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A newly isolated bacterium Acinetobacter pittii S-30 was recovered from
waste-contaminated soil in Ranchi, India. The isolated bacterium belongs to
the ESKAPE organisms which represent the major nosocomial pathogens that
exhibit high antibiotic resistance. Furthermore, average nucleotide identity (ANI)
analysis also showed its closest match (>95%) to other A. pittii genomes.
The isolate showed metal-resistant behavior and was able to survive up
to 5 mM of ZnSO4. Whole genome sequencing and annotations revealed
the occurrence of various genes involved in stress protection, motility, and
metabolism of aromatic compounds. Moreover, genome annotation identified
the gene clusters involved in secondary metabolite production (biosynthetic
gene clusters) such as arylpolyene, acinetobactin like NRP-metallophore,
betalactone, and hserlactone-NRPS cluster. The metabolic potential of A. pittii
S-30 based on cluster of orthologous, and Kyoto Encyclopedia of Genes
and Genomes indicated a high number of genes related to stress protection,
metal resistance, and multiple drug-efflux systems etc., which is relatively rare
in A. pittii strains. Additionally, the presence of various carbohydrate-active
enzymes such as glycoside hydrolases (GHs), glycosyltransferases (GTs), and
other genes associated with lignocellulose breakdown suggests that strain S-30
has strong biomass degradation potential. Furthermore, an analysis of genetic
diversity and recombination in A. pittii strains was performed to understand
the population expansion hypothesis of A. pittii strains. To our knowledge, this
is the first report demonstrating the detailed genomic characterization of a
heavy metal-resistant bacterium belonging to A. pittii. Therefore, the A. pittii S-
30 could be a good candidate for the promotion of plant growth and other
biotechnological applications.
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Introduction

The genus Acinetobacter was first reported by Brisou
and Prevot (1954) and members are known as high-priority
nosocomial pathogens responsible for severe infections among
immunocompromised patients (Howard et al, 2012). The
infections caused by Acinetobacter spp. seem untreatable as these
microorganisms exhibit high potential to develop resistance
to a wide range of antibiotics (Wong et al., 2019). Among the
Acinetobacter genus, A. pittii is a close relative of Acinetobacter
baumanii which is increasingly recognized as a significant cause
of hospital-acquired infections (HAI) (Chusri et al., 2014) and
is an opportunistic pathogen capable of causing a potentially
fatal infection (Wisplinghoff et al., 2012; Chusri et al, 2014).
Acinetobacter spp. along with Enterococcus faecium, Staphylococcus
aureus, Klebsiella pneumoniae, Pseudomonas aeruginosa, and
Enterobacter spp. belongs to the ESKAPE pathogens. These
ESKAPE pathogens are also found in beach sand and intertidal
beach water, wastewater systems like industrial and municipal,
raw and ready-to-eat foods, and soils of human dumpsites. It was
reported that around 46.4% of ESKAPE bacteria are from hospitals,
sewerage plants, and pharmaceutical factories, resistant to many
antibiotics (Hrenovic et al., 2017; Amarasiri et al., 2020). ESKAPE
pathogens develop resistant mechanism against many antibiotics
such as lipopeptides, PB-lactams, macrolides, oxazolidinones,
fluoroquinolones, tetracyclines, and other antibiotic combinations
are through genetic mutation as well as acquisition of mobile
genetic elements (MGEs) (Beatson and Walker, 2014; Naylor
et al,, 2018). The most common AMR (antimicrobial resistance)
mechanism is that ESKAPE pathogens produce enzymes that
irreversibly destroy or neutralize antibiotics. These enzymes
belong to Gram-negative pathogens and act by a mechanism
like destroying active antibiotic sites and also modifying the key
elements of antibiotics to inhibit bacterial target site interaction
(De Oliveira et al., 2020).

