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Reduced agricultural production as well as issues like nutrient-depleted soils,

eutrophication, and groundwater contamination have drawn attention to

the use of endophyte-based bioformulations to restore soil fertility. Pantoea

agglomerans CPHN2, a non-rhizobial nodule endophyte isolated from Cicer

arietinum, exhibited a variety of plant growth-promoting traits. In this

study, we used NextSeq500 technology to analyze whole-genome sequence

information of this plant growth-promoting endophytic bacteria. The genome

of P. agglomerans CPHN2 has a length of 4,839,532 bp and a G + C

content of 55.2%. The whole genome comprises three di�erent genomic

fractions, comprising one circular chromosome and two circular plasmids.

A comparative analysis between P. agglomerans CPHN2 and 10 genetically

similar strains was performed using a bacterial pan-genome pipeline. All the

predicted and annotated gene sequences for plant growth promotions (PGPs),

such as phosphate solubilization, siderophore synthesis, nitrogen metabolism,

and indole-3-acetic acid (IAA) of P. agglomerans CPHN2, were identified. The

whole-genome analysis of P. agglomerans CPHN2 provides an insight into the

mechanisms underlying PGP by endophytes and its potential applications as

a biofertilizer.

KEYWORDS

KEGG pathway, next-generation sequencing, Pantoea agglomerans, PGPEB, whole

genome

Introduction

Pantoea, a highly versatile member of family Enterobacteriaceae, capable of adapting

to diverse range of environment conditions, has more than twenty recognized species

assigned to it (Walterson and Stavrinides, 2015). It has also been reported that, in

addition to inhabiting a variety of hosts as parasites, Pantoea occurs as a mutualistic

associate, exhibiting the true versatility of its nature. It has been isolated from different

habitats, such as soil, water, plants, humans, and animals (Lee et al., 2010; Walterson

and Stavrinides, 2015). Pantoea was previously considered an enemy because of its
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GRAPHICAL ABSTRACT

Overview of Pantoea agglomerans CPHN2 whole genome study and pathway analysis.

pathogenicity, but it is now recognized as a friend after the

establishment of its beneficial effects such as its potential for

biocontrol and plant growth promotion (PGP) (Dutkiewicz

et al., 2016; Kukreti et al., 2020; Agri et al., 2021, 2022).

Pantoea agglomerans CPHN2, non-rhizobial plant growth

promoting endophytic bacteria (PGPEB) was isolated from

Cicer arietinum nodules. This strain possessed the ability to

produce ammonia, phytohormone indole-3-acetic acid (IAA),

and also able to solubilise phosphate (Maheshwari et al., 2019;

Rani et al., 2021). Indole acetic acid (IAA), an important

phytohormone, plays a crucial role in plant physiology and

development. Under optimized conditions, this strain was also

able to produce high amount of IAA (unpublished). Multiple

IAA biosynthetic pathways have been reported in both PGPEBs

and plants. These pathways can be characterized by metabolic

intermediates, enzymes, and mutants or by genomic studies

(Duca et al., 2014; Navarro-Torre et al., 2017; Chi et al., 2018;

Duca and Glick, 2020; Dudeja et al., 2021).

Whole-genome shotgun (WGS) sequencing provides

insights into complete data of chromosomes and helps in the

identification of significant target genes in terms of PGP activity

in addition to yielding information on their interactions with

plants. Recently, a large number of whole-genome sequences

of PGPEBs, such as Bacillus, Pseudomonas, Pantoea, and

Enterobacter, have been studied (Verheggen et al., 2016). In

the present study, whole-genome sequencing of P. agglomerans

CPHN2 was carried out with the aim of unraveling the

underlying molecular mechanisms, functional potential, and

taxonomy. Comparative genomics was carried out by evaluating

its proximity to related strains and by comparing its whole

genome to 10 closely related strains in terms of the core

and pan-genomes.

Materials and methods

Bacterial sample

Pantoea agglomerans CPHN2 for this study was taken

from the Plant Microbe Interaction Laboratory, Department

of Microbiology, Maharshi Dayanand University, Rohtak. The

isolate was initially grown at 30◦C ± 2◦C on tryptone soya agar

(TSA) medium and then purified.

