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Abstract

Environmental pollution especially heavy metal contaminated soils adversely affect the microbial
communities associated with the rhizosphere and phyllosphere of plants growing in these areas. In the
current study, we identified and characterized the rhizospheric and phyllospheric bacterial strains from
Avena fatua and Brachiaria reptans with the potential for antimicrobial activity and heavy metal
resistance. A total of 18 bacterial strains from the rhizosphere and phyllosphere of A. fatuaand 19
bacterial strains from the rhizosphere and phyllosphere of B. reptans were identified based on 16S rRNA
sequence analysis. Bacterial genera, including Bacillus, Staphylococcus, Pseudomonas and Enterobacter
were dominant in the rhizosphere and phyllosphere of A. fatua and Bacillus, Marinobacter, Pseudomonas,
Enterobacter, and Kocuria were the dominating bacterial genera from the rhizosphere and phyllosphere of
B. reptans. Most of the bacterial strains were resistant to heavy metals (Cd, Pb and Cr) and showed
antimicrobial activity against different pathogenic bacterial strains. The whole genome sequence
analysis of Pseudomonas putida BR-PH17 was performed by using lllumina sequencing approach. The
BR-PH17 genome contained a chromosome with size of 5774330 bp and a plasmid DNA with 80360 bp.
In this genome, about 5368 predicted protein coding sequences with 5539 total genes, 22 rRNAs and 75
tRNA genes were identified. Functional analysis of chromosomal and plasmid DNA revealed a variety of
enzymes and proteins involved in antibiotic resistance and biodegradation of complex organic pollutants.
These results indicated that bacterial strains identified in this study could be utilized for bioremediation
of heavy metal contaminated soils and as a novel source of antimicrobial drugs.

Introduction

The increasing industrialization mainly affects the quality of water, air, and soil. Environmental
challenges of Pakistan are primarily associated with an imbalanced economic and social development in
recent decades. Industrial effluents contain hazardous chemicals including heavy metals, highly acidic
and alkaline compounds that cause the destruction of habitat (Freije 2015; Mohmand et al. 2015). Heavy
metals, such as Cadmium (Cd), Lead (Pb), Chromium (Cr) and Arsenic (As) cause groundwater and soil
pollution and ultimately enter the plants and animals through food chain. Living organisms including
plants, animals and microorganisms exist in industrial areas are also affected by water, soil, and air
pollution (Wahid et al. 1995; Kamal et al. 2014b). In the industrial areas of Pakistan, growth of natural
vegetation including grasses, Avena fatua, Cymbopogan jwarancusa, Brachiaria reptans, and Cynodon
dactylon as well as economically important crops, such as wheat, rice, maize and sugarcane are affected
due to poor water and air quality (Hussain et al. 1992; Khan et al. 2011; Waseem et al. 2014).

Plant physiology and metabolism are greatly affected by microorganisms living in the plant-soil
(rhizosphere), on the surface of a root or shoot (epiphytes) and inside the root or shoot tissues
(endosphere). Plant associated microbial communities include plant growth promoting bacteria, fungi
and other pathogenic microorganisms (Smith et al. 2015; Mukhtar et al. 2019a). A large variety of
microorganisms live in the rhizosphere and root endosphere that have potential to enhance the plant
growth by increasing the uptake to different nutrients, nitrogen, carbon, phosphorus and other minerals
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from the soil (Ahemad and Kibret 2014; Kuan et al. 2016; Mukhtar et al. 2019c¢). The aerial portion or
phyllosphere of a plant is more affected by environmental pollution as compared to the rhizosphere, so,
the microbial diversity associated with the phyllosphere is distinct. Proteobacteria, Actinobacteria, and
Bacteriodetes are the most abundant bacterial phyla identified from this plant region (Bodenhausen et al.
2013; Mukhtar et al. 2017). These microorganisms play an important in plant health and geochemical
cycles of nitrogen and carbon (Mazinani et al. 2017).

Plant associated microorganisms produce a variety of antibacterial and antifungal compounds to control
different bacterial and fungal pathogens. These microorganisms especially bacterial strains can be used
biofertilizers, phytostimulators, and biopesticides to protect plants against various fungal and bacterial
diseases (Knief et al. 2012; Sun et al. 2017). Microbial communities associated with the plants growing in
polluted areas are also influenced by the different hazardous compounds and heavy metals present in
the surrounding environment (Hong et al, 2011; Suvega and Arunkumar 2014). These microorganisms
show antimicrobial activity against a large number of pathogenic bacteria and fungi. The rhizosphere
and phyllosphere associated bacterial strains including Bacillus, Pseudomonas, Aeromonas,
Marinobacter, Nocardia, Sphingomonas and Methylobacterium have been studied for their ability to
produce various antimicrobial compounds (Bodenhausen et al. 2013; Buedenbender et al. 2017; Chen et
al. 2019). Most of these bacterial strains also show resistance to antibiotics such as ampicillin,
erythromycin, amoxicillin, ciprofloxacin, gentamicin, and vancomycin (Ismail et al. 2016; Zhao et al.
2018).

Some plants are genetically adapted to grow and reproduce in soils contaminated with heavy metals.
Plants species such as Avena fatua, Brachiaria reptans, Cynodon dactylon, and Dactyloctenium
aegyptium are dominantly growing in heavy metal polluted lands near Lahore (Ahmad et al. 2009).
Environmental pollution also influences the structure and composition of rhizospheric and phyllospheric
microbial communities of the affected plants. The main aim of the current study was to evaluate the
bacterial diversity from the rhizosphere and phyllosphere of Avena fatua and Brachiaria reptans growing
in heavy metal polluted areas near Lahore by using culture-dependent techniques. These bacterial strains
were characterized for their antibiotics and heavy metal resistance and their antimicrobial potential was
assessed against different pathogenic bacterial strains. The current study is the first report of its kind that
it deals with the identification of antimicrobial and heavy metal resistance genes from P, putida BR-PH17
isolated from the phyllosphere of B. reptans through whole genome sequence analysis.

Material And Methods
Soil and plant sampling

Kala-Shah Kaku is an industrial area located on Lahore-Gujranwala G.T road about 17.5 km away from

Lahore (31° 24" North latitude, 74°13" East longitude). It covers about 11 km? area with a number of
industries involved in production of chemical, leather, textile, metals, paper and pulp. Ground water and
air quality is adversely affected by different untreated effluents, such as heavy metals Cd, Pb, Cr, and As
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released by these industries. Plants and animals of this area are also affected by water and air pollution.
Plants especially various grasses, such as Avena fatua, Brachiaria reptans, Cymbopogan jwarancusa,
Cynodon dactylon, and Dactyloctenium aegyptium are dominant and abundantly found here (Ahmad et
al. 2009). Rhizospheric soil samples were collected by gently removing the plants and obtaining the soil
attached the roots. Soil and plant samples were collected from three sites that are about 1 km far from
each other. At each site, approximately 1 kg soil samples were collected in black sterile polythene bags.
These samples were stored at 4 °C for further analysis.

