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Abstract: Silicon (Si) is gaining widespread attention due to its prophylactic activity to protect plants
under stress conditions. Despite Si’s abundance in the earth’s crust, most soils do not have enough sol-
uble Si for plants to absorb. In the present study, a silicate-solubilizing Bacteria, Enterobacter sp. LR6,
was isolated from the rhizospheric soil of rice and subsequently characterized through whole-genome
sequencing. The size of the LR6 genome is 5.2 Mb with a GC content of 54.9% and 5182 protein-coding
genes. In taxogenomic terms, it is similar to E. hormaechei subsp. xiangfangensis based on average
nucleotide identity (ANI) and digital DNA-DNA hybridization (dDDH). LR6 genomic data provided
insight into potential genes involved in stress response, secondary metabolite production, and growth
promotion. The LR6 genome contains two aquaporins, of which the aquaglyceroporin (GlpF) is
responsible for the uptake of metalloids including arsenic (As) and antimony (Sb). The yeast surviv-
ability assay confirmed the metalloid transport activity of GlpF. As a biofertilizer, LR6 isolate has a
great deal of tolerance to high temperatures (45 °C), salinity (7%), and acidic environments (pH 9).
Most importantly, the present study provides an understanding of plant-growth-promoting activity
of the silicate-solubilizing Bacteria, its adaptation to various stresses, and its uptake of different
metalloids including As, Ge, and Si.
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1. Introduction

Silicon (Si), one of the most abundant elements on earth’s crust, is gaining wide
attention due to an increasing number of reports showing its benefits for plant growth.
Although Si is not an essential element, it provides numerous benefits to plants, particularly
under stress conditions, and is thus considered a quasi-essential element. Si amendment
can increase the carbon sequestration to the rice panicle and increase the photo-assimilation
of carbon in plants [1]. Although Si is abundant in the soil, it is mostly in the insoluble
silicate form, which cannot be absorbed by the plant roots [2,3]. Insoluble silicates present
in soil can be converted into soluble forms by the various chemical, physical, and biological
activities of plants and microorganisms. Bacterial interventions have been reported to
accelerate solubilization [4,5]. The silicate-solubilizing bacteria (SSB) can convert the
insoluble silicate into orthosilicic acid (H45iO4), a soluble form of Si that can be easily
uptaken by the plants along with the water. Once absorbed, the Si is transported to active
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growing parts of the plant, makes complexes with the carbohydrates, sugar derivatives,
and hydroxy groups of proteins involved in signal transduction. Therefore, Si can interact
with a number of key components involved in the signaling system for plant stress, provide
resistance to abiotic stress, strengthen the cell wall, inhibit fungal infection due to rapid
production of defense compounds, and improve the overall growth and development of
the plants [6,7]. Uptake of Si from the soil solution to the plant root is facilitated with the
help of aquaporins (AQPs). The AQPs, a class of channel-forming proteins belonging to the
major intrinsic protein (MIP) family, are responsible for the selective transport of water as
well as other small molecules such as Si in the form of silicic acid, urea, and boric acid [8,9].
AQPs are not only present in plants but also in animals [10], fungi [11], and bacteria [12].
In the case of the prokaryotic system, only two AQPs, i.e., typical water transporter AqpZ
and glycerol transporter GlpF, have been reported [13].

Microorganisms play a very important role in weathering soil minerals and making
them soluble in a form readily available to plants. Exploration of such nutrient solubilizing
bacteria can lead to a sustainable and eco-friendly approach [14]. The understanding of
the molecular mechanisms involved in the bacterial activity of nutrient solubilization is
crucial for its efficient utilization. Whole-genome sequencing (WGS) of Enterobacter sp. LR6
aided the discovery of the enzyme involved in the solubilization of plant nutrients such
as phosphate and silicate. The WGS of phosphate solubilizing bacteria Pseudomonas lutea
performed by Y. Kwak et al. [15] provides a basic understanding of the molecular mecha-
nisms involved in the solubilization of insoluble phosphate by the action of phosphatase
enzymes such as alkaline and acid phosphatases (AcPase). Identification of novel enzymes
provides an opportunity for industrial applications of enzyme immobilization. Similarly, a
molecular understanding of microbial activity will be helpful in understanding the entire
biogeochemical cycle [16]. Very little is known in the case of microbial activity involved in
silicate solubilization. A whole-genome sequence of any SSB is not yet available.

In the present study, we report the genome sequence of an SSB, Enterobacter sp. LR6,
to identify aquaporins involved in Si transportation and plant-growth-promoting activity.
Furthermore, comparative genome analysis of the Enterobacter sp. LR6 with closely related
type strains was also performed to understand its evolutionary relatedness. The genes
linked to arsenic resistance and stress responses such as acid, alkaline, salinity, and tempera-
ture were also explored to understand the survival strategy of the plant-growth-promoting
Enterobacter in coping with extreme environmental conditions.

2. Materials and Methods
2.1. Identification and Phylogenetic Analysis of Bacterial Strain

Rhizospheric soil of a paddy field located at Mohali, Punjab (coordinates 30°40'03.3"” N
76°43'08.0" E) was used to isolate SSB. The rice plants were uprooted and vigorously
shaken to remove excess soil. Precisely 1 g of rhizospheric soil was dried at 30 °C for
12 h, serially diluted, and spread on the plate containing Luria—Bertani (LB) agar. The
plates were incubated at 37 °C for 24 h. The isolates were then evaluated for silicate
solubilization activity on Bunt and Rovira agar medium supplemented with 0.25% of
Insoluble magnesium trisilicate [4]. The isolates were also checked for their ability to
solubilize insoluble phosphate in NBRIP medium [17]. The purified isolate (10 pL) was
spotted on the agar plate, followed by incubation at 30 °C for 2 days. The formation of
a clear zone around the colony determines its ability to solubilize insoluble silicate and
phosphate. The clear zone of the isolate was measured in terms of solubilization index
(SI) determined as the ratio of total diameter (colony + holo zone) to the diameter of a
colony [18].

The isolate positive for silicate solubilization was selected for DNA sequence-based
characterization. The DNA was extracted from the overnight grown culture by using
the Wizard bacterial genomic DNA purification kit based on the manufacturer’s guide-
lines. The 16s rRNA was amplified with the help of PCR using universal primers 27f
(5’-AGAGTTTGATCCTGGCTCAG-3') and 1492r (5'-TACGGYTACCTTGTTACGACTT-3')
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supplied by Eurofins Genomics India and DNA as a template [19]. The quality and size of
the amplified PCR product was analyzed on agarose and purified using a gel extraction kit.
The purified product was sequenced with a BigDye® Terminator v3.1 Cycle Sequencing
Kit using the same universal primers 27f and 1492r [20]. The phylogenetic relationship
of LR6 was established with closely related species using sequence information retrieved
from the NCBI database (https:/ /ncbinlm.nih.gov/, accessed on 5 May 2022). Similar 16s
rRNA sequences having high coverage and percent identity were retrieved from the NCBI
database and subsequently used to construct a phylogenetic tree in MEGA 11 using the
maximum likelihood method with 1000 bootstraps [21].

2.2. Genome Sequencing and De Novo Assembly

Based on the Si solubilizing activity, phylogenetic distribution and potential multiple
uses in the cropping system, Enterobacter sp. LR6 strain was selected for further extensive
characterization through whole-genome sequencing. The DNA of the LR6 strain was
isolated using a Promega Wizard® bacterial genomic DNA purification kit. The quality
of the isolated DNA was assessed using Nanodrop (Thermo Fisher Impulse Bioscience,
Chandigarh). The DNA fragment library was prepared with 100 ng DNA using the [llumina
Nextera DNA Flex Library Prep (Illumina DNA Prep; Cat. No. 20025519, 20025520,
20018704, and 20018705). The sequencing-ready libraries were prepared as instructed by
the manufacturer. A Qubit instrument and a DNA HS kit (Invitrogen, Impulse Bioscience,
Chandigarh) were used for the quantification of the libraries. To perform the multiplex
sequencing, library concentrations were adjusted to 4 nM and pooled together. Pooled
libraries were denatured and diluted at 300 pM and loaded in the library tube provided with
the NovaSeq SP sequencing kits (300 cycles). The pooled libraries were further processed for
paired-end (2 x 151 bp) sequencing on an Illumina NovaSeq 6000 instrument. The quality
of the raw sequences was assessed using FastQC [22]. Then, the trimmomatic tool (v0.39)
was used to process the raw reads based on quality along with adapter trimming [23]. The
processed sequencing reads were assembled using an abyss-pe assembler with a k-mer size
of 121 (after optimizing k-mer length from 25 to 127).

2.3. Whole-Genome-Based Taxonomic Analysis

The whole-genome taxonomic analysis of the strain LR6 was performed using a pair-
wise comparison of the genome with the genomes of other closely related type strains ob-
tained from NCBI (https:/ /www.ncbi.nlm.nih.gov/genome/, accessed on 6 May 2022). The
type strains used for the analysis were Enterobacter bugandensis strain 247BMC, E. hormaechei
subsp. xiangfangensis strain 10-17, E. cancerogenus strain LMG 2693, E. cloacae strain ATCC
13047, E. asburiae strain JCM6051, Pantoea agglomerans strain JCM1236, and Cedecea lapagei
strain DSM 4587. The relatedness of strains was compared using digital DNA to DNA
hybridization (dDDH) and average nucleotide identity (ANI) [24]. The dDDH values
and confidence intervals were calculated at the default setting of the Genome-to-Genome
Distance Calculator (GGDC) 3.0 (https:/ /ggdc.dsmz.de/ggdc.php#, accessed on 12 May
2022). The OrthoANIu algorithm-based EZ BioCloud ANI Calculator tool [25] was used to
estimate the ANI of the isolates using closely related genomes as reference. Orthologous
Average Nucleotide Identity Tool (OAT) v 0.93.1 (Chunlab Inc., Seoul, Korea) [26] was
used for the development of the heatmap and dDDH and ANI matrix among genomes. A
phylogenetic tree based on the whole-genome sequence was constructed using the reference
sequence alignment-based phylogeny builder (REALPHY) v1.13 by uploading the LR6
genome and all the reference genomes with default parameters [27].