A recent study demonstrated that A. pittii was the dominant
species causing invasive Acinetobacter infection in Japan (Kiyasu
et al., 2020); however, studies have shown that a few of the
Acinetobacter species have also been recovered from various
environmental sources such as activated sludge, sewage, dump sites,
raw wastewater, and hydrocarbon-contaminated areas (Doughari
etal, 2011). Moreover, the contamination of the environment with
heavy metals and other pollutants poses a serious threat to human
health and the environment. At low levels, heavy metals show
high toxicity against most microorganisms (Lemire et al., 2013),
however, microorganisms including bacteria have evolved several
molecular mechanisms in order to cope with heavy metal toxicity
(Lemire et al., 2013). A. pittii is a Biosafety Level (BSL) 2 pathogen
capable of causing potentially fatal infection, most commonly in
immunocompromised patients in clinical settings. The findings
of A. pittii from the International Space Station (ISS) illustrate
its potential for human infection in this extreme environment
(Urbaniak et al., 2021). This indicates a propensity for rapid
adaptation to conditions aboard the ISS and acquiring additional
genes that could contribute to antibiotic resistance. Previous
studies showed that MDR (multidrug resistance) A. pittii including
those resistant to antibiotics such as quinolones, carbapenems,
penicillins, and cephalosporins was reported across continents

Frontiers in Microbiology

10.3389/fmicb.2024.1351161

(Brasiliense et al., 2019; Cosgaya et al., 2019; Chopjitt et al., 2021).
More than 50 A. pittii genome sequences are available on the
National Center of Biotechnology Information (NCBI), however,
less than 5% are of environmental strains. The present study will fill
the gap in genomic studies of environmental isolates of A. pittii.

The annotation of biosynthetic gene clusters (BGCs) in
microbes provides important information about the distribution
of various genes for secondary metabolite production, which can
be useful for the identification of potent industrially relevant
strains with novel and/or improved functionality (Dickschat,
2016). Furthermore, the use of genetic engineering and genome
editing can be used to develop industrial-relevant strains for their
wide applications. The microbe-produced secondary metabolites
support the bacterial growth and development of the host as well
as confer protection against infections (Osbourn, 2010). These
BGCs include the NRPSs (nonribosomal peptide synthetases),
PKSs (polyketide synthase), and RiPPs (ribosomally synthesized
and post-translationally modified peptides) (Weber et al., 2015).
Additionally, these BGCs explore information about the genes
encoding key signature enzymes and antimicrobial proteins
(AMPs) such as polymyxin, paenibacterin, and lipopeptides which
showed strong inhibitory activity against bacteria, fungi and even
cancer cells (Zhang and Galo, 2016; Liu et al., 2019). The use
of AMPs in the food industry as natural antimicrobial agents
is generally recognized as safe (GRAS), and promises safety and
food product quality (Palmieri et al., 2016; Choyam et al., 2021).
Considering these benefits, we explored the genome annotation of
Acinetobacter pittii S-30 to identify BGCs and AMPs.

The carbohydrate-active enzymes (CAZymes) constitute a
broader enzyme group that includes the glycosyltransferases
(GTs), glycoside hydrolases (GHs), polysaccharide lyases (PLs),
carbohydrate esterases (CEs), carbohydrate-binding modules
(CBMs), and auxiliary activities (AAs) (Lombard et al., 2014).
These are mainly involved in the degradation/rearrangements of
glycosidic bonds in carbohydrates (Rytioja et al., 2014). However,
the increasing industrial applications of CAZymes demand the
exploration of new microbial strains for more diverse CAZymes.

The characterization of bacterial strains employing
micromorphological, biochemical, growth pattern, and cellular
chemotaxonomic characteristics is often in practice (Gharibzahedi
et al., 2013), however, these strategies are not always adequate
for the accurate classification and identification of newly isolated
bacterial strains. The analysis of phenotypic similarity has
defined many bacterial species, however, these methods are
inadequate (Gevers et al., 2005), therefore, species definition and
the best methods for taxonomic classification in prokaryotes
continue to be debated (Bruen et al., 2006). The 16S rRNA gene
sequencing has been widely used in bacteria to study phylogenetic
relationships, however, this approach has certain limitations,
as several environmental forces that configure the evolution of
bacterial genomes act with different strengths on different parts
of the genome and bacterial strains (Janda and Abbott, 2007;
Chan et al., 2012).