Soil physicochemical parameters

Each soil sample (500 g) was thoroughly mixed and sieved through a pore size of 2 mm. Physical
properties (salinity, pH, moisture content and temperature) of soil samples were determined. Soil salinity
or electrical conductivity (dS/m) was measured by 1:1 (w/v) soil to water mixture at 25 °C (Adviento-
Borbe et al. 2006), pH was measured by 1:2 (w/v) soil to water mixture, moisture (%) and texture class
were measured by Anderson method (Anderson et al. 1993) and organic matter (C,,,) was calculated by
the Walkley-Black method (1934). The total concentration of heavy metals (Cd, Pb, and Cr) in the soils
and plants were analyzed by flame atomic absorption spectrophotometry (AAS, Z-5300) by digesting 100
mg of soil in a mixture of HNO3 and HCIO4 (4:1, v/v).

Isolation of bacterial strains from the rhizosphere and
phyllosphere of A. fatua and B. reptans

Rhizospheric samples were taken as a collective sample of soil and roots and phyllospheric samples
were taken as epiphytic and endophytic shoot tissues. For the isolation of rhizospheric bacteria, the
sieved soil and roots were mixed thoroughly and then one gram representative soil sample was taken. In
case of phyllosphere, the shoot samples were washed with tap water for 5 min and then with distilled
water for 5 min. These tissues were dried at room temperature and one gram sample was macerated
using sterilized pestle and mortar. Serial dilutions (10~ '-10" %) were made for all samples (Somasegaran
1994). Dilutions from 10~ 4 to 10~ ® were inoculated on Luria-Bertani agar (LB) plates for counting colony
forming units (CFU) per gram of dry weight. Plates were incubated at 37 °C until the appearance of
bacterial colonies. Bacterial colonies were counted and the number of bacteria per gram sample was
calculated. The bacteria were purified by repeated sub-culturing of single colonies. Single colonies were
selected, grown in LB broth and stored in 30% glycerol at -80 °C for subsequent characterization.

Identification of bacterial isolates based on 16S rRNA
sequence

From individual bacterial strains, genomic DNA was extracted (Winnepenninckx et al. 2003). The 16S
rRNA gene was amplified by using universal forward primer FD1 (AGAGTTTGATCCTGGCTCAG) and
universal reverse primer (rP1) (ACGGACTTACCTTGTTACGACTT). A reaction mixture of 50 uL was
prepared by using Taq buffer 5 pL (10X), MgCI2 5.5 pL (25mM), Taq polymerase 1.5 pL, dNTPs 4 pL
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(2.5mM), 4 pL of forward and reverse primer (10 pmol) and the template DNA 5 pL (> 50ng/ pL) (Tan et
al. 1997). Initial denaturation temperature was 95 °C for 5 min followed by 35 rounds of 95 °C for 1 min,
57 °C for 1 min and 72 °C for 2 min and final extension at 72 °C for 10 min. These PCR products were
purified and sequenced commercially by using universal forward and reverse primers (Eurofins,
Germany).

Sequences of 16S rRNA were compared to those sequences deposited in the GenBank nucleotide
database by using the NCBI BLAST. These sequences were aligned by using Clustal W software. A
neighbor-joining tree was constructed by Bootstrap test with 1000 replicates (Saitou and Nei 1987). The
evolutionary distances were compared using the Maximum Composite Likelihood method in MEGA7
software (Tamura et al. 2004; Kumar et al. 2016). The 16S rRNA sequences of bacterial strains were
deposited in the GenBank with accession numbers MT317180-MT317216.

Antibiotic resistance assay using disc diffusion method

The antibiotic resistance pattern of bacterial strains was studied according to Kirby-Bauer disk diffusion
method (Bauer et al. 1966; EI-Sayed and Helal 2016). Five antibiotics; ampicillin (AMP), amoxicillin (AM),
erythromycin (E), ciprofloxacin (CIP), tobramycin (TOB), gentamicin (GN) and vancomycin (VA) were used
to check antibiotic sensitivity of bacterial strains. Antibiotic discs were placed over freshly prepared LB
medium seeded with bacterial strains under study. All antibiotic disks were placed on each of the seeded
plates at appropriate distances from one another and plates were incubated at 37 °C for 48 h. The strains
were classified as sensitive or susceptible if they showed a growth inhibition zone around the antibiotic
disc.

Analysis of heavy metal resistance

A total of 18 bacterial strains from the rhizosphere and phyllosphere of A. fatua and 19 bacterial strains
from the rhizosphere and phyllosphere of B. reptans were tested for resistance of Cadmium (Cd), Lead
(Pb) and Chromium (Cr). About 2, 5, 7.5, and 10 mM of each metal was used to analyze the resistance in
the bacterial strains isolated using LB agar plates supplemented with these heavy metals.

Antimicrobial resistance against different pathogenic
bacterial strains

On the basis of antibiotics and heavy metals resistance, 8 bacterial strains from the rhizosphere and
phyllosphere of A. fatua and 10 bacterial strains from the from the rhizosphere and phyllosphere of B.
reptans were tested for antimicrobial activity against six pathogenic bacterial strains. Antimicrobial
activity test of bacterial strains isolated from the rhizosphere and phyllosphere of A. fatua and B. reptans
was performed by using the drop test method as described by Rao et al. (2005) with little modifications.
Six pathogenic bacterial strains including Bacillus cereus (LT221128), Staphylococcus aureus
(MT355444), Pseudomonas aeruginosa (LT797517), Escherichia coli MT355445), Klebsiella oxytoca
(LT221131), and Enterobacter cloacae (AM778415) were used for antimicrobial activity in this study. All
the pathogenic strains were grown in 20 mL of LB broth at 37 °C for 24 h. The bacterial strains identified
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in this study were also grown in 50 mL of LB broth at 37 °C for 24 h. These cultures were centrifuged at
10,000 rpm for 15 min and the cell pellet was dissolved in 25 mL of saline water (1% NaCl). About 100 pL
of a pathogenic strain was spread on LB agar plate and dried for 30 min. Then a drop (10 pL) of the
target bacterial culture with about 10'° cells mL™ ! was spotted on this plate and incubated at 37 °C for
48 h. The zone of inhibition around the tested strain was measured in mm (millimeter).

Genome sequencing and annotation of P, putida BR-PH17

P, putida BR-PH17 showed maximum potential for heavy metals and antimicrobial resistance. The next
generation whole-genome sequencing was performed by using Illumina Hiseq 2000 platform. Paired-end
genome fragments were annealed to the flow-cell surface in a cluster station (Illumina). Sequencing-by-
synthesis was performed with a total 100 cycles. All reads were quality filtered and assembled using the
A5 pipeline, an integrated pipeline for de novo assembly of microbial genomes (Tritt et al. 2012). The final
genome coverage was 181X with a genome size 5.78 Mbp. Genome annotation was performed by using
NCBI Prokaryotic Genome Annotation Pipeline (Tatusova et al. 2016). The coding genes were predicted
by using an ab initio gene prediction algorithm with homology-based methods. The gene function was
annotated by BLAST against Kyoto Encyclopedia of Genes and Genomes database KEGG pathway
(Kanehisa et al. 2006). To predict genes and operons involved in secondary metabolism and antibiotic
resistance antiSMASH 4.0 software was used (Blin et al. 2017). The chromosomal DNA and plasmid
sequence were deposited in the GenBank database under the accession number CP066306 and
CP066307 (BioProject: PRINA685985).