2.4. Gene Prediction and Functional Annotation

The genome assembly was uploaded to Rapid Annotation using Subsystem Technol-
ogy (RAST) v 2.0 server for rapid annotation. The service identified the protein-coding
genes, assigned a function to identified genes, and also predicted the presence of rRNA
and tRNA. The identification of rRNA and tRNA genes in RAST was performed by using
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“search_for_rnas” and tRNAscan-SE, respectively. The Transporter Automatic Annotation
Pipeline (TransAAP) tool hosted at transportDB was used to identify the transporter fami-
lies in the genome sequence of LR6. The CRISPR finder tool was used for the identification
of clustered regularly interspaced short palindromic repeats (CRISPRs) in the genome [28].
For the identification of the secondary metabolite biosynthesis gene cluster Antibiotics
and Secondary Metabolite Analysis Shell (antiSMASH) 5.0 was used [29]. The circular
visualization of the Enterobacter sp. LR6 genome was developed using the proksee CG view
server (https://proksee.ca/, accessed on 28 May 2022).

2.5. Comparative Genomic Analysis

For comparative genome-wide analysis, the genomic information of Enterobacter sp.
LR6 and the closely related type strains E. bugandensis strain 247BMC, E. hormaechei subsp.
xiangfangensis strain 10-17, E. cancerogenus strain LMG 2693, E. cloacae strain ATCC 13047,
and E. asburiae strain JCM6051 were used. The MAUVE tool with default parameters was
used for the genome comparison such as genome rearrangements and deletion between
Enterobacter sp. LR6 and E. hormaechei subsp. xiangfangensis. The gene family clustering
was determined with the help of Orthovenn2 using default parameters on the proteome se-
quences of E. asburige JCM6051, E. bugandensis 247BMC, E. cancerogenus JCM6051, E. cloacae
ATCC13047, and E. hormaechei subsp. xiangfangensis.

2.6. Identification, Characterization, and 3D Structure of Aquaporin

The identification of the aquaporin was performed with the help of BlastP search in
BioEdit version 7.0.5.3 by creating a local database of the predicted protein sequence. The
presence of the NPA motif and superfamily was determined by using the conserved domain
database (CDD) at NCBI. The number of the trans-membrane domain was identified using
TMHMM software. Isoelectric point and molecular weight of the proteins were determined
using Expasy (web.expasy.org/compute_pi/, accessed on 28 May 2022). The subcellular
localization was identified by using Psortb (https://www.psort.org/psortb/index.html,
accessed on 28 May 2022) and Cello software (cello.life.nctu.edu.tw, accessed on 28 May
2022). The three-dimensional structure of the GlpF was predicted by using Alphafold
(https:/ /www.psort.org/psortb /index.html, accessed on 28 May 2022). CHAP: A Versatile
Tool for the Structural and Functional Annotation of Ion Channel Pores, was used for
the development of 3D structure using a Protein Data Bank (PDB) file generated from
Alphafold. The pore morphology and position of hydrophobic and hydrophilic residues
were also determined by using the CHAP tool [30].

2.7. Functional Validation of GIpF for Metalloid Transportation

For the functional validation of Si transporters, a yeast heterologous system was
used. The vector pYES2 was digested with Notl and Xmal and cloned with GlpF. The
resulting cloned vector and empty vector were then transformed in the yeast cell BY4741
(MATa his3A1 leu2A0 met15A0 ura3A0) using the PEG/LiAC transformation method [31].
The transformed Saccharomyces cerevisiae was grown overnight in 2 mL SD-URA glucose-
supplemented media at 30 °C. The overnight grown culture was diluted to ODggg = 0.2
in a galactose-rich medium and incubated for 2 h at 30 °C. After 2 h of incubation, a
dilution series of 107! to 10~ was used for the yeast survivability assay. The ability of the
transporters to uptake Si can be determined by using GeO; as it generates germanic acid in
the solution that was reported as an excellent tracer of silicic acid in the oocyte assay [32].
Precisely 10 uL of diluted culture was spotted on selection media containing arsenite As (III)
and germanium di-oxide (GeO;) to determine its activity to transport As (III), and GeO;.

2.8. Effect of LR6 on Plant Growth

In order to investigate LR6’s ability to promote plant growth, soybean genotype JS335
was used. The soybean seeds were initially germinated for 7 days in soilrite and transferred
to hydroponic assembly. All the containers were filled with the Hoagland nutrient medium
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(pH 5.5) to support the plant’s growth. A set of five replicates per treatment was transferred
to the hydroponic assembly fitted with aeration pumps to provide adequate oxygen to the
medium. After 20 days of treatment, three plants from the control and three from the SSB
treatment were phenotyped for shoot/root length, fresh tissue, and dry tissue weight.

2.9. Data Availability

The 16s rRNA gene sequence and draft genome sequence of the Enterobacter sp. LR6
was submitted to NCBI with the accession numbers ON479461 and JAMZAU000000000,
respectively. The version described in this manuscript is JAMZAU010000000.

3. Results and Discussion
3.1. Silicate-Solubilizing Activity of Enterobacter sp. LR6

Bacteria isolated from the rhizospheric soil were evaluated for the ability of silicate
solubilization. Out of all the 63 isolates, only Enterobacter sp. LR6 was identified as SSB and
phosphate solubilizing bacteria (PSB) based on its ability to solubilize by the formation of
a visible hollow zone of dilution around the colony on Bunt and Rovira agar and NBRIP
medium, respectively (Figure 1a,b). The SSI and PSI of the LR6 colonies were 2.1 £ 0.1
and 1.89 & 0.1 mm, respectively. LR6 is a moderate silicone solubilizer and low phosphate
solubilizer. According to L, Santi and D, Goenadi in 2017, bacteria having the Si solubility
index 2.00 < SSI < 4.00 are considered as moderate silicate solubilizers [33]. Similarly,
the bacteria showing phosphate solubilization index less than 2 are considered as low
phosphate solubilizers [34]. Based on the solubilization ability, the isolate was then selected
for further analysis.

3.2. Genome Structural Feature

The assembled genome of Enterobacter sp. LR6 has been deposited at GenBank with
the accession number JAMZAUO000000000 and comprises 5,226,212 bp, 55 contigs, and a
mean GC content of 54.9% based on RAST annotation. A total of 5182 coding sequences
and 98 non-coding RNA sequences were present in the genome (Figure 2). Out of the
total RN As, 86 were found to be tRNAs, and 12 were rRNAs. This number of rRNAs and
tRNAs is typically a feature of soil bacteria and an indication of positive selection [35].
The presence of a high number of tRNA is a characteristic of soil bacteria which allows
them to respond rapidly to changes in nutrient availability [36,37]. A total of three CRISPR
elements were found in Enterobacter sp. LR6, similar to the number of CRISPRs present in
its closest strain, E. hormaechei subsp. xiangfangensis.

3.3. Phylogenetic and Taxogenomic Analysis

To define the taxonomic classification of the Enterobacter sp. LR6, three main ap-
proaches were used: (i) multiple sequence alignment of highly conserved 16S rRNA se-
quences, (ii) calculation of dDDH and ANI, and (iii) whole-genome phylogenetic analysis
using closely related bacterial species. The phylogenetic tree constructed based on the 165
rRNA showed that Enterobacter sp. LR6 is closely related to NR_118568.1 E. cloacae and
NR_126208.1 E. hormaechei subsp. xiangfangensis with a percent similarity of 97.16% and
96.74%, respectively (Figure 1b). The genomic similarity was also assessed based on the
ANI score, which also indicates a close relationship of LR6 with the E. hormaechei subsp.
xiangfangensis. Since it showed an ANI value of 97.12, which is higher than 95-96%, a
speciation threshold is recommended for a strain belonging to the same species [38]. The
dDDH analysis of LR6 with the E. hormaechei subsp. xiangfangensis showed a dDDH score
of 72.6%. The dendrogram developed based on the ANI and dDDH values showed that
the Enterobacter sp. LR6 was found to be closer to E. hormaechei subsp. xiangfangensis with
an ANI value of 97.12% and GGDC distance of 0.03 (Figure 2¢,d). The whole-genome phy-
logenetic tree constructed using the REALPHY tool also confirms the closeness of LR6 to
the E. hormaechei subsp. xiangfangensis as observed with the ANI and dDDH dendrogram.
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Figure 1. Enterobacter sp. LR6 showing silicate solubilization on Bunt and Rovira silicate medium (a),
phosphate solubilization on NBRIP medium (b), 16s rRNA gene-sequence-based phylogenetic tree

’» NR_028894.1 Citrobacter freundii ATCC 8090 = MTCC 1658 = NBRC
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xiangfangensis

Cedecea lapagei DSMA4587

JCM1236

(c)

Enterobacter Sp. LR6
Enterobacter hormaechei subsp.