To characterize the bacterial strains, robust sequencing
technologies like “Next Generation Sequencing” provide valuable
insight into the genome of organisms and allow the comprehensive
analysis of genomic features (Roy et al., 2013). The functional
annotation of genomic features can be utilized as a powerful
tool for the development of genetically modified bacteria with
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improved functionality. Additionally, comparative genomics has
emerged as a robust tool to identify and compare functionally
important genomic elements (Wu et al,, 2010). Therefore, in
the present study, we focused on the genomic characterization
of the environmental isolate A. pittii S-30 by whole genome
sequencing (WGS) approach. Whole-genome analysis of this strain
will provide opportunities to identify genes involved in stress
protection, plant growth promotion (PGP), and genes involved in
the production of secondary metabolites. The available WGS data
of many A. pittii strains in the public database has been used for the
comparative analysis. The strain possesses several beneficial gene
features such as BGCs related to secondary metabolite production
and presence of CAZymes, which equip the strain for use in
the area of environmental biotechnology and other industrial
applications. The present study is the first report demonstrating the
in-depth genome and comparative genome characterization of an
environmental isolate belonging to A. pittii.

Materials and methods

Characterization of the test isolate

The test isolate S-30, used in the present study, was isolated
from the waste-contaminated site and identified by PCR-based
method (Kumari et al,, 2023). The strain was isolated from
the waste contaminated soil sample collected from the Thiri
(23.40°N, 85.25°E), Ranchi, India. A test for starch hydrolysis,
IMVIC (Indole, Methyl Red, Voges-Proskauer, Citrate utilization),
cellulase, pectinase, lipase, and catalase assay was performed
following standard protocol (Harley and Prescott, 2002). To test
the metal-resistance behavior, the test isolate was streaked on
the LB-agar (Himedia, India) plate supplemented with different
concentrations (1-5 mM) of metals such as copper sulfate (CuSOy),
zinc sulfate (ZnSOy), mercuric chloride (HgCl,), cadmium chloride
(CdCl,), and nickel sulfate hexahydrate (NiSO4.6H,O). The plates
were incubated at 37°C for 24-48 h. Among the tested metals,
S-30 showed the optimum growth on the ZnSO4 amended plate
(up to 5 mM) and therefore, its growth profile was monitored in
the liquid medium. To determine the growth pattern of the S-30,
one loop of a single colony was inoculated in 100 ml of LB-broth
medium supplemented with the above-mentioned heavy metals
(5 mM concentration of each heavy metal) and grown in a shaker
incubator at 37°C with 180 rpm for 24 h. The growth pattern was
determined by using a spectrophotometer (HACH, USA) after a 4-
h interval by measuring optical density (OD) at OD590. The strain
was maintained in 20% glycerol in a —80°C freezer (Thermo Fisher
Scientific, USA).

To check the antibiotic susceptibility, the disk diffusion method
was used against different antibiotics such as erythromycin (15 pg),
ampicillin (10 pg), kanamycin (30 pg), tetracycline (30 pg),
ciprofloxacin (5 pg), gentamicin (10 pg), fluconazole (25 pg),
streptomycin (10 pg), vancomycin (30 pg), and voriconazole
(10 pg) as recommended by the Clinical and Laboratory Standards
Institute (2012). These are the most common antibiotics used
against both environmental and clinical strains. The KB009-
HiCarbo Kit was used for carbohydrate fermentation tests as per
manufacturer protocol. The antagonistic activity against bacterial
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pathogens such as Bacillus subtilis, Salmonella typhi, Escherichia
coli, and S. aureus and fungal strains Aspergillus niger, Microsporum
gypseum, and Penicillium citrinum was determined by the well
diffusion method (Singh et al., 2015).

Motility test

The culture was freshly grown on an LB-agar plate for a motility
test. For the swimming test, culture was spot-inoculated on a
solidified tryptone swim plate (1% tryptone, 0.5% NaCl, 0.3% agar)
and incubated for 16 h at 25°C. For swarming, spot inoculation was
performed on dextrose-containing swarming media (0.5% bacto-
agar, 8 g L™! nutrient broth, 5 g L™! dextrose) and incubated for
24 h at 30°C. For twitching, LB agar (1% agar) media was used for
stab inoculation, and inoculated plates were incubated at 30°C for
24-48 h. After incubation, the presence of a turbid circular zone
indicated swimming, movement of inoculation for swarming, and
a circular turbid zone for twitching activity (Connelly et al., 2004).