Results
Physical and chemical characteristics of rhizospheric soils

The physical and chemical analysis showed that the rhizospheric soils of Avena fatua were more alkaline
and saline as compared to soils Brachiaria reptans (Table 1). There is no significant diffference in soil
moisture content and temperature in the rhizospheric soils of both plants. All the polluted soils had high
concentrations of heavy metals Cd, Pb, and Zn (Table 1). The rhizospheric soils of Avena fatua showed

35mg.kg™ " of Cd, 43 mg.kg™ ! of Pb and 21 mg.kg™" of Cr respectively. The rhizospheric soils of
Brachiaria reptans showed 49 mg.kg™" of Cd, 25 mg.kg™" of Pb, and 15 mg.kg™" of Cr respectively.
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Table 1

Physical and chemical properties of rhizospheric soils of
Avena fatua and Brachiaria reptans

Soil properties Avena fatua  Brachiaria reptans
pH 8.02" 7.26°
ECy.1 (dS/m) 4512 3.73P
Moisture (%) 19.232 21.612
Temperature (°C) 31 31b 32 472
Texture class Silty loam Silty loam
OM (g.Kg™ ") 17.51P 14.412
NO3~ (mg.kg™") 12.832 8.712

cd (mg.kg™") 352 49b

Pb (mg.kg™") 43P 252
Cr(mg.kg™") 21P 152

Identification of bacterial strains based on 16S rRNA
analysis

A total of 10 bacterial strains from the rhizosphere and 8 bacterial strains from the phyllosphere of A.
fatua were identified on the basis of 16S rRNA gene analysis. Four strains including AV-HP1, AV-HP2, AV-
HP4 and AV-HP10 were identified as different species of Bacillus, AV-HP3 strain identified as
Staphylococcus equorum, AV-HPS5 strain as Pseudomonas plecoglossicida, AV-HP7 strain as
Enterococcus durans, AV-HP8 as Nocardia farcinica, AV-HP6 and AV-HP11 as Enterobacter aerogenes
from the rhizosphere of A. fatua (Table S1; Fig. 1A). While from the phyllosphere of A. fatua, three strains
AV-ROT, AV-RO6 and AV-RO8 showed more than 99 similarity with Bacillus spp., AV-RO2 strain had 99%
homology with Pseudomonas fluorescens and bacterial strains belonging to Virgibacillus sp.,
Enterococcus durans, Kocuria rosea and Nocardia also identified in this study (Table S1; Fig. 1A). From
the rhizosphere of B. reptans, 4 strains were related to Bacillus spp., 2 bacterial strains BR-PH1 and BR-
PH10 were identified as Staphylococcus equorum, BR-PH4 strain were belonging to the Marinobacter sp.
and BR-PH5 strains was identified as Pseudomonas fluorescens (Table S2; Fig. 1B). From the
phyllosphere of B. reptans, out of nine, 5 bacterial strains were identified as different species of Bacillus,
BR-PH11 strain had more than 99% similarity with Exiguobacterium aurantiacum, BR-PH13 and BR-PH16
strains identified as Enterobacter aerogenes and BR-PH17 strain identified as P putida (Table S2; Fig. 1B).

Antibiotic resistance profile of bacterial strains
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About 50% bacterial strains showed resistance against both ampicillin and amoxicillin, 20% bacterial
strains showed resistance against both erythromycin and tobramycin, 10% bacterial strains showed
resistance against each ciprofloxacin, gentamicin and vancomycin from the rhizosphere of A. fatua, while
55% bacterial strains showed resistance against both ampicillin, and amoxicillin, 37% bacterial strains
showed resistance against ciprofloxacin, 25% bacterial strains showed resistance against each
erythromycin, gentamicin and vancomycin and 12.5% strains were resistant to tobramycin from the
phyllosphere of A. fatua (Table 2; Fig. S1).
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Table 2

Antibiotics resistance profile of bacterial strains isolated from the rhizosphere and phyllosphere of A.
fatua and B. reptans by disc diffusion method

Bacterial
isolates

AV-HP1
AV-HP2
AV-HP3

AV-HP4
AV-HPS

AV-HP6
AV-HP7
AV-HP8
AV-HP10
AV-HP11
AV-RO1
AV-RO2

AV-RO3
AV-RO4
AV-RO5
AV-RO6
AV-RO7

AV-RO8
BR-PH1

BR-PH2
BR-PH3

Strain name

Bacillus megaterium
Bacillus cohnii

Staphylococcus
equorum

Bacillus cohnii

Pseudomonas
plecoglossicida

Enterobacter aerogenes
Enterococcus durans
Nocardia farcinica
Bacillus megaterium
Enterobacter aerogenes
Bacillus pumilus

Pseudomonas
fluorescens

Virgibacillus sp.
Enterococcus durans
Kocuria rosea
Bacillus pumilus

Marinococcus
halophilus

Bacillus halodurans

Staphylococcus
equorum

Bacillus pumilus

Bacillus megaterium

Antibiotics (Diameter of clear zone in mm*)

AMP AM
(30 (10
HQ) Hg)
- ++

- ++
+ +

- ++
++ -

+ ++

- ++
+ +
++ -

+ ++
+ -

++ ++
++ +++
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Bacterial Strain name Antibiotics (Diameter of clear zone in mm?¥)

isolates
AMP AM E CIP TOB GN VA
(30 (10 (15 (30 (10 (10 (30
Hg) Mg  HG)  HG)  HQ)  HG)  HQ)
BR-PH4 Marinobacter sp. ++ - - - ++ + ++
BR-PH5 Pseudomonas +++ ++ - + - ++ ++
fluorescens
BR-PH6 Actinomyces +++ ++ - ++ - 0.00 -
gerencseriae
BR-PH7 Oceanobacillus - - ++ ++ ++ + ++
iheyensis
BR-PH8 Kocuria rosea +++ - ++ + ++ ++ +
BR-PH9 Bacillus megaterium ++ +++ + +++ ++ +++ e
BR-PH10 Staphylococcus - - e s ++ - -
equorum
BR-PH11 Exiguobacterium ++ - ++ ++ - - o
aurantiacum
BR-PH12 Bacillus endophyticus ++ - +++ ++ - ++ ++
BR-PH13 Enterobacter aerogenes  ++ + ++ + ++ - ++
BR-PH14 Bacillus pumilus +++ o e ++ ++ ++ -
BR-PH15 Bacillus alcalophilus - + - - - - ++
BR-PH16 Enterobacter aerogenes - ++ ++ - + + +
BR-PH17 Pseudomonas putida ++ - - 4+ ++ + e
BR-PH18 Bacillus halodurans +++ - ++ ++ ++ +++ ++
BR-PH19 Bacillus endophyticus - - - ++ ++ ++ o

Note: AMP = Ampicillin; AM = Amoxicillin; E = Erythromycin; CIP = Ciprofloxacin; TOB = Tobramycin; GN
Gentamicin; VA = Vancomycin;

() =resistant; (+) = weak susceptible; (++) = moderate susceptible and (+++) = susceptible

From the rhizosphere of B. reptans, 30% bacterial strains showed resistance against both ampicillin and
vancomycin, 50% bacterial strains showed resistance against both amoxicillin and erythromycin, 40%

bacterial strains showed resistance against both ciprofloxacin and gentamicin and 20% bacterial strains
resisted against tobramycin, while from the phyllosphere of B. reptans, maximum bacterial strains (55%)
showed resistance against amoxicillin, 33% bacterial strains showed resistance against each ampicillin,
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erythromycin, and tobramycin, 22% bacterial strains showed resistance against both ciprofloxacin and
vancomycin, and 44% bacterial strains were resistant to gentamicin (Table 2; Fig. S1).