Enterobacter asburiae JCM6051
[EnmmhmMs247BMc
Enterobacter cloacae ATCC13047

Enterobacter cancerogenus LMG2693

constructed using the maximum likelihood method. Based on the 16s rRNA search, the closely related
type strain was aligned using ClustalW, and the phylogenetic tree was made using the 1000-bootstrap
method. NR_028687.1 Citrobacter braakii strain 167 was selected as the outgroup. The values shown
on the tree indicate the bootstrap percentage (c).

Wcos
W RNA

Bow Genome feature Values
:"“m Length (bp) 5,226,212
EEEE:%. GC % 54.9
- N50 3,47,096
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CDS 5182

Number of Contigs 55

Number of RNAs 98
tRNA 86
rRNA 12
CRISPR 3

(a) (b)

BHBRIABRERS

Enterobacter bugandensis 247BMC

EnterobacterSp. LR6 - b
02

Enterobacter hormaechei subsp.
xiangfangensis

Enterobacter asburiae JCM6051

——Enterobacter asburiae JCM6051 Enterobacter cloacae ATCC13047

\— Enterobacter bugandensis 247BMC bacter LMG2693

g

L——Enterobacter cloacae ATCC13047 Enterobacter Sp. LR6

Enterobacter cancerogenus LMG2693

Enterobacter hormaechei subsp.
xiangfangensis

Cedecea lapagei DSM4587

Pantoea I ans JCM1236

JCM1236

Cedecea lapagei DSM4587
(d) (e)

Figure 2. Graphical circular map of Enterobacter sp. LR6. The green color and gray color represent
the open reading frame and contigs, respectively. The outer circle in orange and blue color shows
predicted antibiotic resistance and protein-coding sequences (a), the table showing its general genome
feature (b), heat map and phylogenetic tree based on (¢) ANI, (d) GGDC distance, and (e) whole-
genome sequence of Enterobacter sp. with its closely related taxa.

Comparative sequence analysis based on 16s RNA is one of the most important
methods for the identification of bacteria and phylogeny construction to determine the
relationship with closely related type strains. The comparison of prokaryotes was previ-
ously only based on their phenotypic similarities, but at present, effective and fast genome
comparison enables more accurate taxonomical positioning. Here, the genome sequence
comparison of LR6 among the closely related type strains was greatly influenced by ad-
vanced genetic methods, including ANI and dDDH. The exponential development in the
field of sequencing technologies and increasing numbers of genome sequences make the
process easy for whole-genome distance determination.
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3.4. Comparative Genome Analysis

The genome comparison between the closely related type strains of LR6 shows the
difference between the genome sizes ranging from 4.6 to 5.3 Mb and GC content from
54.81% to 56.02%. The comparison of genome sequences by using Orthovenn?2 identified
4860 clusters which include 3069 core genome orthologs. The unique proteins in the various
sequences vary from 92 in Enterobacter sp. LR6, 3 in E. hormaechei subsp. xiangfangensis
and E. bugandensis 247BMC, 4 in E. cloacae ATCC13047, 6 in E. cancerogenus JCM6051, to 31
in E. asburiae JCM6051 (Figure 3a). Further comparison of LR6 with closely related species
E. hormaechei subsp. xiangfangensis revealed the sharing of a total of 3816 core genome
orthologs, and the specific gene clusters were 150 and 25, respectively (Figure 3c). The
genome-wide dynamics of Enterobacter sp. LR6 and E. hormaechei subsp. xiangfangensis
was analyzed using the Mauve comparative genome analysis tool. The analysis of these
genomes showed 30 LCBs with a minimum weight of 341 and a maximum of 2,84,730. The
minimum LCB weight could be due to the comparison of the LR6 draft genome with the
complete E. hormaechei subsp. xiangfangensis genome (Figure 3e).

Enterobacter hormaechei subsp. xiangfangensis

(©)

150

Size of each list
Size of each list

e

3966 I

‘ ﬂ ‘ ‘ (d) 1983 ‘
| | 0 L . >

Number of elements: specific (1) or shared by 2, 3, ... lists

Enterobacter hormaechei subsp. xiangfangensis

Number of elements: specific (1) or shared by 2, 3, ... lists

I 5 s | 4

I

2 1(175)

6 5 4 (296) 2 1(139)
3

200000

£ Normaechel subsp. xangfangensis fasta

200000400000

00000 600000 900000 1000000 1200000 140D00 1600000 7600000 2000000 2200000 2400000 2600000 760000 3000000 3200000 3400000 3600000  380D00 4000000 4200000 440B000  460BGOC

4800000 5000000 52000

Figure 3. Venn diagram representing the distribution of unique and shared proteins among
Enterobacter sp. LR6 and closely related genomes (a); the bar plot below the Venn diagram shows
the number of proteins found in each species (b). Distribution of Enterobacter sp. LR6 proteins with
the closest strain E. hormaechei subsp. Xiangfangensis genome (c); the bar plot shows the number
of proteins found in Enterobacter sp. LR6 and E. hormaechei subsp. Xiangfangensis (d). Genome
alignment of Enterobacter sp. LR6 and E. hormaechei subsp. Xiangfangensis genome constructed using
MAUVE showing the genome-wide variation. The local collinear blocks (LCBs) in different colors
represent conserved segment, white areas within LCBs represent regions with low similarity, and the
scale represents the coordinates of each genome. The LCBs present above and below the central black
horizontal line are the forward and reverse orientation, respectively. The rearrangement between the

two genomes is represented by the colored lines (e).
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The comparison of the genome with the closely related type strains showed that
the draft genome of Enterobacter sp. LR6 is larger (5.2 Mb) than the E. hormaechei subsp.
xiangfangensis 4.6 Mb, E. bugandensis 247BMC 4.6 Mb, E. cloacae ATCC13047 4.8 Mb,
E. cancerogenus JCM6051 4.7 Mb, and E. asburiae JCM6051 4.8 Mb; this difference may be
due to the presence of few fragments of plasmid in the genome sequence. Enterobacter sp.
LR6 has a G + C content (54.94%) lower than all related type strains mentioned previously
(55.28, 56.02, 55.03, 55.77, and 55.47%, respectively).

3.5. Functional Annotation of the Genome

As per the RAST annotation, 752 genes were identified for biomolecule metabolism,
which includes 338 genes for carbohydrate metabolism, 227 for protein metabolism, 48 for
fatty acid and lipid metabolism, and 139 for nucleic acid (56 RNA and 83 DNA) metabolism.
The genome of LR6 also contains 149 genes for the metabolism of the different important
materials, including 17 genes for potassium metabolism, 35 for nitrogen metabolism,
25 for sulfur metabolism, 29 for phosphorus metabolism, and 43 for iron acquisition and
metabolism. The genes associated with the different functions such as virulence, disease,
defense, respiration, sporulation, and stress response were also identified in the genome
(Figure S1). Further, a total of 12 phages and 6 prophage regions were identified with the
help of the PHASTER tool (Figure S2). In addition, the Enterobacter sp. LR6 also contains
four clustered regularly interspaced short palindromic repeats (CRISPRs). CRISPRs are
likely to provide acquired resistance to bacteriophages. A total of 723 genes for membrane
transporters were identified by the Transporter Automatic Annotation Pipeline (TransAAP).
A total of 279 ABC transporters, 9 F-ATPase, 9 P-ATPase, 88 MFS, 61 SSPTS, 2 MIPs, and
several other transporters predicted to be involved in the transportation of elements such
as As, zing, iron, and chromium, were identified (Table S1).

3.6. Prediction of Gene Clusters Encoding Secondary Metabolite Stress Tolerance and
Colonization-Related Protein

The genome of Enterobacter sp. LR6 contains secondary metabolite gene clusters
such as NRPS, thiopeptide, redox cofactor, siderophore, and arylpolyene identified using
the antiSMASH 5.0 tool. The total fraction of genes in these clusters includes 38 genes
in the non-ribosomal peptide synthetase (NRPS) cluster, 21 in the thiopeptide, 20 in the
redox cofactor, 10 in the siderophore and 46 in the arylpolyene cluster. The presence of
this useful biosynthetic gene cluster in Enterobacter sp. LR6 helps the bacteria to adapt
to the extreme environment. The Enterobacter sp. LR6 can survive in conditions of up
to 45 °C, 7% salinity, and pH 9 (Figure S3). The members of Enterobacteriaceae have
been identified as an opportunistic pathogens with multidrug resistance [39]; thus, risk
analysis is necessary. The risk of potential pathogenicity of LR6 to human or other animals
was evaluated based on 3-hemolysis activity on sheep blood agar plate (Hi-media). The
-hemolysis activity was absent in the case of LR6 as it did not form any hemolytic zone
around the colony (Figure S4). It is rare to find bacteria that are nonpathogenic and beta-
hemolytic at the same time [40]. The siderophore produced by the bacteria limits the
growth of soil-borne phytopathogens [41]. Aryl polyenes can protect bacteria from reactive
oxygen species [42], the redox cofactor cluster helps in the transformation of different
complex organic compounds [43], and the thiopeptide cluster helps the bacteria and
plants by inhibiting the growth of gram-positive bacteria in the rhizospheric region [44].
The biosynthetic pathways of the secondary metabolites from soil microorganisms are
currently subject to intense efforts due to their high potential in synthetic biochemistry
and agriculture.