Whole genome sequencing

The extracted genomic DNA was sequenced using a hybrid
assembly approach on an Illumina MiSeq platform and the paired-
end library was prepared using the NEB Next Ultra DNA Library
Prep Kit. The Fast QC program was used for quality control of
Mumina reads.! The assembly was performed by Unicycler tool
which first assembles short reads into an accurate and connected
assembly and then uses long reads to produce a completed
assembly. The initial contig level assembly was generated from
Mlumina short reads, followed by the use of nanopore long reads
to build longer scaffolds by finding the overlap between generated
contigs, which often allows it to resolve all repeats in the genome,
resulting in a complete genome assembly. The transfer RNA
(tRNA) and ribosomal RNA (rRNA) of the S-12 strain were
identified using the tRNAscan-SE and RNAmmer (v1.2)? software,
respectively. The genome sequence was annotated by the RAST
(Rapid Annotation using Subsystem Technology) annotation
server (Aziz et al, 2008) to annotate the open reading frames,
and BLAT v2.0 to validate the predictions. Cluster of orthologous
(COQG) functions of protein-coding sequences were determined
using the RPS-BLAST algorithm for blast search against the COG
database® (Schiffer et al., 2001). The genes involved in metabolic
pathways were annotated using Kyoto Encyclopedia of Genes and
Genomes (KEGG) analysis tools (Kanehisa et al., 2016).

Average nucleotide identity analysis

Average nucleotide identity (ANI) analysis was done to explore
the genetic distance and relatedness for the genome sets containing
S-30 and publicly available A. pittii genomes (Supplementary

1 http://www.bioinformatics.babraham.ac.uk/projects/fastqc
2 http://www.cbs.dtu.dk/services/RNAmmer/
3 https://ftp.ncbi.nih.gov/pub/wolf/COGs/
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File 1) by ANI-BLAST (ANIb) using the software JSpecies v.1.2.14
with a threshold of 95% as the cut-off for species (Richter and
Rossell6-Mora, 2009). The occurrence of an ANIb value equal to or
greater than 95% represents strains belonging to the same species
(Lalucat et al., 2020). The ANI matrix was visualized using the
tool Pyani (Pritchard, 2016). Additionally, we estimated in silico
DNA-DNA hybridization using the Genome-to-Genome Distance
Calculator program (Meier-Kolthoff et al., 2013).

Antimicrobial and virulence analysis

To unravel the presence of AMR genes, the Comprehensive
Antibiotic Resistance Database (CARD) (Alcock et al., 2020)
was used using a homology-based approach (BLASTX) against
the genome sequence of S-30 and the RESfinder (Bortolaia
et al., 2020) database. For searching, BLAST output was filtered
to a minimum of 80% identity and subject protein coverage.
Similarly, the VFDB database® was used against an assembled
genome with criteria of a minimum of 80% identity using a
homology-based approach (BLASTX) to identify the virulence
genes (Chen et al., 2016).

Prediction of biosynthetic gene clusters

The number and types of secondary metabolites BGCs
in the genome sequence of A. pittii S-30 were identified by
antiSMASH version 5.1.2 in combination with the Hidden Markov
Model (HMM) to detect the BGCs-like region (Blin et al,
2021). Various unknown and characterized BGCs were identified
and genetic similarities in gene clusters were predicted using
antiSMASH 5.1.2.

Prediction of carbohydrate—active
enzyme

To unravel the presence of various CAZymes including
GTs, GHs, PLs, CEs, AAs, and CBMs, the protein sequences of
S-30 were annotated using the dbCAN2 server (Zhang et al,
2018), and BLAST-driven DIAMOND against the CAZy database
(Lombard et al., 2014). The diversity of CAZymes in the closest
relatives such as A. pittii strain 2014506-099 (CP033540.1),
A. pittii strain FDAARGOS 1216 (CP069586.1), A. pittii strain
AP 882 (CP014477.1), A. pittii strain C54 (CP042364.1), A. pittii
strain FDAARGOS 1215 (CP069504.1), A. pittii strain NQ-
003 (CP035109.1), A. pittii strain AB17H194 (CP040911.1),
A. pittii strain  HUMV-6483 (CP021428.1), A. pittii strain
ST220 (CP029610.1), A. pittii strain 2010C01-170 (CP029489.1),
A. pittii strain 2014N21-145 (CP033568.1), A. pittii strain TCM
(CP095407.1), A. pittii strain CEP14 (CP084921.1), A. pittii
strain IEC338SC (CP015145.1), A. pittii strain 2012N21-164
(CP033535.1), A. pittii strain  WCHAP100004 (CP027250.2),