Heavy metal resistance profile of bacterial strain

More than 80% of the rhizospheric bacterial strains and 90% of the phyllospheric bacterial strains from
both plants showed Cd tolerance at a concentration of 2 mM, 71-78% bacterial strains showed Cd
tolerance at a concentration of 5 mM and only few strains (0—19%) from the rhizosphere and 22-37% of
bacterial strains from the phyllosphere of A. fatua and B. reptans showed Cd tolerance concentration of
10 mM (Table S3; Fig. 2A).

Similar results were obtained in case of Pb resistance. About 80—89% bacterial strains from the
rhizosphere and 91-99% of bacterial strains from the phyllosphere of A. fatua and B. reptans showed Pb
resistance at a concentration of 2 mM, 60% of bacterial strain from the rhizosphere and 71% bacterial
strains from the phyllosphere of both plants showed Pb resistance at a concentration of 5 mM and
phyllospheric bacterial strains from both plants showed Pb resistance (21-36%) as compared to
rhizospheric bacterial strains with only 9-10 % Pb resistance (Table S4; Fig. 2B).

About 60—75% of rhizospheric bacterial strains and 77-87% of the phyllospheric bacterial strains from A.
fatua and B. reptans showed Cr resistance at a concentration of 2 mM, 49—-51% from the rhizosphere and
57-64% of bacterial strains from the phyllosphere of both plants. None of the rhizospheric bacterial
strains was able to tolerate 10 mM Cr concentration while 11-24% of the phyllospheric bacterial strains
from both plants showed Cr tolerance at a concentration of 10 mM (Table S5; Fig. 2C).

Antimicrobial activity of bacterial strains

From the rhizosphere and phyllosphere of A. fatua, five strains had antimicrobial activity against E.
cloacae, four strains showed antimicrobial activity against P aeruginosa, four bacteria strains showed
positive results against E. coli, four strains had antimicrobial activity against K. oxytoca two strains AV-
HP5 and AV-RO7 showed antimicrobial activity against B. cereus and one strain AV-RO3 showed
antimicrobial potential against S. aureus (Table 3; Fig. 3). Similar results were obtained in case of
bacterial strains isolated from the rhizosphere and phyllosphere of B. reptans. Seven strains showed
antimicrobial activity at least against three pathogenic strains. Six bacterial strains showed antimicrobial
potential against K. oxytoca, and P aeruginosa each, five bacterial strains showed antimicrobial activity
against E. coliand E. cloacae and three strains had antimicrobial activity against B. cereus and S. aureus
(Table 3; Fig. 3).
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Table 3

Antimicrobial activity of bacterial strains isolated from the rhizosphere and phyllosphere of A. fatua and

B. reptans

Bacterial
isolates

AV-HP2

AV-HP4

AV-HPS

AV-HP10

AV-RO1

AV-RO3

AV-RO7

AV-RO8

BR-PH3

BR-PH4

BR-PH7

BR-PH9

BR-PH11

BR-PH12

BR-PH15

BR-PH17

Antimicrobial activity (Diameter of clear zone in mm*)

B. cereus S. aureus P E. coli K oxytoca E. cloacae
aeruginosa
0.00 0.00 1435 0.00 0.00 1142+
1.13 2.01
0.00 0.00 19.59+ 12.31 % 9.26+ 0.00
2.95 1.07 1.07
9.57+ 0.00 0.00 21.41+ 0.00 17.41+
0.28 1.19 1.87
0.00 0.00 0.00 1247 + 2017+ 0.00
1.17 2.05
0.00 0.00 2531+ 0.00 0.00 20.15¢
1.21 212
0.00 16.24 + 0.00 0.00 23.58 0.00
1.29 217
14.65+ 0.00 9.11+£1.77 15.22+ 2332+ 1037+
1.47 0.651 1.99 2.15
0.00 0.00 0.00 0.00 0.00 1541+
1.74
0.00 15.63 425+0.52 0.00 21.69+ 0.00
1.45 2.29
21.57 0.00 0.00 11.29+ 1917 2374
2.07 2.06 1.34 1.53
0.00 0.00 18.39+ 0.00 16.58 + 485+
1.45 1.59 0.61
0.00 2231+ 0.00 20.14 0.00 15.24 +
2.37 2.24 1.56
13.23 ¢ 0.00 15.21 % 2445+ 0.00 0.00
1.27 2.05 2.75
0.00 0.00 19.03 % 0.00 0.00 18.67 %
1.58 1.71
0.00 0.00 0.00 0.00 6.57 + 0.00
1.34
15.31¢% 23.24 13.39+ 2447 + 0.00 17.21 ¢
1.45 2.39 1.35 1.87 1.85
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Bacterial Antimicrobial activity (Diameter of clear zone in mm?*)
isolates
B. cereus S. aureus P E. coli K oxytoca E. cloacae
aeruginosa
BR-PH18 0.00 0.00 17.34+ 0.00 911+ 0.00
217 1.59
BR-PH19 0.00 0.00 0.00 11.24 18.93 0.00
1.28 1.54

Note: Inhibition zones from = 16 mm were considered a strong (+++), from 6 to 16 mm a moderate (++)
and < 6 mm a weak positive (+).*Average of three replicates + standard error of means

General features of chromosomal and plasmid DNA of P. putida BR-PH17

The genome size of P putida BR-PH17 is 5,774,421 bp with an average GC content of 61.07% (Fig. 4). A
total 5,423 genes were identified and total coding sequences were 5,321. The protein coding CDSs were
5,241 and 102 RNA genes with 22 rRNA genes, 75 tRNA genes, and 5 non-coding RNA genes were present
on the chromosome (Table 4). A total of 80 genes were predicted as pseudogenes because of missing C-
or N-terminus or frameshift mutations.

Table 4

General features of P putida BR-PH17 genome
Features Value

Genome size (bp) 5,774,421

GC content 61.07%

Genes (total) 5423

CDS (total) 5,321

Genes (coding) 5,241

CDSs (with protein) 5,241

Genes (RNA) 102

rRNAs 8,7,7 (5S, 16S, 23S)
complete rRNAs 8,7,7 (5S, 16S, 23S)
tRNAs 75

NcRNAs 5

Pseudo genes (total) 80

The functional analysis of these genes using KEGG pathway database showed that they have an

important role in various metabolic pathways including plant growth promotion, bioremediation of

different toxic compounds, heavy metal and antimicrobial resistance and other abiotic stresses. Many
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small proteins detected were also annotated as hypothetical proteins. The functional analysis of CDSs
showed that they could be classified into 22 general COG categories including metabolism of
carbohydrates, amino acids, lipids, transcription, energy, cofactors and vitamins, inorganic ions, signal
transduction and cellular processes, glycan biosynthesis and metabolism, cell motility, translation,
ribosomal biogenesis, DNA replication and repair, secondary metabolites, defense mechanisms and
xenobiotics biodegradation (Table S6; Fig. 5A).

Whole genome sequence analysis also showed that there was one plasmid pBR-PH17 with 80360 bp
size. A total of 97 genes were encoded by plasmid pBR-PH17. Functional analysis of these showed that
16% genes involved in xenobiotics biodegradation and metabolism, 14% genes coded different proteins
and enzymes which caused human diseases, 11% genes involved in genetic information processing, 9%
genes coded proteins and enzymes involved in energy metabolism, 7% genes involved in carbohydrate
metabolism, 6% genes involved in amino acid metabolism and 22% genes were unclassified (Table S7;
Fig. 5B).