3.7. Genetic Potential of Enterobacter sp. LR6 for Survival in Plant Rhizosphere

The process of rhizospheric colonization of any plant-growth-promoting bacteria
to the host plant can be divided into main three processes, (i) movement towards host
plants through chemotaxis, (ii) adhesion to the host surface, and (iii) stress adaptation
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around the root. The genome annotation and comparative genome analysis revealed that
Enterobacter sp. LR6 seems to be very adaptive in the plant rhizosphere.

3.7.1. Movements towards Rhizosphere: Motility /Chemotaxis

The initial step for the colonization involves the movement of bacteria toward the
rhizosphere. Motility is an important characteristic of soil bacteria. Although the bac-
teria in soil can move passively with the water flux, the induction of flagellar activity
by plant-released compounds influences the active movement. The genome of LR6 con-
tains flagellar synthesis operons such as flgNMABCDEFGHIJKL, flhEAB, cheZYBR, cheWA,
motBA, flhCD, fliCDSTEFGHJKLMNOPQR, and fliEFHIJKLMNOPQR which follow a similar
trend to Salmonella enterica subsp. Enterica typhi [45]. Additionally, several genes and
proteins responsible for the chemotaxis activity such as putative chemotaxis protein (cheA),
methyl-accepting chemotaxis sensory transducer (mcp), methyl-accepting chemotaxis cit-
rate transducer (fcp), methyl-accepting chemotaxis protein I (tsr1, tsr2), methyl-accepting
chemotaxis protein II (tarA), methyl-accepting chemotaxis protein III (trg), methyl-accepting
chemotaxis protein IV (tap), and chemotaxis protein (cheZ, cheR, cheV) were identified.

3.7.2. Hemagglutinin

The colonization of the bacteria in the rhizospheric region depends on the variety of
cell surface-associated factors that are responsible for the adhesion of bacteria to the host
surface. The protein that plays an important role in adhesion is filamentous hemagglutinin-
like adhesin [46]. The genome of LR6 encodes a putative hemagglutinin-related protein
responsible for adhesion.

3.7.3. Counteracting the Plant’s Defense mechanisms

The plant may use a variety of defense mechanismss against the soil-borne bacteria,
including the production of reactive oxygen species (ROS) such as hydrogen peroxide,
superoxides, hydroperoxyl radicals, phytoalexins, and nitric oxide. To colonize the rhizo-
spheric region of plants, LR6 has to survive in the harsh oxidative environment around the
rhizosphere of plants. The genome of LR6 possesses three superoxide dismutases, three
catalases, alkyl hydroperoxide reductase, hypoperoxide reductase, and thiol peroxidase
that can protect LR6 from the oxidative stress created by the plant. LR6 is also able to
detoxify free radical nitric oxide and overcome the phytoalexins for successful colonization
of the host rhizosphere (Table 1).

Table 1. The genes predicted to be involved in different stress adaptation mechanismss.

Stress Type Protein Type Genes/Operon/Protein Location Function References
SodA (Mn superoxide
Superoxide dismutase); SodB (Fe sequence(1_2888396_2887776, Provides
d'P t superoxide dismutase); sequence01_1115542_1114961, superoxide [47]
Ismutase and SodC (Cu/Zn sequence01_1123281_1123799 resistance

Oxidative stress

superoxide dismutase)

Catalase KatE, manganese catalase,  sequence01_4550870_4549998, Protection (48]
and KatG sequence01_3881760_3883940 gH2 0,
Organic hydroperoxide Detoxificati
Hydroperoxide  resistance protein, organic sequence01_3509831_3509403, € fOXI ication /
A . of organic [49]
reductases hydroperoxide resistance sequence01_3510368_3509916 h :
o ydroperoxide
transcriptional regulator
Alkyl hydroperoxide
reductase protein F
Alkyl (ahpF), alkyl sequence01_419756_421321, Oxidative stress
hydroperoxide hydroperoxide reductase sequence01_419004_419567, defense [50]
reductase protein C (ahpC), alkyl sequence01_178141_177539

hydroperoxide reductase
subunit C-like protein
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Stress Type Protein Type Genes/Operon/Protein Location Function References
Reduces t-butyl
Thiol ool peroxidase, sequence(1_1694758 1695264, M droperoxide, 511
peroxidases pxtyp el,; 101 peroxiaase, sequence01_2514125_2514595 H;0,, an
cp-type cumene
hydroperoxide
Flavohemoglobin /nitric
Nitricoxide e dioxygenase nitrie - sequence0l 2597555 2598745, Detoxifies free
dioxvzenase | dOX1 Ae re uctc?se sequence01_4699018_4697885, radical nitric [52]
Oxidative stress ye Falia'eljob!z(;i)t;fc luctase, sequence01_4700463_4699015 oxide
reductase flavorubredoxin
Required for
Nitrate Anaerobic nitric oxide the expression
reductase reductase transcription sequence01_4700651_4702165 of anaerobic [53]
regulator NorR nitric oxide
(NO) reductase
RND Export of
transporters AcrAB sequence01_266663_267316 pytoalexins [54]
Arsenate
reductase, sequence01_673660_672371,
resistance sequence01_4740871_4739582, Provides
Arsenic protein ArsB, ArsA sequence31_15724_17007, resistance to [55]
. i’ e sequence01_4734229_4735986, arsenic
ars‘:‘ﬁfp/gggmomte'HJ“ sequence01_4742670_4740919
arsenical pump
Copper sequence01_1510825_1509896,
: sequence01_1931658_1930789, .
resistance Provides
H . CopD, Cop O, CopC, sequence01_1511210_1510830, ;
metal e, COPPeT protein, copper CopB, CueR sequence0] 1932031 1931660, ~ Tesistance to 561
sistance otein sequence01_1512146_1511250, PP
P sequence01_290196_290606
Chromate
reductase Provides
’ 1_4722045_4721 h
chromate transport and ChrA, ChrB :igﬁ:ﬁf:i%l: 4722872: 472?888’ resistance to [57]
resistance chromate
protein
sequence01_543130_542192,
Cobalt, . . . sequence01_1425411_1425686, Cobalt-zinc—
zinc and Zinc transporter ZitB, %iﬁlilﬁsn%rmem’ sequence01_254854_254039, cadmium [58,59]
cadmium 4 sequence01_4727409_4728539, resistance
sequence01_2243421_2243753
Regulates the
RNA degQ and
sequence01_1576112_1575555,
polymerase rpoE sequence0l 2635482 2634907 ~ Support growth [60]
sigma factor at low and high
temperature
Enables
Stress sensor degQ sequence01_4075345_4073978 g}l?gxirtl %;gh [60]
temperature
Temperature stress sequence01_1202383_1202165, Protects the
sequence01_1668932_1668744, bacteria during
Csp family CspB, CspC, CspD, CspE sequence01_1913740_1913531, rapid [61]
sequence01_730174_729953, downshift of
sequence(01_441915_442124 temperature
Involved in
tein foldi
sequence01_824127_823810, Dt refoldine
Hsp family HspQ, HslJ, GrpE sequence01_1671988_1672425, di & [62]
sequence01_3834576_3835169 exprﬁﬁsﬁ m
18
temperature
Changes
mRNA
. Aci i
Acid stress Icalflots etfrelss IbaG sequence01_4123024_4123278 ?ﬁfﬁfﬁlgg [63]

provide acid
resistance
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Table 1. Cont.

Stress Type Protein Type Genes/Operon/Protein Location Function References
sequence01_2972737_2973117,
sequence01_2973126_2973941,
FOF1-ATPase sequence01_2974764_2975297, Induces acid
transporter FOF1-ATPase sequence01_2975310_2976851, tolerance [64]
P sequence01_2976903_2977766, response
sequence01_2977798_2979180,
Acid stress sequence01_2979201_2979620
1
i Leads to
dlzir r%:;:;: o production of
TN sequence01_3548646_3547930, alkaline )
Carﬁ;ﬂig};}ft‘fans_ arcA, arcB sequence01_4107667_4110000  molecules, such [64]
ferase as ammonia to
maintain pH.
A mernbrfine-+
Membrane- sequence01_3565391_3566566, bogﬁg l\g?te/rH
Alkaline stress bound Na*/H* nhaA, nhaB, nhaP2 sequence01_1886487_1888025, t p dant [65]
antiporter sequence01_1879396_1881129 system adapts
the bacteria to
alkaline stress
Osmolarity .
s Mediates
sensory histidine sequence01_2738070_2736724, ~ osmotic stress
Osmotic stress transcriptional EnvZ/OmpR sequence01_2738786_2738067, response in a [66]
res c?n se two-component system sequence01_685891_686598, number of
1 tp OmpR sequence01_1485204_1485944 Gram-negative
e ?a?rf,ily o bacteria

3.7.4. Stress Management

The Enterobacter sp. LR6 genome carries several genes reported to be involved in
several stress adaptations including heavy metal stress, temperature stress, acid stress, and
alkaline stress. In order to combat heavy metal stress, it carries the genes for type ATPase
CopA regulated by CueR, multiple copper oxidase CueO, and an operon that codes for the
copper resistance proteins CopC and CopD. Other heavy metal resistance genes present in
the genome provide resistance to arsenic, such as ArsA and ArsB. The AsrA protein is an
ATPase that associates with AsrB for the formation of an arsenite efflux pump, energized
by ATP hydrolysis. Osmolarity sensory histidine kinase EnvZ and OmpR (transcriptional
response regulator) are the stress sensor proteins that impart the osmotic stress tolerance
to LR6 [66]. Additionally, the genes responsible for acid stress, alkaline stress, and several
other heavy metal stress genes were identified in the genome (Table 1).