Genome sequencing and annotations

The colonies were sent for whole genome sequencing to

Eurofins Genomics India Pvt. Ltd. Bacterial deoxyribonucleic

acid (DNA) was isolated from pure culture using the

Quick-DNA Miniprep Plus kit (Zymo Research), according

to the kit procedure. The quality and quantity of the

extracted genomic DNA (gDNA) were tested using the

NanoDrop Spectrophotometer.

The whole genome was sequenced using the Illumina

NextSeq500 platform. The paired-end (PE) sequencing library

was constructed from 1mg of genomic DNA samples using
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the illuminaTruSeq Nano DNA Library Prep kit as per the

manufacturer’s protocol. The quality of raw reads was checked

with FastQC v0.11.8 (Andrews, 2010) and filtered and trimmed

with fastp v0.201 (Chen et al., 2018), and de novo genome

assemblies were performed with Shovill v1.0.4 (Seemann, 2017).

Genome identification and annotations were performed with

Galaxy (https://usegalaxy.org/) as well as with RAST (https://

rast.nmpdr.org/). Several general features of genomes such as

transfer ribonucleic acid (tRNA) and ribosomal RNA (rRNA)

were filtered and reported using the in-house script provided by

the annotation tools. The annotated genes were then analyzed

to determine their role in IAA production and in other plant

growth-promoting pathways.

Whole-genome and pan-genome
analysis

The genome of P. agglomerans CPHN2 was compared to

10 closely related genomes available in NCBI databases using

16s rRNA with WGS contigs. Several genomic features, such

as genome size, gene number, GC content, and the number

of tRNAs and rRNA, were compared. BRIG 0.95 was used to

construct a pairwise genomic alignment of all the 11 strains and

an out-group (Alikhan et al., 2011).

To study the rearrangement and alignment of genomes,

P. agglomerans CPHN2 (draft genome) was compared with

P. agglomerans FDAARGOS1447 (GenBank accession no.

CP077366.1) using the Mauve program in Mauve v 2.3.1

(Darling et al., 2004). By taking the genome of P. agglomerans

CPHN2 and its 10 neighbor strains, BPGA was used to perform

pan-genome analysis (Chaudhari et al., 2016) to identify strain-

specific and core genes (Shariati et al., 2017; Pinski et al., 2020).

Pathway analysis

To determine the presence of specific pathways for

plant growth-promoting traits, annotated and predicted gene

sequences were evaluated. The ascribed gene functions were

manually analyzed from previously reported studies (Glick,

2012; Ahemad and Kibret, 2014; Ke et al., 2016; Liu et al.,

2016; Dudeja et al., 2021) and compared with the relevant

pathways available in the Kyoto Encyclopedia of Genes and

Genomes (KEGG) pathway databases (https://www.genome.jp/

kegg/pathway.html).

Results

P. agglomerans CPHN2 sequencing
statistics

Illumina NextSeq500 technology was used to sequence the

whole genome of P. agglomerans CPHN2, which resulted in

100-fold coverage. In total, 9,731,611 PE reads with a minimum

length of 100 bp were filtered for low-quality sequences (reads

with more than 10% quality threshold (QV) 20 Phred score) and

ambiguous reads (reads with unknown nucleotides “N” >5%)

(Supplementary Table 1). Finally, in the downstream analysis, a

total of 2,898,434,450 bp were used. The reads were assembled,

and the total length of 4,839,532 bp was generated. In the final

assembly, a total of 32 contigs were obtained, each with a total of

4,424 coding sequences (CDS), including N50 of size 558,390 bp

(Supplementary Table 2).

Genomic characteristics of P.
agglomerans CPHN2 and comparative
genomic analysis

Pantoea agglomerans CPHN2 has a single circular

chromosome approximately 4.8 Mbp long, with a GC content

of 55.2% and two plasmids. RAST (https://rast.nmpdr.org/)

was used to predict a total of 4,468 putative CDS (Figure 1).