Prediction of antimicrobial resistant proteins and enzymes from P. putida BR-PH17

Functional analysis showed that antimicrobial genes including tetracycline, phenicol, beta-lactam,
cationic antimicrobial peptide (CAMP), vancomycin, aminoglycoside, sulfonamide, trimethoprim, rifampin
and multidrug drug resistance were encoded by chromosomal DNA while some antimicrobial genes are
also encoded by plasmid DNA, e,g., tetracycline, aminoglycoside, sulfonamide, phenicol and beta-lactam
(Table S8; Fig. 6A and 6B).

Heavy metal resistance and bioremediation potential of P. putida BR-PH17

Based on functional genome analysis of P putida BR-PH17, different heavy metal determinants were
identified. Heavy metal resistance genes such as cadmium (Cd), lead (Pb), chromium (Cr), zinc (Zn),
copper (Cu), nickel (Ni), and mercury (Hg) were encoded by chromosomal DNA and lead, cadmium,
copper, zinc, cobalt (Co) and manganese (Mn) resistance genes were encoded by plasmid DNA (Table S9;
Fig. 6C and 6D).

Identification of gene clusters involved in secondary metabolism of P. putida BR-PH1

Genome annotation of P putida BR-PH1 showed that a number of gene clusters including NAGGN (N-
acetylglutaminylglutamine amide), RiPPs (ribosomally synthesized and post-translationally modified
peptides), ranthi-peptide, phenazine, NRPS (non-ribosomal peptide synthetase) biosynthesis and redox-
cofactors involved in secondary metabolism were identified in the genome of P putida BR-PH1 which
might be involved in plant growth improvement and biocontrol mechanisms (Fig. 7).

Discussion

In the recent years, microbial diversity analysis from the polluted environments is getting more attention

due to the shortage of arable lands. Microbial communities associated with the plants growing under
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influence of soil and water pollution have great biotechnological potential that can be utilized for the
bioremediation and restoration of these contaminated lands (Doni et al. 2012; Mazinani et al. 2017; Sun
et al. 2017). The current study was the report of microbial diversity associated with the rhizosphere and
phyllosphere of A. fatua, and B. reptans growing in polluted areas near Lahore. Here, we also
characterized these strains on the basis of their antimicrobial and heavy metal resistance potential.

Bacterial genera from the phylum Firmicutes such as Bacillus, Virgibacillus, Marinococcus,
Staphylococcus, Exiguobacterium, and Enterococcus were commonly identified from the rhizosphere and
phyllosphere of A. fatua, and B. reptans. Members of Firmicutes have more potential to survive under
polluted environments as compared to other bacterial phyla. A number of previous studies have already
reported that Bacillus, Staphylococcus and Enterococcus were dominant bacterial genera identified from
the root and shoot endosphere of various plant species including grasses, citrus plants and
gymnosperms (Mwajita et al. 2013; Smith et al. 2015). Bacillihave a wide range of applications in
agriculture, medicine, bioremediation of hazardous compounds and various industries (Kumar et al. 2011;
Mukhtar et al. 2018; 2019a).

Bacterial genera such as Pseudomonas, Marinobacter and Enterobacter belonging to the phylum
Proteobacteria also showed high abundance in the rhizosphere and phyllosphere of both plants. These
bacterial strains have been identified from the rhizosphere and phyllosphere of several plants growing in
contaminated or other stress affected lands (Bodenhausen et al. 2013; Haroun et al. 2015). Bacterial
strains related to Kocuria and Nocardia (Actinobacteria) were also identified and characterized in this
study. These strains have the great potential of plant growth promotion and biocontrol of different plant
diseases. Members of Actinobacteria produce a variety of antifungal and antibacterial compounds and
play an important role in plant health and productivity (Miransari, 2013; Buedenbender et al. 2017; Zhao
etal. 2018).

From the rhizosphere and phyllosphere of both plants, more than 40% of strains showed resistance
against ampicillin, amoxicillin, and ciprofloxacin while more than 37% bacterial strains were resistant to
amoxicillin, erythromycin, ciprofloxacin, and gentamicin. A number of previous studies also reported that
microbial diversity from polluted environments such as contaminated soil, water and wastewater
activated sludge samples showed a variety of antibiotics resistance bacterial strains (Balcom et al. 2016;
Meyer et al. 2016). More than 60% strains from the rhizosphere and more than 50% of strains from the
phyllosphere of both plants were able to tolerate up to 5 mM while only a few strains were able to grow at
[0 mM of Cd, Pb and Cr. Overall, the phyllospheric strains showed more antibiotics and heavy resistance
as compared to the rhizospheric strains. Mostly bacterial strains isolated from polluted environments
have antibiotics and heavy metal resistance genes on their plasmids. These bacteria play a crucial role in
the survival of host plants growing in contaminated lands (Qin et al. 2011; Schuffler and Kiibler 2016).

Three strains from the rhizosphere and phyllosphere of A. fatua and seven strains from the rhizosphere
and phyllosphere of B. reptans showed antimicrobial activity at least against three pathogenic strains.
Overall, from the rhizosphere and phyllosphere of A. fatua, Bacillus, Pseudomonas and Marinococcus
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strains showed maximum antimicrobial activity against E. cloacae while from the rhizosphere and
phyllosphere of B. reptans, Bacillus and Pseudomonas strains showed maximum antimicrobial potential
against K. oxytoca. Bacillus, Pseudomonas, Vibrio and Enterobacter are well known bacterial genera that
have been studied as plant probiotic bacteria (Andreote et al. 2010; Wang et al. 2018; Chen et al. 2019). A
number of Bacillus species have been characterized for their production of antibacterial and antifungal
compounds and their role in the protection of plants against different diseases (Gupta et al. 2015; Hung
et al. 2007; Ismail et al. 2016; Mukhtar et al. 2019b). Some previous studies also reported that members
of Proteobacteria such as Pseudomonas, Vibrio, Burkholderia, Klebsiella, and Enterobacter showed
antimicrobial activity against different pathogenic bacterial and fungal strains (Mazinani et al. 2017;
Wang et al. 2018; Zhao et al. 2018).

The functional analysis of P putida BR-PH17 genome showed that 5241 protein coding sequences were
predicted with a large number of small proteins annotated as hypothetical proteins. The genes involved in
the metabolism of carbohydrates, amino acids, lipids, transcription, energy, cofactors and vitamins,
inorganic ions, glycan biosynthesis and metabolism, DNA replication and repair, signal transduction and
cellular processes, cell motility, translation, ribosomal biogenesis, secondary metabolites, defense
mechanisms and xenobiotics biodegradation were mainly identified through KEGG pathways analysis.
These proteins and enzymes were previously reported in genome analysis of a number of P putida
strains (Molina et al. 2014; Chong et al. 2016; Rodriguez-Rojas et al. 2016).