3.8. Plant-Growth-Promoting Activity

Plant-growth-promoting activity of the Enterobacter sp. LR6 is related to its phosphate
solubilization and mineralization property. The enzyme responsible for phosphate mineral-
ization, i.e., alkaline phosphatase (phoA), was found in its genome. The other genes that
allow the bacteria to uptake and solubilize were also found in the LR6 genome including
phosphate starvation-inducible protein (phoH), phosphate transport system regulatory
protein (Pholl), pi-specific transporter (pstA, pstB, and pstC), phosphate regulon sensor
protein (PhoR), phosphate regulon transcriptional regulatory protein (PhoB), and glycerol-3-
phosphate ABC transporter (LigpA). Along with the phosphate solubilization gene, LR6
contains a gene that is responsible for the production of enzyme that may have silicase
activity. The silicase enzymes belong to the carbonic anhydrase (CA) family (EC 4.2.1.1).
This enzyme is responsible for the hydration of SiOj, like the hydration reaction of CO, by
CAs [67,68]. Considering the benefits of Si in plants, the increased concentration of soluble
Si in soil can promote their overall growth.

The genome of LR6 also contains the gene responsible for the production of pyruvate
decarboxylase (EC 4.1.1.1) (Table S2), a key enzyme in the biosynthetic pathway for the
production of indole-3-acetic acid. It catalyzes the indole-3-acetaldehyde and carbon
dioxide from indole-3-pyruvic acid [69]. The Enterobacter sp. LR6 is also able to produce
a group of heterogeneous molecules called siderophores that can sequestrate iron. These
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siderophores have an antagonistic effect on the other microorganisms by depriving them of
iron and ultimately protecting the plants from pathogenic infections. The genome of LR6
contains genes for the synthesis of bacterioferritin (bfr), siderophore enterobactin (EntB,
EntS), ferric and ferric-related siderophore receptors (TonB), ferrous iron uptake systems
(FeoAB, EfeUOB), two ABC transporters (sitABCD and fepCGDB) involved in iron uptake,
and outer membrane siderophore receptor (IroN).

A study by A Ramesh, SK Sharma, MP Sharma, N Yadav and OP Joshi [70] emphasized
the role of E. cloacae in soybean plant growth promotion. Hogland medium inoculated with
LR6 significantly improved plant growth compared to the control (Figure 4). However, the
average height of the control shoot (i.e., 81.7 & 1.7 cm) and root (42.3 £ 1.7 cm) was higher
than the SSB-treated shoot and root, i.e., 78.3 & 2.8 and 34.8 =+ 1.5 cm, respectively, but fresh
and dry weight of SSB-treated plant (i.e., 66.8 £ 1.7 and 19.7 & 0.5 g, respectively) was
much higher than the control (i.e., 42.9 £ 1.2 and 16.29 & 0.7 g, respectively) (Figure 4e-h),
which indicates the plant growth promotion potential of LR6.

Soybean seedling

a.

Shoot length

Control

e.

SSB

control Silicate solubilizing control Silicate solubilizing control  Silicate solubilizing
bacteria bacteria bacteria
b. (6
Root length Fresh Weight Dry weight
50 80 25
70
40 & 20
30 50 15
40
20 30 10
10 2 5
10
0 0 0
Control SSB Control SSB Control SSB
f. g. h.

Figure 4. Comparison of control and LR6-treated plant. The 7-day seedlings (a) were transferred to a
customized hydroponic system (b), and the difference was visualized after 30 days (c,d). Comparison
of root, shoot length and fresh weight and dry weight of control vs. silicate-solubilizing bacteria-
treated plants (e-h).

3.9. Identification, Characterization, and Functional Validation of GIpF

Only two AQPs (one AQPZ and one GlpF) were identified in the LR6 genome based
on sequence homology with previously identified AQPs. The CDD search confirms that
both the identified genes belong to the MIP superfamily and contain the NPA (asparagine—
proline-alanine) signature motif. Based on the TMHMM search, both the AQPs contain six
transmembrane helices. Both the AQPs are localized on the inner membrane and cytoplas-
mic membrane based on the Cello and pSortb search, respectively. The AQPZ is a classical
AQP and is responsible for the transportation of water [71], whereas GIpF is responsible
for the transportation of water, glycerol, and metalloids [72,73]. The phylogenetic tree
of aligned GIpF and AqpZ from different bacteria was constructed using the MEGA11
program via the maximum likelihood method (MLM) (Figure S5). The identified GlpF in
Enterobacter showed 89.68% identity with well-characterized E. coli GlpF (Figure 5d). The
structure for LR6 GlpF was generated using Alphafold, and the top-scoring model was
used for further pore feature characterization (Figure 5a). In agreement with other GIpF,
the Ar/R filter consisted of WGFR and formed the size constriction of the pore (Figure 5b).
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In several studies, the involvement of GIpF has been reported in the uptake of several
metalloids such as As (III) and antimony Sb (III) [73]. To validate the involvement of GlpF
in the uptake of silicic acid, the GlpF was heterologously expressed in yeast. As a positive
control, we used Nodulin 26-like Intrinsic Protein (OsNIP2;1), a Si transporter in rice.
The yeast transformants were plated on the medium containing various concentrations
of As (III), GeO,, and boric acid. To study the transport activity of the GlpF in the yeast
heterologous expression system, the minimum lethal concentration of As (III) and GeO,
for the wild-type strain was optimized. The growth of yeast expressing OsNIP2;1 and
GlpF was inhibited on the medium containing 1.25 mM As (III) and 5 mM GeO,, whereas
the control yeast transformed with the empty vector grew at a higher density at the same
concentration (Figure 5c).
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Figure 5. Three-dimensional structure of Enterobacter GlpF. Pore-facing residues are represented in
orange, while the pore-lining residues are in yellow (a). The pore radius for predicted Enterobacter
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GIpF plotted on z coordinates of protein. The position of hydrophilic and hydrophobic residues was
spotted at the corresponding position. The representation of hydrophilic to hydrophobic residue is
shown on green to brown scale using CHAP tool. The region shaded in light blue and orange color
indicate the location of Ar/R residues and NPA motifs (b). Growth of yeast cell expressing aquaporin
homolog of OsNIP2;1, GlpF transformed with pYES2 and empty vector. A total of 10 uL of diluted
yeast transformant (107! to 10~* dilution) was spotted on media containing various concentration of
As (III) and GeO2. The growth was recorded after 4 days at 30 °C (c). Sequence alignment of LR6
GIpF with E. coli GIpF (d).

The structural comparison between the E. coli and LR6 GlpF has shown that both the
GIpF crystallize as a symmetric arrangement of four channels. The monomer of both the
GIpF consists of six transmembrane helices (TMHs) and two half-spanning helices. The
GIpF of both the microorganisms shows a high degree of similarity in terms of selectivity
filters (SFs) such as the presence of W48, G191, F200, and R206 at the same position. The
radius of the Ar/R filter is similar at about 1.9 in the case of LR6 GIpF and around 1.85 in
E. coli GIpF. The GIpF not only facilitates the transport of water, but it can also transport
polyalcohols such as glycerol and metalloids such as As and Sb [73]. A similar trend has
been followed by the LR6 GIpF for the transport of metalloids such as As and Ge.

4. Conclusions

In this study, we isolated the Enterobacter sp. LR6, an SSB from the rhizospheric soil
of rice. LR6 was found to solubilize silica optimally in Bunt and Rovira media. In terms
of its SSI, LR6 can be considered as a moderate silicone solubilizer. Apart from silicate
solubilization potential, the whole-genome sequencing of LR6 performed here highlighted
genes important for several plant-growth-promoting traits such as phosphate-solubilizing
properties and siderophore production, stress adaptation against oxidative stress, acid
stress, alkaline stress, temperature stress, osmotic stress, and heavy metal stress from
arsenic, copper, chromate, cobalt, and zinc. This study emphasized mainly the presence
of genes in SSB potentially responsible for bacterial movement towards the rhizosphere,
its colonization, plant growth promotion, and Si uptake. The bacterial aquaporin GlpF
is involved in the uptake of As (III) and GeO,. The uptake of GeO, by the LR6 GIpF
confirmed by the yeast assay also indicate the possibility of Si transport through GIpF. LR6
was assessed for potential pathogenicity based on its 3-hemolysis activity. The 3-hemolytic
activity in LR6 was absent as there was no hemolytic zone around the colony. In spite of
this, Enterobacteriaceae members are known to be opportunistic pathogens; hence, further
risk analysis is required. In addition, LR6 was found to tolerate high temperature, salinity,
and higher pH. Therefore, LR6 can provide a sustainable solution to improve crop yield.
In addition, the comprehensive genome sequencing information of the Enterobacter sp.
LR6 provided a landscape highlighting genes involved in silicate solubilization, stress
tolerance, and growth-promoting activity. The information provided here will serve as a
basis for understanding molecular mechanismss involved in silicate-solubilizing activity
of LR6. Specifically, the LR6 genomic sequence will serve as valuable resource for gene
identification. Similarly, the information will be helpful to exploring SSB as a biofertilizer.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/cells11223622 /51, Figure S1: Subsystem distribution and feature counts
of various category in Enterobacter sp. LR6 genome; Figure S2: The view of detected prophage area
in the genome of Enterobacter sp. LR6 by using PHASTER tool; Figure S3: Growth optimization of
Enterobacter sp. LR6 at different temperature (a), salinity (b), and pH (c); Figure S4: Pathogenicity
testing using sheep blood agar plate, the absence of hemolytic zone around colony indicate LR6 is
nonpathogenic; Figure S5: The phylogenetic tree constructed using maximum likelihood methods
to elucidate the evolutionary relationship between GlpF and AQPZ sequences of different bacteria;
Table S1: List of all the predicted transporters present in LR6 genome; Table S2: Presence of important
genes and their location in LR6 genome.