The chromosomal sequence predicted 71 tRNA-coding genes,

one rRNA gene, and one CRISPR. The closely related genome

of P. agglomerans FDAARGOS 1447 was used as the reference

genome for preliminary comparative analysis based on 16S

rRNA sequences. The ordered genome assembly of CPHN2 and

strain FDAARGOS 1447 (GenBank accession no. CP077366.1)

were compared with progressive Mauve from Mauvev 2.3.1

software. The genomic alignment identified 12 collinear blocks,

as well as many inversion and rearrangement sites (Figure 2). By

mapping most of the portions of the two genomes, large areas of

high similarity were observed, indicating that the chromosome

alignments of both strains are approximately identical. However,

a region in the chromosome scaffolding between contigs 4–9

and 11 has an inverted orientation, indicating differences in

their synteny relationships. In addition, the genomic features

of P. agglomerans CPHN2 and 10 closely related genomes

were analyzed based on genome size, the number of genes, the

predicted CDS, GC content distribution, and the number of

tRNA and rRNA genes (Figures 3A,B, Table 1). The genome

size of CPHN2 was lower than that of the strains BI3, Pa31 3,

and CFBP13516 with a genome size of more than 5Mb. Of

these, Pa31_3 has approximately the genome size of 5.0964Mb,

which is relatively large among all genomes. The draft genome

of CPHN2 has 83 unique CDS (Figures 4A,B).

Intra-species phylogenetic tree analysis

The phylogenetic relationships of P. agglomerans CPHN2

and 10 other P. agglomerans strains were shown separately

based on the pan genome (Figure 5A) and the core genome

(Figure 5B). This analysis depicted P. agglomerans strain

CPHN2, genetically close to the NCTC10500 and T1 genomes,

clustered in the same clade based on the pan-genome. The
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FIGURE 1

RAST annotations of Pantoea agglomerans CPHN2 whole genome.

FIGURE 2

FDAARGOS 1447 and P. agglomerans CPHN2 genomes are compared using Mauve 2.3.1 software.

analysis also revealed a distant phylogenetic relationship

between the strain FDAARGOS 1447 and other strains. In a

core-genome-based phylogenetic study, CPHN2 did not cluster

in any clade, while FDAARGOS 1447 clustered along with BI3

and CFBP13516 (Figure 5).

Carbohydrate metabolism

The CPHN2 genome comprises a number of carbohydrate

metabolism subsystems that encompass around 12.7% of

the coding area. The genome has a number of metabolic

pathways for carbohydrate metabolisms such as glycolysis,

gluconeogenesis, Entner–Doudoroff, the tricarboxylic acid

(TCA) cycle, the pentose phosphate pathway, and acetyl CoA

fermentation. It also has genes that metabolize the amount of

other sugars and their derivatives (Supplementary Table 3).

Genes involved in plant growth
stimulation

Genes involved in the solubilization of phosphates and in the

production of organic acids, siderophores, ammonia, and indole

acetic acid (IAA) have been annotated and identified in the P.

agglomerans CPHN2 genome (Glick, 2012; Ahemad and Kibret,

2014; Liu et al., 2016).

Phosphate and organic acids

It is well-known that, after being applied as a fertilizer,

a significant portion of inorganic phosphates is immobilized,

leaving the phosphate unavailable to plants (Xie et al., 2016).

As a consequence, it is crucial for some bacterial species to

produce acid phosphatases and organic acids, notably gluconic

acid (GA), and to solubilize insoluble or poorly soluble
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FIGURE 3

(A) Genome comparisons of di�erent P. agglomerans strains to the drafted CPHN2 genome created by BRIG 0.95. The inner cycle (back) reflects

the whole genome of the reference strain CPHN2, and the shade of each color indicates the similarities between all strains with the strain

CPHN2. (B) With genome comparisons of other P. agglomerans strains except for CPHN2 vs. the reference genome (FDAARGOS 1447), the

circular map depicts the full-genome comparison of the strain FDAARGOS 1447 against the other 10 sequenced P. agglomerans and an out

group.

TABLE 1 Pantoea agglomerans strains genome used for comparative study.