A distinctive characteristic of P putida BR-PH17 was its resistance against various antibiotics and heavy
metals as compared to other Pseudomonas strains. The results showed that it was highly resistant
against tetracycline, phenicol, beta-lactam, cationic antimicrobial peptide (CAMP), vancomycin,
aminoglycoside, sulfonamide, trimethoprim, rifampin and multidrug drugs. A number of previous studies
showed that most of the Pseudomonas strains showed resistance to different antibiotics, such as
streptomycin, penicillin, tetracycline, kanamycin, vancomycin, erythromycin and chloramphenicol (Irawati
et al. 2016; Mukhtar et al. 2019b; Wang et al. 2018). Several gene clusters involved in secondary
metabolism, e.g., NAGGN, RiPPs, ranthi-peptide, phenazine, NRPS biosynthesis and redox-cofactors were
also identified in the genome of P putida BR-PH17. These gene clusters have also been reported by some
previous studies on the genome sequence analysis of Pseudomonas strains isolated from different
polluted environments (Kang et al. 2020; Singh et al. 2021). Analysis of P, putida BR-PH17 genome
revealed the presence of various metal resistance genes such as, Cd, Pb, Cr, Zn, Cu, Ni, Hg, Mn and Co.
Several studies have previously reported the different mechanisms for heavy metal tolerance in
Pseudomonads (Chong et al. 2016; Mukhtar et al. 2019b; Schuffler and Kiibler 2016).

Conclusion

To the best of our knowledge, the present study is the first report about comparative analysis of microbial
diversity from the rhizosphere and phyllosphere of A. fatua and B. reptans collected from polluted sites of
Kala-Shah Kaku industrial area near Lahore. Bacillus, Staphylococcus, Pseudomonas and Enterobacter
were the dominating bacterial genera identified from the rhizosphere and phyllosphere of A. fatua and
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Bacillus, Marinobacter, Pseudomonas, Enterobacter and Kocuria were the dominating bacterial genera
identified from the rhizosphere and phyllosphere of B. reptans. The bacterial strains identified in this
study also showed great potential for heavy metal resistance and antimicrobial activity against different
pathogenic bacterial strains. From the results of genome sequence analysis, it was confirmed that P
putida BR-PH17 had various antimicrobial resistance genes such as, tetracycline, beta-lactam, cationic
antimicrobial peptide (CAMP), aminoglycoside, vancomycin, sulfonamide, and rifampin and metal
resistance genes such as, Cd, Pb, Cr, Zn, Cu, Ni, Hg, Mn and Co. Bacterial strains characterized from the
rhizosphere and phyllosphere of plants growing in polluted areas can be utilized as a new source of
antibiotics that might be used as promising antifungal and antibacterial drugs against different diseases.

Declarations

Acknowledgments

We are highly thankful to Dr. Tahir Farooq (Department of Applied Biosciences, Kyungpook National
University) for his help in genome sequencing and data analysis. We would like to express our gratitude
to Mr. Mukhtar Ahmad (Assistant Professor), Dyal Singh College, Lahore, for assistance in statistical
analyses.

Conflicts of interest

The authors declared that they have no conflict of interest in the publication.

References

1. Adviento-Borbe MA, Doran JW, Drijber RA, Dobermann A (2006) Soil electrical conductivity and water
content affect nitrous oxide and carbon dioxide emissions in intensively managed soils. J Environ
Qua 35:1999-2010

2. Ahemad M, Kibret M (2014) Mechanisms and applications of plant growth promoting rhizobacteria:
Current perspective. J King Saud Univ Sci 26:1-20

3. Ahmad F, Khan MA, Ahmad M, Zafar M, Nazir A, Marwat SK (2009) Taxonomic studies of grasses
and their indigenous uses in the industrial areas of Punjab, Pakistan. Afr J Biotechnol 8(2):231-249

4. Anderson JM, Ingram JS (1993) Tropical Soil Biology and Fertility: A Handbook of Methods, 2nd edn.
CAB International, Wallingford, pp 93-94

5. Andreote FD, Rocha NU, Aratjo WL, Azevedo JL, van Overbeek LS (2010) Effect of bacterial
inoculation, plant genotype and developmental stage on root-associated and endophytic bacterial
communities in potato (Solanum tuberosum). Antonie Van Leeuwenhoek 97(4):389-399

6. Balcom IN, Driscoll H, Vincent J, Leduc M (2016) Metagenomic analysis of an ecological wastewater

treatment plant’s microbial communities and their potential to metabolize pharmaceuticals.
F1000Res 5:1881

Page 17/29



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

. Bauer AW, Kirby WMM, Sherris JC, Turck M (1966) Antibiotic susceptibility testing by a standardized

single disk method. Am J Clin Pathol 45(4):493-496

. Blin K, Wolf T, Chevrette MG, Lu X, Schwalen CJ, Kautsar SA, Suarez Duran HG, De Los Santos EL,

Kim HU, Nave M (2017) antiSMASH 4.0-improvements in chemistry prediction and gene cluster
boundary identification. Nucleic acids research 45(W1):W36—W41

. Bodenhausen N, Horton MW, Bergelson J (2013) Bacterial communities associated with the leaves

and the roots of Arabidopsis thaliana. PLoS One 8:56329

Buedenbender L, Carroll A, Ekins M, Kurtboke D (2017) Taxonomic and Metabolite Diversity of
Actinomycetes Associated with Three Australian Ascidians. Diversity 9(4):53

Chen L, Wang XW, Fu CM, Wang GY (2019) Phylogenetic analysis and screening of antimicrobial and
antiproliferative activities of culturable bacteria associated with the Ascidian. BioMed Res Inter
2019:7851251

Chong TM, Yin WF, Chen JW, Mondy S, Grandclément C, Faure D, Dessaux Y, Chan KG (2016)
Comprehensive genomic and phenotypic metal resistance profile of Pseudomonas putida strain
S13.1.2 isolated from a vineyard soil. AMB Express 6(1):95

Doni S, Macci C, Peruzzi E, Arenella M, Ceccanti B, Masciandaro G (2012) In situ phytoremediation of
a soil historically contaminated by metals, hydrocarbons and polychlorobiphenyls. J Environ Monitor
14:1383-1390

El-Sayed M, Helal M (2016) Multiple heavy metal and antibiotic resistance of Acinetobacter
baumannii Strain HAF-13 isolated from industrial effluents. Am J Microbiol Res 4:26—-36

Freije AM (2015) Heavy metal, trace element and petroleum hydrocarbon pollution in the Arabian
Gulf: Review. J Assoc Arab Univ Basic Appl Sci 17:90-100

Gupta G, Parihar SS, Ahirwar NK, Snehi SK, Singh V (2015) Plant growth promoting rhizobacteria
(pgpr): Current and future prospects for development of sustainable agriculture. J Microbiol Biochem
Technol 7:96-102

Haroun NE, Elamin SE, Mahgoub BM, Elssidig MA, Mohammed EH (2015) Leaf blight: A new disease
of Xanthium strumarium L. caused by Curvularia lunata and Drechslera spicifera in Sudan. Int J Curr
Microbiol Appl Sci 4(1):511-515

Hong SH, Ryu H, Kim J, Cho K (2011) Rhizoremediation of diesel-contaminated soil using the plant
growth promoting rhizobacterium Gordonia sp. S2RP-17. Biodegradation 22:593-601

Hung PQ, Kumar SM, Govindsamy V, Annapurna K (2007) Isolation and characterization of
endophytic bacteria from wild and cultivated soyabean varieties. Biol Fertil Soils 44(2):155-162

Hussain T, Khan IUH, Khan MA (1992) Study of environmental pollutants in and around the city of
Lahore, Pakistan. Il. Concentrations of cadmium in blood of different groups of people. Sci Total
Environ 119:169-178