https://www.mdpi.com/article/10.3390/cells11223622/s1
https://www.mdpi.com/article/10.3390/cells11223622/s1

Cells 2022, 11, 3622 16 of 19

Author Contributions: G.R.—Data curation, Methodology, Formal Analysis, and Writing—Original
Draft; Y.S.,, RM., SK. and N.R—Methodology and Formal Analysis, H.D., D.K.T., H.S., TR.S. and
R.D.—Review and Editing; R.D.—Conceptualization, Resources, Review and editing, Supervision.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Department of Biotechnology (DBT), Government of India
(Gol), for the Ramalingaswami Fellowship Award to R.D. and H.S. and grants BT /PR32853/AGIIL/
103/1159/2019 and BT/PR38279/GET/119/351/2020 to R.D., H.S., and T.R.S.; The Science and Engi-
neering Research Board (SERB), India, Department of Science and Technology (DST), Government
of India (Gol), for the JC Bose Fellowship to T.R.S. and research grant CRG/2019/006599 awarded
to R.D., H.S. and T.R.S.; and the University Grants Commission (UGC) for the Senior Research
Fellowship to G.R.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The 16s TRNA gene sequence and draft genome sequence of the
Enterobacter sp. LR6 were submitted to NCBI with the accession numbers ON479461 and
JAMZAU000000000, respectively.

Acknowledgments: The authors are thankful to the Department of Biotechnology (DBT), Gov-
ernment of India (Gol), for the Ramalingaswami Fellowship Award to R.D. and H.S. and grants
BT /PR32853/AGIII/103/1159/2019 and BT /PR38279/GET/119/351/2020 to R.D., H.S. and T.R.S;
The Science and Engineering Research Board (SERB), India, Department of Science and Technol-
ogy (DST), Government of India (GolI), for the JC Bose Fellowship to T.R.S. and research grant
CRG/2019/006599 awarded to R.D., H.S. and T.R.S.; and the University Grants Commission (UGC)
for the Senior Research Fellowship to G.R.

Conflicts of Interest: The authors declare no known financial or personal conflict of interest to
influence the research presented in the paper.

References

1.

10.

11.

12.

13.

Kang, S.-M.; Waqas, M.; Shahzad, R.; You, Y.-H.; Asaf, S.; Khan, M.A ; Lee, K.-E.; Joo, G.-]J.; Kim, S.-].; Lee, I.-]. Isolation and
characterization of a novel silicate-solubilizing bacterial strain Burkholderia eburnea CS4-2 that promotes growth of japonica rice
(Oryza sativa L. cv. Dongjin). Soil Sci. Plant Nutr. 2017, 63, 233-241.

Sahebi, M.; Hanafi, M.M.; Siti Nor Akmar, A.; Rafii, M.Y.; Azizi, P.; Tengoua, F; Nurul Mayzaitul Azwa, J.; Shabanimofrad, M.
Importance of silicon and mechanismss of biosilica formation in plants. BioMed Res. Int. 2015, 2015, 396010. [CrossRef] [PubMed]
Raturi, G.; Sharma, Y,; Rana, V.; Thakral, V.; Myaka, B.; Salvi, P.; Singh, M.; Dhar, H.; Deshmukh, R. Exploration of silicate
solubilizing bacteria for sustainable agriculture and silicon biogeochemical cycle. Plant Physiol. Biochem. 2021, 166, 827-838.
[CrossRef]

Chandrakala, C.; Voleti, S.; Bandeppa, S.; Sunil Kumar, N.; Latha, P. Silicate solubilization and plant growth promoting potential
of Rhizobium sp. isolated from rice rhizosphere. Silicon 2019, 11, 2895-2906. [CrossRef]

Vasanthi, N.; Saleena, L.M.; Raj, S.A. Silicon in day today life. World Appl. Sci. ]. 2012, 17, 1425-1440.

Fauteux, F.; Rémus-Borel, W.; Menzies, ].G.; Bélanger, R.R. Silicon and plant disease resistance against pathogenic fungi. FEMS
Microbiol. Lett. 2005, 249, 1-6. [CrossRef]

Ahammed, G.J.; Yang, Y. mechanismss of silicon-induced fungal disease resistance in plants. Plant Physiol. Biochem. 2021, 165,
200-206. [CrossRef]

Deshmukh, R.K,; Sonah, H.; Bélanger, R.R. Plant Aquaporins: Genome-wide identification, transcriptomics, proteomics, and
advanced analytical tools. Front. Plant Sci. 2016, 7, 1896. [CrossRef]

Raturi, G.; Kumawat, S.; Mandlik, R.; Duhan, D.; Thakral, V.; Sudhakaran, S.; Ram, C.; Sonah, H.; Deshmukh, R. Deciphering the
Role of Aquaporins Under Different Abiotic Stress Conditions in Watermelon (Citrullus lanatus). ]. Plant Growth Regul. 2022, 1-13.
[CrossRef]

Meli, R.; Pirozzi, C.; Pelagalli, A. New perspectives on the potential role of aquaporins (AQPs) in the physiology of inflammation.
Front. Physiol. 2018, 9, 101. [CrossRef]

Pettersson, N.; Filipsson, C.; Becit, E.; Brive, L.; Hohmann, S. Aquaporins in yeasts and filamentous fungi. Biol. Cell 2005, 97,
487-500. [CrossRef]

Kayingo, G.; Bill, R.M.; Calamita, G.; Hohmann, S.; Prior, B.A. Microbial water channels and glycerol facilitators. Curr. Top.
Membr. 2001, 51, 335-370.

Tong, H.; Hu, Q.; Zhu, L.; Dong, X. Prokaryotic aquaporins. Cells 2019, 8, 1316. [CrossRef] [PubMed]


http://doi.org/10.1155/2015/396010
http://www.ncbi.nlm.nih.gov/pubmed/25685787
http://doi.org/10.1016/j.plaphy.2021.06.039
http://doi.org/10.1007/s12633-019-0079-2
http://doi.org/10.1016/j.femsle.2005.06.034
http://doi.org/10.1016/j.plaphy.2021.05.031
http://doi.org/10.3389/fpls.2016.01896
http://doi.org/10.1007/s00344-022-10776-1
http://doi.org/10.3389/fphys.2018.00101
http://doi.org/10.1042/BC20040144
http://doi.org/10.3390/cells8111316
http://www.ncbi.nlm.nih.gov/pubmed/31653102

Cells 2022, 11, 3622 17 of 19

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Elhaissoufi, W.; Ghoulam, C.; Barakat, A.; Zeroual, Y.; Bargaz, A. Phosphate bacterial solubilization: A key rhizosphere driving
force enabling higher P use efficiency and crop productivity. J. Adv. Res. 2021, 38, 13-28. [CrossRef]

Kwak, Y.; Park, G.-S.; Shin, J.-H. High quality draft genome sequence of the type strain of Pseudomonas lutea OK2T, a phosphate-
solubilizing rhizospheric Bacteria. Stand. Genom. Sci. 2016, 11, 1-10. [CrossRef]

Uroz, S.; Picard, L.; Turpault, M.-P. Recent progress in understanding the ecology and molecular genetics of soil mineral
weathering bacteria. Trends Microbiol. 2022, 30, 882-897. [CrossRef] [PubMed]

Bist, V.; Niranjan, A.; Ranjan, M.; Lehri, A.; Seem, K.; Srivastava, S. Silicon-solubilizing media and its implication for characteriza-
tion of bacteria to mitigate biotic stress. Front. Plant Sci. 2020, 11, 28. [CrossRef]

Premono, M.E.; Moawad, A.; Vlek, P. Effect of phosphate-solubilizing Pseudomonas putida on the growth of maize and its
survival in the rhizosphere. Indones. J. Crop Sci. 1996, 11, 13.

Heuer, H.; Krsek, M.; Baker, P; Smalla, K.; Wellington, E. Analysis of actinomycete communities by specific amplification of genes
encoding 165 rRNA and gel-electrophoretic separation in denaturing gradients. Appl. Environ. Microbiol. 1997, 63, 3233-3241.
[CrossRef]

Sanger, F.; Nicklen, S.; Coulson, A.R. DNA sequencing with chain-terminating inhibitors. Proc. Natl. Acad. Sci. USA 1977, 74,
5463-5467. [CrossRef]

Tamura, K.; Stecher, G.; Kumar, S. MEGA11: Molecular evolutionary genetics analysis version 11. Mol. Biol. Evol. 2021, 38,
3022-3027. [CrossRef]

Andrews, S. FastQC: A Quality Control Tool for High throughput Sequence Data. 2010. Available online: https://www.
bioinformatics.babraham.ac.uk/projects/fastqc/ (accessed on 5 May 2022).

Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics 2014, 30, 2114-2120.
[CrossRef]

Grazziotin, A.L.; Vidal, N.M.; Hoepers, P.G.; Reis, T.E; Mesa, D.; Caron, L.E,; Ingberman, M.; Beirao, B.C.; Zuffo, ].P; Fonseca, B.B.
Comparative genomics of a novel clade shed light on the evolution of the genus Erysipelothrix and characterise an emerging
species. Sci. Rep. 2021, 11, 3383.