Strain CPHN2 ASD05 BAV 2934 BD 1212 BI3 CFBP13516 E325 FDAARGOS1447 NCTC10500 Pa31_3 T1

Taxonomy Bacteria; Proteobacteria; Gammaproteobacteria; Enterobacterales; Erwiniaceae; Pantoea; Pantoea agglomerans group; Pantoea agglomerans

Taxonomy ID 549

Size (mb) 4,839,757 4.8586 4.9449 4.8754 5.0477 5.0262 4.8038 4.692 4.6555 5.0964 4.5307

GC content (%) 55.2 55 54.9 55.1 55.2 54.8 55.2 55.1 55.2 55 55.4

N50 558,390 4,022,781 4,003,977 125,314 418,672 186,387 337,568 3,999,686 460,684 294,867 22,549,703

L50 2 1 1 13 3 8 4 1 1 6 1

Number of contigs

(with PEGs)

32 4 5 103 24 54 96 3 4 105 17

Number of

subsystems

529 340 337 345 349 354 341 337 340 345 334

Number of coding

sequences

4,424 4,655 4,754 4,745 4,917 4,974 4,633 4,461 4,464 5,049 4,258

Number of RNAs 84 98 97 56 83 76 92 98 98 85 74

mineral phosphates (Rodríguez et al., 2007). GA is a kind of

organic acid that aids in converting the immobilized mineral

phosphates that contain phosphorus into a biologically available

form. Glucose-1-dehydrogenase (gcd) along with its cofactor,

pyrrolo-quinolone quinine (pqq), catalyzes the synthesis of GA.

Gluconate dehydrogenase is another enzyme that also helps in

the production of GA and its conversion to 2-ketogluconate

(Ramachandran et al., 2006; Eastman et al., 2014). CPHN2

genomic annotation showed the existence of a number of GA

and cofactor genes, including pqqABCDE (Eastman et al., 2014).

Phosphonates, which are organophosphorus molecules,

have a direct carbon–phosphorus (C–P) bond instead of a

typical C–O–P linkage that is often observed in phosphate

esters (C–O–P) (Parker et al., 1999). Bacterial breakdown of

phosphonates results in the release of physiologically available

phosphates, which are controlled by the phosphonate-related
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FIGURE 4

A plot of the core/pan-genome of P. agglomerans strains and a Venn diagram of the core-genome and strain-specific coding sequences (CDS).

(A) The number of distinct CDS for each strain of the pan-genome of P. agglomerans. (B) Genome comparisons using n = 11 genomes were

performed to identify the core-genome and strain-specific CDS for the 11 P. agglomerans strains sequenced.

FIGURE 5

Phylogeny of the P. agglomerans strains based on the analysis of (A) pan-genomes and (B) core genomes.

phn gene cluster. CPHN2 has numerous phn genes, including

phnCDFGHIJKLMNOPRV, which catalyze the hydrolysis

of phosphonate into phosphate and an alkane, according

to genomic analysis. Phosphorus compounds must be

transported across the plasma membrane before they may

be used. Two high-affinity phosphate transport systems,

pstBAC (phosphate transporter) and phnDC (phosphate

dehydrogenase), have also been observed in the CPHN2
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FIGURE 6

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway gene mapping of the strain CPHN2 for siderophore synthesis.

genome (phosphonate transporter) (Figure 6, Table 2,

Supplementary Table 4).

Hydrogen sulfide (H2S) has emerged as an essential

chemical for phosphate solubilization. H2S interacts with ferric

phosphate to produce ferrous sulfate and release phosphate. The

CPHN2 genome encodes a collection of genes involved in H2S

production (Table 3), including a cluster of cys genes involved

in reduction, transportation, protein binding, and acetyl and

adenyl group transfer. The CPHN2 genome also has genes

related to sulfur metabolism: mineralization and transport of

sulfite, sulfate, and phosphoadenosine phosphosulfate.

Siderophores

High-affinity iron chelating compounds have been shown

to be produced mostly by plant-associated bacterial strains

(de Souza et al., 2015) and may assist them by collecting

iron from the environment (Niazi et al., 2014). CPHN2 has

the ability to synthesize an enterobactin siderophore, and the

entABCEF genes for the same have been annotated. This

siderophore is responsible for the recovery of iron through

complex formation once it is exported from the cell by entS. P.

agglomerans. CPHN2 also has many receptors for siderophores,

mbtH, an efflux pump protein, which helps in transport, and

fhuABCDEF, which helps in transport and binding (Figure 6,

Table 4, Supplementary Table 4).

Nitrogen metabolism

Ammonia production, another important trait of PGPEB,

indirectly promotes plant growth and biomass accumulation.

Our genomic study has shown that CPHN2 includes narP,

narJ, and narL, which converts atmospheric nitrogen to

nitrite, as well as nirB and nirD, nitrite to nitrate, and nrtA

is responsible for nitrate transportation (Figure 7, Table 5,

Supplementary Table 4).