Irawati W, Yuwono T, Rusli1 A (2016) Detection of plasmids and curing analysis in copper resistant
bacteria Acinetobacter sp. IrC1, Acinetobacter sp. IrC2, and Cupriavidus sp. IrC4. Biodiversitas
17:296-300

Page 18/29



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Ismail A, Ktari L, Ahmed M, Bolhuis H, Boudabbous A, Stal LJ, Cretoiu MS, El Bour M (2016)
Antimicrobial Activities of Bacteria Associated with the Brown Alga Padina pavonica. Front Microbiol
7:1072

Kamal A, Malik RN, Martellini T, Cincinelli A (2014b) PAH exposure biomarkers are associated with
clinico-chemical changes in the brick kiln workers in Pakistan. Sci Total Environ 490:521-527

Kanehisa M, Goto S, Hattori M, Aoki-Kinoshita KF (2006) From genomics to chemical genomics: new
developments in KEGG. Nucleic Acids Res 34:354-357

Kang SM, Asaf S, Khan AL, Lubna, Khan A, Mun BG et al (2020) Complete genome sequence of
Pseudomonas psychrotolerans CS51, a plant growth-promoting bacterium, under heavy metal stress
conditions. Microorganisms 8:382

Khan S, Khan MA, Rehman S (2011) Lead and Cadmium Contamination of Different Roadside Soils
and Plants in Peshawar City. Pakistan Pedosphere 21(3):351-357

Knief C, Delmotte N, Chaffron S, Stark M, Innerebner G, Wassmann R, vonMering C, Vorholt JA (2012)
Metaproteogenomic analysis of microbial communities in the phyllosphere and rhizosphere of rice.
ISME J 6:1378-1390

Kuan KB, Othman R, Abdul Rahim K, Shamsuddin ZH (2016) Plant growth-promoting rhizobacteria
inoculation to enhance vegetative growth, nitrogen fixation and nitrogen remobilisation of maize
under greenhouse conditions. PLOS One 11:e0152478

Kumar A, Prakash A, Johri B (2011) Bacillus as PGPR in Crop Ecosystem. In: Maheshwari (ed)
Bacteria in Agrobiology: Crop Ecosystems, 201. Springer-Verlag, Berlin, pp 37-59

Kumar S, Stecher G, Tamura K (2016) MEGA7: Molecular Evolutionary Genetics Analysis version 7.0
for bigger datasets. Mol Biol Evol 33:1870-1874

Mazinani Z, Zamani M, Sardari S (2017) Isolation and identification of phyllospheric bacteria
possessing antimicrobial activity from Astragalus obtusifolius, Prosopis juliflora, Xanthium
strumarium and Hippocrepis unisiliqousa. Avicenna J Med Biotechnol 9(1):31-37

Meyer DD, de Andrade PA, Durrer A, Andreote FD, Corcao G, Brandelli A (2016) Bacterial communities
involved in sulfur transformations in wastewater treatment plants. Appl Microbiol Biotechnol
100:10125-10135

Miransari M (2013) Soil microbes and the availability of soil nutrients. Acta Physiol Plant 35:3075-
3084

Mohmand J, Eqani SAMA, Fasola M, Alamdar A, Mustafa |, Ali N, Liu L, Peng S, Shen H (2015)
Human exposure to toxic metals via contaminated dust: Bio-accumulation trends and their potential
risk estimation. Chemosphere 132:142-151

Molina L, Udaondo Z, Duque E, Fernandez M, Molina-Santiago C, Roca A, Porcel M, de la Torre J,
Segura A, Plesiat P Jeannot K, Ramos JL (2014) Antibiotic resistance determinantsin a
Pseudomonas putida strain isolated from a hospital. PLoS One 9(1):e81604

Mukhtar S, Ishaq A, Hassan S, Mehnaz S, Mirza MS, Malik KA (2017) Comparison of microbial

communities associated with halophyte (Salsola stocksii) and non-halophyte ( Triticum aestivum)
Page 19/29



37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

using culture-independent approaches. Pol J Microbiol 66:375-386

Mukhtar S, Malik KA, Mehnaz S (2019a) Microbiome of halophyte: diversity and importance for plant
health and productivity. Microbiol Biotechnol Lett 47(1):1-10

Mukhtar S, Mirza MS, Mehnaz S, Mirza BS, Malik KA (2018) Diversity of Bacillus-like bacterial
community in the rhizospheric and non-rhizospheric soil of halophytes (Salsola stocksii and Atriplex

amnicola) and characterization of osmoregulatory genes in halophilic Bacilli. Can J Microbiol
64:567-579

Mukhtar S, Zareen M, Khaliq Z, Mehnaz S, Malik KA (2019c) Phylogenetic analysis of halophyte-
associated rhizobacteria and effect of halotolerant and halophilic phosphate-solubilizing
biofertilizers on maize growth under salinity stress conditions. Appl Microbiol 128(2):556—573

Mukhtar S, Ahmad S, Bashir A, Mirza MS, Mehnaz S, Malik KA (2019b) Identification of plasmid
encoded osmoregulatory genes from halophilic bacteria isolated from the rhizosphere of halophytes.
Microbiol Res 228:126307

Mwaijita MR, Murage H, Tani A, Kahangi EM (2013) Evaluation of rhizosphere, rhizoplane and
phyllosphere bacteria and fungi isolated from rice in Kenya for plant growth promoters. SpringerPlus
2:606

Qin S, Xing K, Jiang JH, Xu LH, Li WJ (2011) Biodiversity, bioactive natural products and
biotechnological potential of plant-associated endophytic bacteria. Appl Microbiol Biotechnol
89:457-473

Rao D, Webb JS, Kjelleberg S (2005) Competitive interactions in mixed-species biofilms containing
the marine bacterium Pseudoalteromonas tunicata. Appl Environ Microbiol 71:1729-1736

Rodriguez-Rojas F, Tapia P, Castro-Nallar E, Undabarrena A, Mufioz-Diaz P, Arenas-Salinas M, Diaz-
Vasquez W, Valdés J, Vasquez C (2016) Draft genome sequence of a multi-metal resistant bacterium
Pseudomonas putida ATH-43 isolated from Greenwich Island, Antarctica. Front Microbiol 7:1777
Saitou N, Nei M (1987) The neighbor-joining method: A new method for reconstructing phylogenetic
trees. Mol Biol Evol 4:406-425

Schuffler A, Kiibler C (2016) Targeting Plasmids: New Ways to Plasmid Curing. In: (eds Unden G,
Thines E, Schiiffler) A Host - Pathogen Interaction: Microbial Metabolism, Pathogenicity and
Antiinfectives. Wiley-VCH Verlag GmbH and Co. KGaA, Weinheim

Singh B, Singh RK, Guo D-J, Sharma A, Singh RN, Li D-P, Malviya MK, Song X-P, Lakshmanan B, Yang
L-T, Li Y-R (2021) Whole Genome Analysis of Sugarcane Root-Associated Endophyte Pseudomonas
aeruginosa B18-A Plant Growth-Promoting Bacterium With Antagonistic Potential Against
Sporisorium scitamineum. Front Microbiol 12:628376

Smith DL, Subramanian S, Lamont JR, Bywater-Ekegard M (2015b) Signaling in the
phytomicrobiome: breadth and potential. Front Plant Sci 6:709

Somasegaran P (1994) Handbook for Rhizobia: Methods in Legume- Rhizobium Technology.
Springer-Verlag, cop. New York

Page 20/29



50.