Yoon, S.-H.; Ha, S.-M.; Lim, J.; Kwon, S.; Chun, J. A large-scale evaluation of algorithms to calculate average nucleotide identity.
Antonie Van Leeuwenhoek 2017, 110, 1281-1286. [CrossRef] [PubMed]

Lee, I; Kim, Y.O; Park, S.-C.; Chun, J. OrthoANI: An improved algorithm and software for calculating average nucleotide identity.
Int. ]. Syst. Evol. Microbiol. 2016, 66, 1100-1103. [CrossRef] [PubMed]

Bertels, F,; Silander, O.K.; Pachkov, M.; Rainey, P.B.; Van Nimwegen, E. Automated reconstruction of whole-genome phylogenies
from short-sequence reads. Mol. Biol. Evol. 2014, 31, 1077-1088. [CrossRef]

Grissa, I.; Vergnaud, G.; Pourcel, C. CRISPRFinder: A web tool to identify clustered regularly interspaced short palindromic
repeats. Nucleic Acids Res. 2007, 35, W52-W57. [CrossRef]

Blin, K.; Shaw, S.; Steinke, K.; Villebro, R.; Ziemert, N.; Lee, S.Y.; Medema, M.H.; Weber, T. antiSMASH 5.0: Updates to the
secondary metabolite genome mining pipeline. Nucleic Acids Res. 2019, 47, W81-W87. [CrossRef]

Klesse, G.; Rao, S.; Sansom, M.S.; Tucker, S.J. CHAP: A versatile tool for the structural and functional annotation of ion channel
pores. J. Mol. Biol. 2019, 431, 3353-3365. [CrossRef]

Gietz, R.D.; Schiestl, R. H.; Willems, A.R.; Woods, R.A. Studies on the transformation of intact yeast cells by the LiAc/SS-DNA/PEG
procedure. Yeast 1995, 11, 355-360. [CrossRef]

Pommerrenig, B.; Diehn, T.A.; Bernhardt, N.; Bienert, M.D.; Mitani-Ueno, N.; Fuge, ].; Bieber, A.; Spitzer, C.; Brautigam, A.;
Ma, J.E. Functional evolution of nodulin 26-like intrinsic proteins: From bacterial arsenic detoxification to plant nutrient transport.
New Phytol. 2020, 225, 1383-1396. [CrossRef]

Santi, L.; Goenadi, D. Solubilization of silicate from quartz mineral by potential silicate solubilizing bacteria (Pelarutan silika asal
mineral kuarsa oleh bakteri pelarut silika potensial). E-]. Menara Perkeb. 2017, 85, 2. [CrossRef]

Pande, A.; Kaushik, S.; Pandey, P.; Negi, A. Isolation, characterization, and identification of phosphate-solubilizing Burkholderia
cepacia from the sweet corn cv. Golden Bantam rhizosphere soil and effect on growth-promoting activities. Int. J. Veg. Sci. 2020,
26, 591-607. [CrossRef]

Trujillo, M.E.; Bacigalupe, R.; Pujic, P; Igarashi, Y.; Benito, P.; Riesco, R.; Medigue, C.; Normand, P. Genome features of the
endophytic actinoBacteria Micromonospora lupini strain Lupac 08: On the process of adaptation to an endophytic life style? PLoS
ONE 2014, 9, €108522. [CrossRef]

Lee, ZM.-P; Bussema III, C.; Schmidt, T.M. rrn DB: Documenting the number of rRNA and tRNA genes in bacteria and archaea.
Nucleic Acids Res. 2009, 37, D489-D493. [CrossRef]

Shrestha, PM.; Noll, M.; Liesack, W. Phylogenetic identity, growth-response time and rRNA operon copy number of soil bacteria
indicate different stages of community succession. Environ. Microbiol. 2007, 9, 2464-2474. [CrossRef]

Richter, M.; Rossell6-Mora, R. Shifting the genomic gold standard for the prokaryotic species definition. Proc. Natl. Acad. Sci.
USA 2009, 106, 19126-19131. [CrossRef]

Annavajhala, M.K.; Gomez-Simmonds, A.; Uhlemann, A.-C. Multidrug-resistant Enterobacter cloacae complex emerging as a
global, diversifying threat. Front. Microbiol. 2019, 10, 44. [CrossRef]

Sum, R.; Swaminathan, M.; Rastogi, S.K.; Piloto, O.; Cheong, I. Beta-hemolytic bacteria selectively trigger liposome lysis, enabling
rapid and accurate pathogen detection. ACS Sens. 2017, 2, 1441-1451. [CrossRef]


http://doi.org/10.1016/j.jare.2021.08.014
http://doi.org/10.1186/s40793-016-0173-7
http://doi.org/10.1016/j.tim.2022.01.019
http://www.ncbi.nlm.nih.gov/pubmed/35181182
http://doi.org/10.3389/fpls.2020.00028
http://doi.org/10.1128/aem.63.8.3233-3241.1997
http://doi.org/10.1073/pnas.74.12.5463
http://doi.org/10.1093/molbev/msab120
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://doi.org/10.1093/bioinformatics/btu170
http://doi.org/10.1007/s10482-017-0844-4
http://www.ncbi.nlm.nih.gov/pubmed/28204908
http://doi.org/10.1099/ijsem.0.000760
http://www.ncbi.nlm.nih.gov/pubmed/26585518
http://doi.org/10.1093/molbev/msu088
http://doi.org/10.1093/nar/gkm360
http://doi.org/10.1093/nar/gkz310
http://doi.org/10.1016/j.jmb.2019.06.003
http://doi.org/10.1002/yea.320110408
http://doi.org/10.1111/nph.16217
http://doi.org/10.22302/iribb.jur.mp.v85i2.247
http://doi.org/10.1080/19315260.2019.1692121
http://doi.org/10.1371/journal.pone.0108522
http://doi.org/10.1093/nar/gkn689
http://doi.org/10.1111/j.1462-2920.2007.01364.x
http://doi.org/10.1073/pnas.0906412106
http://doi.org/10.3389/fmicb.2019.00044
http://doi.org/10.1021/acssensors.7b00333

Cells 2022, 11, 3622 18 of 19

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.
68.

Scavino, A.F; Pedraza, R.O. The role of siderophores in plant growth-promoting bacteria. In Bacteria in Agrobiology: Crop
Productivity; Springer: Berlin/Heidelberg, Germany, 2013; pp. 265-285.

Schoner, T.A.; Gassel, S.; Osawa, A.; Tobias, N.J.; Okuno, Y.; Sakakibara, Y.; Shindo, K.; Sandmann, G.; Bode, H.B. Aryl polyenes, a
highly abundant class of bacterial natural products, are functionally related to antioxidative carotenoids. ChemBioChem 2016, 17,
247-253. [CrossRef]

Ney, B.; Ahmed, EH.; Carere, C.R.; Biswas, A.; Warden, A.C.; Morales, S.E.; Pandey, G.; Watt, S.J.; Oakeshott, ].G.; Taylor, M.C. The
methanogenic redox cofactor F420 is widely synthesized by aerobic soil bacteria. ISME J. 2017, 11, 125-137. [CrossRef] [PubMed]
Aggarwal, E.; Chauhan, S.; Sareen, D. Thiopeptides encoding biosynthetic gene clusters mined from bacterial genomes. J. Biosci.
2021, 46, 1-12. [CrossRef]

van der Lelie, D.; Taghavi, S.; Monchy, S.; Schwender, J.; Miller, L.; Ferrieri, R.; Rogers, A.; Wu, X.; Zhu, W.; Weyens, N. Poplar
and its bacterial endophytes: Coexistence and harmony. Crit. Rev. Plant Sci. 2009, 28, 346-358. [CrossRef]

Gottig, N.; Garavaglia, B.S.; Garofalo, C.G.; Orellano, E.G.; Ottado, ]. A filamentous hemagglutinin-like protein of Xanthomonas
axonopodis pv. citri, the phytopathogen responsible for citrus canker, is involved in bacterial virulence. PLoS ONE 2009, 4, e4358.
[CrossRef] [PubMed]

Najmuldeen, H.; Alghamdi, R.; Alghofaili, F; Yesilkaya, H. Functional assessment of microbial superoxide dismutase isozymes
suggests a differential role for each isozyme. Free. Radic. Biol. Med. 2019, 134, 215-228. [CrossRef]

Katsuwon, ].; Anderson, A. Response of plant-colonizing pseudomonads to hydrogen peroxide. Appl. Environ. Microbiol. 1989, 55,
2985-2989. [CrossRef]

Shea, R.J.; Mulks, M.H. ohr, Encoding an organic hydroperoxide reductase, is an in vivo-induced gene in Actinobacillus
pleuropneumoniae. Infect. Immun. 2002, 70, 794-802. [CrossRef]

Rocha, E.R.; Smith, C.J. Role of the alkyl hydroperoxide reductase (ahpCF) gene in oxidative stress defense of the obligate
anaerobe Bacteroides fragilis. J. Bacteriol. 1999, 181, 5701-5710. [CrossRef]

Rho, B.-S.; Hung, L.-W.; Holton, ].M.; Vigil, D.; Kim, S.-I.; Park, M.S.; Terwilliger, T.C.; Pédelacq, J.-D. Functional and structural
characterization of a thiol peroxidase from MycoBacteria tuberculosis. . Mol. Biol. 2006, 361, 850-863. [CrossRef]

Poole, R.K. Flavohaemoglobin: The pre-eminent nitric oxide-detoxifying machine of microorganisms. F1000Research 2020, 9, 7.
[CrossRef]