Indole-3-acetic acid

Endophytic bacteria produce indole-3-acetic acid (IAA),

which is necessary for plant development processes and

play an important role in plant–microbe interactions. Four

tryptophan-dependent pathways, namely, indole-3-acetamide

(IAM), indole-3-pyruvic acid (IPA), tryptamine (TAM), and

indole-3-acetaldoxime (IAOx), are involved in the biosynthesis

of IAA present in bacteria. The indole-3-pyruvate decarboxylase

(ipdC) gene is present in CPHN2 and is involved in the

conversion of indole-3-pyruvate to IAA in the IPA pathway.

The iaaM and iaaH genes were involved in the synthesis of

IAA using the IAM pathway. Of these, only the iaaH gene is

present in the CPHN2 genome. These data show that IPA is the

sole route for the synthesis of IAA using this strain (Figure 8,

Supplementary Table 4).
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TABLE 2 P. agglomerans strain CPHN2 genomic annotation for

phosphate solubilization.

Gene name Gene product

gcd Quinoprotein glucose dehydrogenase

pqqB Coenzyme PQQ synthesis protein B

pqqC Pyrroloquinoline-quinone synthase

pqqD pqqA binding protein

pqqE pqqA peptide cyclase

pstA Phosphate transport system permease protein pstA

pstB Phosphate-import ATP-binding protein pstB

pstC Phosphate transport system permease protein pstC

pstS Phosphate-binding protein pstS

phnC Phosphate-import ATP-binding protein

phnD Phosphate-import

phnF protein for transcriptional regulator

phnGHI Alpha-D-ribose 1-methylphosphonate 5-triphosphate

synthase

phnJ Alpha-D-ribose 1-methylphosphonate 5-phosphate C-P

lyase

phnK Putative phosphonates utilization ATP-binding protein

phnL Alpha-D-ribose 1-methylphosphonate 5-triphosphate

diphosphatase

phnM Alpha-D-ribose 1-methylphosphonate 5-triphosphate

diphosphatase

phnN Ribose 1,5-bisphosphate phosphokinase

phnO N-acetyltransferase

phnP Phosphoribosyl 1,2-cyclic phosphate phosphodiesterase

phnRV transcriptional regulator of degradation operons for

2-aminoethylphosphonate

phnV transport system permease protein responsible for

2-aminoethylphosphonate

Chemotaxis, motility, and attachment of genes

In the whole genome of CPHN2, genes, such as the

cluster of fli gene (fliAEFGHIJMNOPQRSTYZ), sec gene

(secABDEFGMY),mgl gene (mglABC), rbs gene (rbsABCDKR),

che gene (cheABRVWYZ), lapAB, motAB, lapAB, pilQ, rfbX,

oprBM, pal, epsF, and sctC, responsible for endophytic behavior,

like chemotaxis movement and attachment to the host, have

been annotated (Table 6, Supplementary Table 4).

Discussion

Plant-associated endophytic microbes have evolved unique

biosynthetic pathways to aid in their interactions with their

host. These different metabolites of endophytic origin promote

plant growth; therefore, their genomic studies recently gained

substantial interest (Patel et al., 2016; Kandel et al., 2022).

In our previous study, we isolated non-rhizobial endophytic

TABLE 3 P. agglomerans strain CPHN2 genomic annotation for sulfate

metabolism.

Gene name Gene product

cysE Serine acetyltransferase

cysJ Sulfite reductase [NADPH] flavoprotein alpha-component

cysQ 3′(2′),5′-bisphosphate nucleotidase CysQ

cysS Cysteine–tRNA ligase

cysB HTH-type transcriptional regulator CysB

cysG Siroheme synthase

cysL HTH-type transcriptional regulator CysL

cysZ Sulfate transporter CysZ

cysM Cysteine synthase B

cysA Sulfate/thiosulfate import ATP-binding protein CysA

cysW Sulfate transport system permease protein CysW

cysT Sulfate transport system permease protein CysT

cysP Thiosulfate-binding protein

cysC Adenylyl-sulfate kinase

cysN Sulfate adenylyl transferase subunit 1

cysD Sulfate adenylyl transferase subunit 2

cysH Phosphoadenosine phosphosulfate reductase

cysI Sulfite reductase [NADPH] hemoprotein beta-component

cysJ Sulfite reductase [NADPH] flavoprotein alpha-component

TABLE 4 P. agglomerans strain CPHN2 genomic annotation for

siderophore production.

