment length and the organisms have 61.3% of GC
content (Fig. 10).
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Fig. 10. The Mauve output file format Pseudomonas_fluorescens_F113 (reference strain) with A. Pseudomonas
brassicacearum sub sp. Brassicacearum, B. Pseudomonas protegens_CHAO, C. Pseudomonas_protegens_Pf5, D.

Pseudomonas putida_F1

On the other handrefrence strain showed 39556
pairwise LCBs, 352 Mb working set size, 284 Mb
Pagefile usage, root alignment having 603
superintervals, 9149257 root alignment length and the
organisms have 61.3% of GC contentwith
Rehman etal.,
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Pseudomonas  putida GB, with  Pseudomonas
putida_BIRD1 shows 37495 pairwise LCBs, 366 Mb
working set size, 345 Mb Pagefile usage, root
alignment having 593 superintervals, 8852132 root
alignment length and the organisms have 61.2% of GC
15(6): 01-16(2023) 11



content. While with Pseudomonas putida_S16 shows
35988 pairwise LCBs, 344Mb working set size, 257 Mb
Pagefile usage, root alignment having 577
superintervals, 8980641 root alignment length and the
organisms have 61.5% of GC content. On the other
hand, with Pseudomonas putida_W619 shows 35049
pairwise LCBs, 358 Mb working set size, 313 Mb
Pagefile usage, root alignment having 362
superintervals, 8664271 root alignment length and the
organisms have 61% of GC content (Fig. 11).

Pseudomonas_fluorescens F113 and Pseudomonas
denitificans_ ATCC_13867 showed 45240 pairwise
LCBs, 370 Mb working set size, 313 Mb Pagefile
usage, root alignment having 603 superintervals,
9103152 root alignment length and the organisms have
62.8% of GC content. While with Pseudomonas
aeruginosa M18 shows 45399 pairwise LCBs, 359 Mb
working set size, 324 Mb Pagefile usage, root

alignment having 703 superintervals, 9317418 root
alignment length and the organisms have 63.5% of GC
content. On the other hand, Pseudomonas aeruginosa
PAO1 shows 44954 pairwise LCBs, 376 Mb working
set size, 299 Mb Pagefile usage, root alignment having
703 superintervals, 9257021 root alignment length and
the organisms have 63.5% of GC content, with
Pseudomonas stutzeri A1501 showed 41959 pairwise
LCBs, 367 Mb working set size, 373 Mb Pagefile
usage, root alignment having 312 superintervals,
8894155 root alignment length and the organisms have
62% of GC content. While Pseudomonas putida
DOT_T1E showed 42125 pairwise LCBs, 333 Mb
working set size, 274 Mb Pagefile usage, root
alignment having 687 superintervals, 9257906 root
alignment length and the organisms have 61.1% of GC
content (Fig. 12).
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Fig. 11. The Mauve output file format Pseudomonas_fluorescens_F113 (reference strain) with A. Pseudomonas
putida_GB1, B. Pseudomonas putida_BIRD1, C. Pseudomonas putida_S16, D. Pseudomonas putida_W619.
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Fig. 12. The Mauve output file format Pseudomonas_fluorescens_F113 (reference strain) with A. Pseudomonas
denitificans_ATCC_13867, B. Pseudomonas aeruginosa M18, C. Pseudomonas aeruginosa PAO1, D. Pseudomonas

stutzeri A1501, E. Pseudomonas putida DOT_T1E

From the above observations, it is seen that the lowest
GC content was found in aligments made between
Pseudomonas fluorescens F113 (reference strain) and
Pseudomonas brassicacearum subsp. brassicacearum
NFH421. On the other hand the pairwise LCBs were
seen to be less i.e. 4659, indicating that there were very
fewer rearrangement in these two species depicting it to
have close order of their genes. Thus, the results
revealed that although differential gene content exist,
however comparative studies of biocontrol and plant

Rehman etal.,
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growth promoting bacteria shows closely related gene
order and gene content which makes it a potent source
in the application of sustainable agriculture. Previous
studies showed that phytohormones synthesized by
some species of endophytic bacteria such as
Burkholderia and Paraburkholderia lead to enhanced
growth of plants which on the other hand makes it vital
for use as biocontrol agents (Dias et al., 2019; Chen et
al., 2023). Similar works were also carried out in some
strains of Bacillus and Pseudomonas (Wang et al.,

15(6): 01-16(2023) 13



2023). Moreover, genome of  Stropharia
rugosoannulata showed its strong potentiality to be
used to bioremediate and degrade lignin alongwith with
ability to function as biocontrol agents against
nematodes (Yang et al., 2022).

CONCLUSIONS

The study undertaken elucidated the comparative
genomics between different Pseudomonas strains that
have biocontrol, plant-growth  promoting and
bioremediation activities. The study revealed how
closely or distantly the species are related in terms of
their gene orders that enumerated genome
rearrangements, orthologous regions of one genome to
that of another in course of their evolution. The
observations also revealed that some of the biocontrol
and plant-growth promoting Pseudomonas are
somewhat closely related in terms of their gene orders,
and hence, can be used in either way i.e. in pathogenic
and remediation projects. Thereby, the softwares used
supports a quick and user-friendly survey of
evolutionary relationships between microbial genomes
and simplifies the process of obtaining new biological
insights into their differential gene content.

FUTURE SCOPE

The Pseudomonas strains were identified as having
biocontrol, bioremediation, plant growth promoting
activity altogether therefore can be used reciprocally
possibly replacing the use of harmful pesticides for
sustainable agriculture.
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