Gardner, A.M.; Gessner, C.R.; Gardner, PR. Regulation of the Nitric Oxide Reduction Operon (norRVW) in Escherichia coli: ROLE
OF NorR AND ¢54 IN THE NITRIC OXIDE STRESS RESPONSE. |. Biol. Chem. 2003, 278, 10081-10086. [CrossRef]

Burse, A.; Weingart, H.; Ullrich, M.S. The phytoalexin-inducible multidrug efflux pump AcrAB contributes to virulence in the fire
blight pathogen, Erwinia amylovora. Mol. Plant-Microbe Interact. 2004, 17, 43-54. [CrossRef]

Ben Fekih, I.; Zhang, C.; Li, Y.P,; Zhao, Y.; Alwathnani, H.A.; Saquib, Q.; Rensing, C.; Cervantes, C. Distribution of arsenic
resistance genes in prokaryotes. Front. Microbiol. 2018, 9, 2473. [CrossRef]

Williams, C.L.; Neu, H.M.; Alamneh, Y.A.; Reddinger, R.M.; Jacobs, A.C.; Singh, S.; Abu-Taleb, R.; Michel, S.L.; Zurawski, D.V,;
Merrell, D.S. Characterization of Acinetobacter baumannii copper resistance reveals a role in virulence. Front. Microbiol. 2020,
11, 16. [CrossRef]

Thatoi, H.; Das, S.; Mishra, J.; Rath, B.P,; Das, N. Bacterial chromate reductase, a potential enzyme for bioremediation of hexavalent
chromium: A review. . Environ. Manag. 2014, 146, 383-399. [CrossRef]

Lee, S.M,; Grass, G.; Haney, C.J.; Fan, B.; Rosen, B.P.; Anton, A.; Nies, D.H.; Rensing, C. Functional analysis of the Escherichia coli
zinc transporter ZitB. FEMS Microbiol. Lett. 2002, 215, 273-278. [CrossRef]

Osman, D.; Cooke, A.; Young, T.R.; Deery, E.; Robinson, N.J.; Warren, M.J. The requirement for cobalt in vitamin B12: A paradigm
for protein metalation. Biochim. et Biophys. Acta (BBA)-Mol. Cell Res. 2021, 1868, 118896. [CrossRef]

Dai, J.; Wei, H.; Tian, C.; Damron, EH.; Zhou, J.; Qiu, D. An extracytoplasmic function sigma factor-dependent periplasmic
glutathione peroxidase is involved in oxidative stress response of Shewanella oneidensis. BMC Microbiol. 2015, 15, 34. [CrossRef]
Keto-Timonen, R.; Hietala, N.; Palonen, E.; Hakakorpi, A.; Lindstrom, M.; Korkeala, H. Cold shock proteins: A minireview with
special emphasis on Csp-family of enteropathogenic Yersinia. Front. Microbiol. 2016, 7, 1151. [CrossRef]

Maleki, F.; Khosravi, A.; Nasser, A.; Taghinejad, H.; Azizian, M. Bacterial heat shock protein activity. J. Clin. Diagn. Res. JCDR
2016, 10, BEO1. [CrossRef]

Guinote, I.B.; Moreira, R.N.; Freire, P.; Arraiano, C.M. Characterization of the BolA homolog IbaG: A new gene involved in acid
resistance. J. Microbiol. Biotechnol. 2012, 22, 484-493. [CrossRef] [PubMed]

Shabayek, S.; Spellerberg, B. Acid stress response mechanismss of group B streptococci. Front. Cell. Infect. Microbiol. 2017, 7, 395.
[CrossRef] [PubMed]

Chaudhary, A.; Ketkar, O.A; Irfan, S.; Rana, V.; Rahi, P; Deshmukh, R.; Kaur, J.; Dhar, H. Genomic Insights into Omega-3
Polyunsaturated Fatty Acid Producing Shewanella sp. N2AIL from Fish Gut. Biology 2022, 11, 632. [CrossRef] [PubMed]

Yuan, J.; Wei, B.; Shi, M.; Gao, H. Functional assessment of EnvZ/OmpR two-component system in Shewanella oneidensis.
PLoS ONE 2011, 6, €23701. [CrossRef]

Toender, J.; Borchert, M. Use of Enzymes Having Silicase Activity. Novozymes AS US8822188B2, 2 September 2009.

Kaur, P; Sharma, A.; Bhardwaj, N.K,; Singh, A.; Dalal, S.; Sharma, J. A novel, simple, and quick plate assay to screen silicolytic
bacteria and silicase production using different substrates. Bioresour. Technol. Rep. 2022, 17, 100971. [CrossRef]


http://doi.org/10.1002/cbic.201500474
http://doi.org/10.1038/ismej.2016.100
http://www.ncbi.nlm.nih.gov/pubmed/27505347
http://doi.org/10.1007/s12038-021-00158-2
http://doi.org/10.1080/07352680903241204
http://doi.org/10.1371/journal.pone.0004358
http://www.ncbi.nlm.nih.gov/pubmed/19194503
http://doi.org/10.1016/j.freeradbiomed.2019.01.018
http://doi.org/10.1128/aem.55.11.2985-2989.1989
http://doi.org/10.1128/IAI.70.2.794-802.2002
http://doi.org/10.1128/JB.181.18.5701-5710.1999
http://doi.org/10.1016/j.jmb.2006.05.076
http://doi.org/10.12688/f1000research.20563.1
http://doi.org/10.1074/jbc.M212462200
http://doi.org/10.1094/MPMI.2004.17.1.43
http://doi.org/10.3389/fmicb.2018.02473
http://doi.org/10.3389/fmicb.2020.00016
http://doi.org/10.1016/j.jenvman.2014.07.014
http://doi.org/10.1111/j.1574-6968.2002.tb11402.x
http://doi.org/10.1016/j.bbamcr.2020.118896
http://doi.org/10.1186/s12866-015-0357-0
http://doi.org/10.3389/fmicb.2016.01151
http://doi.org/10.7860/JCDR/2016/14568.7444
http://doi.org/10.4014/jmb.1107.07037
http://www.ncbi.nlm.nih.gov/pubmed/22534295
http://doi.org/10.3389/fcimb.2017.00395
http://www.ncbi.nlm.nih.gov/pubmed/28936424
http://doi.org/10.3390/biology11050632
http://www.ncbi.nlm.nih.gov/pubmed/35625360
http://doi.org/10.1371/journal.pone.0023701
http://doi.org/10.1016/j.biteb.2022.100971

Cells 2022, 11, 3622 19 of 19

69.

70.

71.

72.

73.

Schiitz, A.; Golbik, R.; Tittmann, K.; Svergun, D.I.; Koch, M.H.; Hiibner, G.; Konig, S. Studies on structure-function relationships
of indolepyruvate decarboxylase from Enterobacter cloacae, a key enzyme of the indole acetic acid pathway. Eur. J. Biochem. 2003,
270, 2322-2331. [CrossRef]

Ramesh, A.; Sharma, S.K.; Sharma, M.P; Yadav, N.; Joshi, O.P. Plant growth-promoting traits in Enterobacter cloacae subsp.
dissolvens MDSR9 isolated from soybean rhizosphere and its impact on growth and nutrition of soybean and wheat upon
inoculation. Agric. Res. 2014, 3, 53-66. [CrossRef]

Calamita, G. The Escherichia coli aquaporin-Z water channel: MicroReview. Mol. Microbiol. 2000, 37, 254-262. [CrossRef]
Jensen, M.@J.; Park, S.; Tajkhorshid, E.; Schulten, K. Energetics of glycerol conduction through aquaglyceroporin GIpF. Proc. Natl.
Acad. Sci. USA 2002, 99, 6731-6736. [CrossRef]

Meng, Y.-L.; Liu, Z.; Rosen, B.P. As (III) and Sb (III) uptake by GIpF and efflux by ArsB in Escherichia coli. ]. Biol. Chem. 2004, 279,
18334-18341. [CrossRef]


http://doi.org/10.1046/j.1432-1033.2003.03602.x
http://doi.org/10.1007/s40003-014-0100-3
http://doi.org/10.1046/j.1365-2958.2000.02016.x
http://doi.org/10.1073/pnas.102649299
http://doi.org/10.1074/jbc.M400037200

	Introduction 
	Materials and Methods 
	Identification and Phylogenetic Analysis of Bacterial Strain 
	Genome Sequencing and De Novo Assembly 
	Whole-Genome-Based Taxonomic Analysis 
	Gene Prediction and Functional Annotation 
	Comparative Genomic Analysis 
	Identification, Characterization, and 3D Structure of Aquaporin 
	Functional Validation of GlpF for Metalloid Transportation 
	Effect of LR6 on Plant Growth 
	Data Availability 

	Results and Discussion 
	Silicate-Solubilizing Activity of Enterobacter sp. LR6 
	Genome Structural Feature 
	Phylogenetic and Taxogenomic Analysis 
	Comparative Genome Analysis 
	Functional Annotation of the Genome 
	Prediction of Gene Clusters Encoding Secondary Metabolite Stress Tolerance and Colonization-Related Protein 
	Genetic Potential of Enterobacter sp. LR6 for Survival in Plant Rhizosphere 
	Movements towards Rhizosphere: Motility/Chemotaxis 
	Hemagglutinin 
	Counteracting the Plant’s Defense mechanisms 
	Stress Management 

	Plant-Growth-Promoting Activity 
	Identification, Characterization, and Functional Validation of GlpF 

	Conclusions 
	References