Gene name Gene product

fhuA Ferrichrome outer-membrane transporter/phage receptor

fhuB Iron (3+)-hydroxamate import system permease protein

fhuC Iron (3+)-hydroxamate import ATP-binding protein

fhuD Iron (3+)-hydroxamate-binding protein

fhuE Receptor

fhuF Ferric iron reductase protein

entA 2,3-dihydro-2,3-dihydroxybenzoate dehydrogenase

entBCE Enterobactin synthase

entS Exporter

mbtH efflux pump protein that helps in transport

bacteria P. agglomerans CPHN2, which possessed multiple

plant growth-promoting traits such as the production of

ammonia, siderophores, and IAA, and phosphate solubilization

(Maheshwari et al., 2019) and produced a high amount of IAA

under optimized conditions (Unpublished). Genomic mining

of their genes might help us develop commercial bioinoculants

so as to reduce the use of chemical fertilizers. The presence of

these positive traits in P. agglomerans CPHN2 prompted whole-

genome sequencing and genomic annotations. The genome of

P. agglomerans CPHN2 was also compared with the already

reported genomic sequences of 10 strains to unravel the
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FIGURE 7

KEGG pathway gene mapping of the strain CPHN2 for nitrogen metabolism.

similarities between the two. A phylogenetic tree constructed

based on the pan-genome showed that P. agglomerans CPHN2,

NCTC10500, and T1 belonged to the same clade (Figure 4).

This indicates that these isolates share a large set of similar

genes. Core-genome-based phylogenetic tree shows that these

two strains NCTC10500 and T1 belong to the same clade but

CPHN2 has a separate niche. The closely related FDAARGOS

1447 was present in a separate niche upon the pan-genome

analysis and in a clade upon the core-genome analysis.

Genomic mining of CPHN2 supported a previous study

on its ability to possess multiple PGP traits and promote

plant growth (Maheshwari et al., 2019). Analysis of CPHN2

provided clues to the presence of specific genes for phosphate

solubilization, nitrogen metabolism, and the production of

siderophores and IAA. PGPR promotes plant growth by

solubilizing the phosphate mineral and making it accessible

to plants. They employed different solubilization mechanisms,

either through the production of extracellular enzymes or by the

release of organic acids, protons, and hydroxyl ions. Phosphate-

solubilizing bacteria such as Bacillus, Pseudomonas, and Pantoea

are reported to release GA most commonly (Rodríguez

et al., 2007). It has also been reported that Enterobacter

asburiae mutants, which lack glucose dehydrogenase (GDH)

activity, were unable to release phosphate (Gyaneshwar

et al., 1999). Analysis of the CPHN2 genome revealed

the presence of the genes gcd and pqq responsible for

the synthesis of GA and the solubilization of inorganic

mineral phosphates.
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TABLE 5 P. agglomerans strain CPHN2 genomic annotation for

dissimilatory nitrate reduction.

Gene name Gene product

narQ Nitrate/nitrite sensor protein narQ

narL Nitrate/nitrite response regulator protein narL

narI Respiratory nitrate reductase 1 gamma chain

narJ Nitrate reductase molybdenum cofactor assembly chaperone narJ

narH Respiratory nitrate reductase 1 beta chain

narG Respiratory nitrate reductase 1 alpha chain

narK Nitrate/nitrite transporter nark

nirD Nitrite reductase (NADH) small subunit

Microorganisms have also evolved mechanisms to use

other sources of phosphorous, such as phosphonates, during

phosphate starvation. Enzymes involved in phosphonate

catabolic pathways are conserved and encoded by ortholog

genes in bacteria. The strain CPHN2 has phn genes like

phnCDFGHIJKLMNOPRV responsible for phosphate

solubilization. phnCD is a gene for phosphate-import protein,

phnF is a gene for transcriptional regulation, phnGHILMNOP

is a gene for the involvement of enzymes in the phosphonate

degradation pathway, and phnRV is a gene for transcriptional

regulation of degrading operons, and phnV is a gene for

permease protein. The strain CPHN2 also has pstABCS genes,

which are responsible for phosphate binding, import, and

transportation. Such similar clusters have also been reported for

phosphonate binding, transport, and degradation in Escherichia

coli and P. agglomerans strain P5 (Metcalf and Wanner, 1993;

Shariati et al., 2017).