51

52.

53.

54.

59.

56.

57.

58.

59.

60.

Sun G, Yao T, Feng C, Chen L, Li J, Wang L (2017) Identification and biocontrol potential of
antagonistic bacteria strains against Sclerotinia sclerotiorum and their growth-promoting effects on
Brassica napus. Biol Cont 04:35-43

. Suvega T, Arunkumar K (2014) Antimicrobial activity of bacteria associated with seaweeds against

plant pathogens on par with bacteria found in seawater and sediments. Br Microbiol Res J 4:841-
855

Tamura K, Nei M, Kumar S (2004) Prospects for inferring very large phylogenies by using the
neighbor-joining method. Proc Natl Acad Sci USA 101:11030-11035

Tan ZY, Xu XD, Wan ET, Gao JL, Romer EM, Chen WX (1997) Phylogenetic and genetic relationships
of Mesorhizobium tianshanense and related Rhizobia. Int J Sys Bacteriol 47:874-879

Tritt A, Eisen JA, Facciotti MT, Darling AE (2012) An integrated pipeline for de novo assembly of
microbial genomes. PLoS One 7:e42304

Wabhid A, Maggs R, Shamsi SRA, Bell JNB, Ashmore MR (1995) Air pollution and its impacts on
wheat yield in the Pakistan Punjab. Environ Poll 88:147-154

Walkley A, Black IA (1934) An Examination of Degtjareff Method for Determining Soil Organic Matter
and a Proposed Modification of the Chromic Acid Titration Method. Soil Sci 37:29-37

Wang X, Wang C, Li Q, Zhang J, Ji C, Sui J, Liu Z, Song X, Liu X (2018) Isolation and characterization
of antagonistic bacteria with the potential for biocontrol of soil-borne wheat diseases. J Appl
Microbiol 125(6):1868—-1880

Waseem A, Arshad J, Igbal F, Sajjad A, Mehmood Z, Murtaza G (2014) Pollution status of Pakistan: a
retrospective review on heavy metal contamination of water, soil, and vegetables. Biomed Res Int
2014:813206

Winnepenninckx B, Backeljau T, de Wachter R (1993) Extraction of high molecular weight DNA from
molluscs. Trends Genet 9:407-412

Zhao K, Li J, Zhang X, Chen Q, Liu M, Ao X et al (2018) Actinobacteria associated with Glycyrrhiza
inflata Bat. are diverse and have plant growth promoting and antimicrobial activity. Sci Rep 8:13661

Figures

Page 21/29



Bacillus cohnii AV-HPZ (MT317181)
Bacillus cohnii AV-HP4 (MT317183)

Bacillus megaterium AV-HP1 (MT317188)
Bacillus megaterium AV-RO6 (MT317195)
Bacillus pumilus AV-HP10 (MT317180)

99L Bacillus pumilus AV-RO1 (MT317190)
Bacillus halodurans AV-ROS (MT317197)
Virgibacillus sp. AV-RO3 (MT317192)
Enterococcus durans AV-HPT (MT317186)

100| eprerococcus durans AV-RO4 (MT317193)

Sraphylococcus equorum AV-HP3 (MT317182)

A7

Marinococcus halophilus AV-ROT (MT317196)

 EEE— Nocardia farcinica AV-HP8 (MT317187)
81— Kocuria rosea AV-RO5 (MT317194)

95[ Pseudomonas fluorescens AV-RO2 (MT317181)

Pseudomonas plecoglossicida AV-HPS (MT317184)
60 |Enterobacter aerogenes AV-HP11 (MT317189)
99 |Enterobacter aerogenes AV-HPE (MT317185)

Polaribacter dokdonensis (DQ481463)

0.050
Bacillus megaterium BR-PH9 (MT317206)

Bacillus megaterium BR-PH3 (MT317200)

Bacillus pumilus BR-PH2 (MT317199)

Bacillus pumilus BR-PH14 (MT317211)
Bacillus endophyticus BR-PH19 (MT317216)

Bacillus endophyticus BR-PH12 (MT317209)
Bacillus alcalophilus BR-PH15 (MT317212)

Bacillus halodurans BR-PH18 (MT317215)

Oceanobacillus iheyensis BR-PHT (MT317204)
Staphylococcus equorum BR-PH10 (MT317207)

Staphylococcus equorum BR-PH1 (MT317198)

43

Exiguobacterium aurantiacum BR-PH11 (MT317208)

Actinomyces gerencseriae BR-PHEG (MT317203)

99|— Kocuria rosea BR-PHE (MT317205)

Pseudomonas fluorescens BR-PHS (MT317202)

] Pseudomonas putida BR-PH1T (MT317214)

Marinobacter sp. BR-PH4 (MT317201)
Enterobacter aerogenes BR-PH16 (MT317213)
99 EEnrerubucreraerogenes BR-PH13 (MT317210)

Polaribacter dokdonensis (DQ481463)

7o

ar

0.050

Figure 1

Phylogenetic tree based on 16S rRNA gene sequences of bacterial isolates associated with from the
rhizosphere and phyllosphere of A. fatua (A) and B. reptans (B). The percentage of replicate trees in
which the associated taxa clustered together in the bootstrap test (1,000 replicates) is shown next to the
branches.
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Figure 2

Heavy metal resistance profile of bacterial strains isolated from the rhizosphere and phyllosphere of A.
fatua and B. reptans, (A) Cadmium (Cd), (B) Lead (Pb) and (C) Chromium (Cr) with 2, 5, 7.5 and 10 mM
concentrations.
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Figure 3

Antimicrobial activity of bacterial strains isolated from the rhizosphere and phyllosphere of A. fatua and
B. reptans using drop test method againt pathogenic bacterial strains, (A) B. cereus, (B) S. aureus, (C) P.
aeruginosa, (D) E. coli, (E) K. oxytoca, and (F) E. cloacae
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Figure 4

Circular genome of P. putida BR-PH17. From the outside in, the circles 1 and 2 represent the coding
regions with different COG categories, circle 3 represents mean centered G+C content (bars facing

outside-above mean, bars facing inside-below mean) and circle 4 shows GC skew (G2C)/(G+C). GC
content and GC skew were calculated using a 10-kb window in steps of 300 bp.
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Figure 5

Functional analysis of P. putida BR-PH17 chromosomal (A) and plasmid pBR-PH17 (B) encoded genes by
using KEGG metabolic pathways
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= Tetracycline resistance
= Phenicol resistance
» Beta-Lactam resistance

= Vancomycin resistance

= Multidrug drug resistance
Aminoglycoside resistance

= Sulfonamide resistance

= Trimethoprim resistance

= Rifampin resistance

= Cd resistance
= Pb resistance
® Cr resistance
© In resistance

Cu resistance
= Ni resistance

Hg resistance

Figure 6

= Cationic antimicrobial peptide (CAMP) resistance
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® Tetracycline resistance

© Aminoglycoside resistance
= Sulfonamide resistance

» Beta-Lactam resistance

» Phenicol resistance

© Wancomycin resistance

® Pb resistance
= Cd resistance
= In resistance
= Co resistance
» Mn resistance

Prediction of antimicrobial (A and B) and heavy metal resistance genes (C and D) in the genome of P.
putida BR-PH17 through KEGG metabolic pathways
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Figure 7

Identification of gene cluster involved in secondary metabolism in the genome of P. putida BR-PH17 by
using antiSMASH software
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