Siderophores are low molecular weight compounds, which

are produced by a large number of bacterial endophytes

to scavenge iron under iron-destitute state. Siderophore

production is an important plant growth-promoting trait

as it helps the microbes to obtain iron, which in turn is

directly transferred to plants and indirectly suppresses the

growth of phytopathogens. In addition to this, genes associated

with the transport and production of siderophores are also

present. fhuABCDEF genes are responsible for binding and

transport, entA gene is for 2,3-dihydro-2,3-dihydroxybenzoate

dehydrogenase, entBCE gene is for Enterobactin synthase, entS

gene is an exporter, and mbtH gene is an efflux pump protein

that helps in transport. Along with this, we were also able to

find out the cytoplasmic membrane and periplasmic proteins

involved in the uptake of siderophores (Stevens et al., 1999)

and tonB-dependent outer-membrane receptors are coded for

by the fhuDCB operon in Rhizobium (Shariati et al., 2017).

In addition to this, CPHN2 is also capable of carrying out

dissimilatory nitrate reduction. It is a two-step process in

which, during anoxic conditions, nitrate acts as an electron

acceptor and is converted to ammonia. The main enzymes

involved are nitrate reductase (encoded by narGHIJ) and nitrite

reductase (nirD).

Several endophytic bacterial genera are known to produce

phytohormones, the most common of which is IAA. Multiple

pathways have been used by both plants as well as bacteria

for the biosynthesis of IAA (Spaepen et al., 2007). There

are several pathways in which the amino acid tryptophan is

a direct precursor of IAA and modulates the level of IAA

synthesis (Zaidi et al., 2009). Among all these Trp-dependent

pathways, IAM and IPA pathways are widespread among

bacteria (Mano and Nemoto, 2012). The IAM pathway is

common among phytopathogens such as Pseudomonas syringae,

Agrobacterium tumefaciens, and Agrobacterium rhizogenes

(Szkop and Bielawski, 2013), while most PGPRs such as

Pseudomonas putida, Enterobacter cloacae, and Azospirillum

brasilense use the IPA pathway for the biosynthesis of IAA.

The IPA pathway has been well-characterized in bacteria, and

the conversion of indole-3-pyruvate to indole-3-acetaldehyde

by ipdC is the rate-limiting step (Zhao, 2010). The expression

of the key gene ipdC has been found to increase in P.

agglomerans while growing on the surfaces of plants, depicting

an interesting case of interaction between plants and microbes

(Jasim et al., 2014). This study also aimed to identify the

complete IAA biosynthetic pathways in CPHN2. Genomic

mining revealed the presence of all the genes, including

the involvement of the key gene ipdC in the IPA pathway.

A previous study on the genomic study of P. agglomerans

strain P5 revealed that IAM was the only pathway for the

production of IAA (Shariati et al., 2017). Meanwhile, our

CPHN2 has an incomplete IAM pathway in which the iaaH gene

is present.

Endophytic colonization is a conglomerate of processes such

as entry to the host plant, growth on to the plant, and subsequent

multiplication there. Root exudates are various chemicals,

ranging from organic acids and amino acids to sugars, which

help in the recruitment of bacterial endophytes from a pool

of rhizospheric bacteria. According to our annotation, CPHN2

contains the cluster of FLI proteins, which are responsible

for the production of the flagellar protein and motor system.

It also has a cluster of che, mgl, and rbs genes, responsible

for galactose and ribose binding, transport, and chemotaxis,

as previously reported (Harayama et al., 1983; Barroga et al.,

1996). In addition, the Sec gene cluster responsible for protein

translocation, export, and monitoring was also found to

be present.

The lip, pil, rfb, cel, opr, sct, and pal genes were also annotated

in CPHN2. Previous studies reported the role of these genes

in chemotaxis, motility, adhesion, pilli formation, dehydratase

synthesis, and porin creation in the outer membrane and in

the formation of exopolysaccharides (EPSs). Recent studies

demonstrated that endophytic bacteria frequently secrete EPSs

for their adherence to the root surface (Dudeja et al., 2021).

EPS also decreases the concentration of free radicals in the plant
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FIGURE 8

KEGG pathway gene mapping of the strain CPHN2 for indole-3-acetic acid (IAA) synthesis.

cell wall and protects cells against oxidative stress. CPHN2 also

carries the gene for the production of EPS.

As members of the genus Pantoea were previously

recognized as phytopathogens causing wilting and necrosis, we

also analyzed the presence of the type III secretion system

(T3SSs) coded by the hrc/hrp gene cluster responsible for

pathogenicity. A large number of Gram-negative bacteria use

this secretion system to convey effector molecules directly

to the cytosol of their host. Several studies reported the

role of the whole hrc/hrp gene cluster in pathogenicity and

hypersensitive response in plants (Buonaurio et al., 2015;

Shariati et al., 2017). However, CPHN2 does not contain the

complete gene cluster and lacks pathogenicity. The study also

revealed the occurrence of only one pathway, i.e., IPA pathway,

associated with useful bacteria for the production of IAA,

out of the five pathways reported in bacteria. Therefore, this

study provides in-depth information about genomic pathways

and helps in understanding the mechanisms of PGP by

endophytic bacteria.

Conclusion

Genomic analysis of P. agglomerans CPHN2 revealed the

presence of several genes engaged in PGPs, such as phosphate

solubilization and nitrate reduction, and in the production
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TABLE 6 P. agglomerans strain CPHN2 genomic annotation for

chemotaxis, motility, and attachment.

Gene name Gene product

fliA RNA polymerase sigma factor

fliE Flagellar hook-basal body complex protein

fliF Flagellar M-ring protein

fliG Flagellar motor switch protein

fliH Flagellar assembly protein

fliI Flagellum-specific ATP synthase

fliJ Flagellar FliJ protein

fliM Flagellar motor switch protein

fliN Flagellar motor switch protein

fliO Flagellar protein

fliP Flagellar biosynthetic protein

fliQ Flagellar biosynthetic protein

fliR Flagellar biosynthetic protein

fliS Flagellar secretion chaperone

fliT Flagellar protein

fliY L-cystine-binding protein

fliZ Regulator of sigma S factor

mglA Galactose/methyl galactoside import ATP-binding protein

mglB D-galactose-binding periplasmic protein

mglC Galactoside transport system permease protein

pilQ Type IV pilus biogenesis and competence protein

rbsA Ribose import ATP-binding protein

rbsB Ribose import binding protein

rbsC Ribose import permease protein

rbsD D-ribose pyranase

rbsK Ribokinase

rbsR Ribose operon repressor

cheA Chemotaxis protein

cheB Protein-glutamate methylesterase/protein-glutamine

glutaminase

cheR Chemotaxis protein methyltransferase

cheV Chemotaxis protein

cheW Chemotaxis protein

cheY Chemotaxis protein

cheZ Protein phosphatase

lapA Lipopolysaccharide assembly protein A

lapB Lipopolysaccharide assembly protein B

motA Motility protein A

motB Motility protein B

lapA Lipopolysaccharide assembly protein A

lapB Lipopolysaccharide assembly protein B

pilQ Type IV pilus biogenesis and competence protein

rfbX Putative O-antigen transporter

celY Minor endoglucanase Y

(Continued)

TABLE 6 (Continued)

Gene name Gene product

oprB Porin B

oprM Outer membrane protein oprM

secA Protein translocase subunit secA

secB Protein-export protein secB

secD Protein translocase subunit secD

secE Protein translocase subunit secE

secF Protein translocase subunit secF

secG Protein-export membrane protein secG

secM Secretion monitor

secY Protein translocase subunit secY

sctC Type 3 secretion system secretin

pal Peptidoglycan-associated lipoprotein

epsF Type II secretion system protein F

of siderophores and IAA. Moreover, it has genes related to

chemotaxis, motility, adhesion, and pilli formation, which

are required for effective colonization. It lacks the complete

pathogenic gene cluster. This research provides insights into the

plant growth-promoting ability of CPHN2 and highlights its

potential as a biofertilizer. Therefore, this strain is deemed safe

and can be further explored as a bioinoculant. However, more

research is needed to provide a detailed interpretation of the

functions and the regulation of these genes.
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