4 http://imedea.uib- csic.es/jspecies/

5 http://www.mgc.ac.cn/VFs/
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A. pittii strain WCHAPO005069 (CP026089.2), A. pittii strain
2012N08-034 (CP033520.1), A. pittii strain AP2044 (CP087716.1),
A. pittii strain YMC2010, A. pittii strain PHEA-2 (CP002177.1),
A. pittii strain 2014N05-125 (CP033525.1), A. pittii strain 32292
(CP066124.1), A. pittii strain FDAARGOS_1217 (CP069496.1),
A. pittii strain FDAARGOS_1214 (CP069537.1), A. pittii
strain  WCHAP005046 (CP028574.2), A. pittii strain JXA13
(CP054137.1), A. pittii strain AP43 (CP043052.1), A. pittii strain
2014S07-126 (CP033530.1), A. pittii strain Ap-W20 CP027658.1,
A. pittii strain A1254 (CP049806.1), A. pittii strain AbW39
(CP029005.1), A. pittii strain XJ88 (CP018909.1), and A. pittii
strain WCHAP100020 (CP027254.3) was evaluated.

Analysis of genetic diversity and
recombination in A. pittii strains

A core genome tree was constructed with non-recombinant
genes by performing a BlastP search with an e-value cut-off of
1.0e—15 among A. pittii strains. Core genes were selected based
on alignment coverage of >70%, following the approach described
in the Staphylococcus and Bifidobacterium genus (Grana-Miraglia
et al., 2018; Deb, 2022). To eliminate recombinant genes, the
PhiTest feature from the PhiPack program was employed (Bruen
et al., 2006). The resulting set of non-recombinant core genes
was concatenated and used to build a maximum-likelihood tree
using the RAXML tool with a generalized time-reversible (GTR)
model (Stamatakis, 2014). We also aimed to compare a range of
recombination parameters and calculate correlation profiles among
A. pittii genomes. In pursuit of this goal, we employed the core
genome alignment as input for the mcorr tool (Lin and Kussell,
2019).

Comparative genome analysis

The analysis of orthologous gene clusters was performed using
the Orthovenn2 program (Xu et al., 2019) with default parameters
using the S-30 and it is closely related A. pittii strains. The
strains that showed the highest similarity (>99%) in ANI, were
used for analysis. The circular genome comparison of the draft
assembly genome of S-30 was performed against the reference
genome using the BRIG (Blast Ring Image Generator) Tool
(Alikhan etal., 2011). BLAST was performed on nine Acinetobacter
genomes which were constructed using NCBI local BLAST-2.10.1.
Genomic islands (GIs) were predicted using Island Viewer 4
(Bertelli et al., 2017). Prophages were found using PHAST (Arndt
et al., 2019). Clustered regularly interspaced short palindromic
repeat sequences (CRISPRs) were found by the CRISPR Finder
(Grissa et al., 2007).

Data deposition

The genome sequence of S-30 is available at NCBI with
the BioProject PRJNA934688, Biosample SAMN33277265, and
Genbank accession no. JARJDL000000000.

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1351161
http://imedea.uib-csic.es/jspecies/
http://www.mgc.ac.cn/VFs/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

Singh et al.

Results

Characterization of test isolate S-30

The test isolate used in the present study was identified as
A. pittii S-30. The isolate showed a negative result for IMViC,
pectinase, and positive result for amylase, lipase, cellulase, and
catalase tests (Supplementary Table 1). The growth kinetics
pattern clearly illustrates that isolate showed the higher growth
capacity at 5 mM of ZnSOy stress as compared to other tested
heavy metals (Supplementary Figure 1A). Among the various
carbon sources, strain was able to utilize lactose, xylose, maltose,
galactose, sucrose, raffinose, melibiose, sorbitol, glycerol, Inositol,
Inulin, D-arabinose, citrate, malonate, ONPG, and mannoside
(Supplementary Table 1). It showed higher sensitivity (20-
25 mm) against ampicillin, kanamycin, tetracycline, gentamicin,
ciprofloxacin, vancomycin, and moderate sensitivity (12-18 mm)
to streptomycin, and fluconazole. The strain was found to be
resistant to voriconazole and erythromycin. The test isolate
showed good antagonistic activity against S. typhi, E. coli, and
moderate against B. subtilis and S. aureus. Against the tested
fungal strains, strain showed good activity against A. niger, M.
gypseum, and moderate activity against H. gypsium, and P. citrinum
(Supplementary Table 2). S-30 showed swimming, swarming, and
twitching motility (Supplementary Figure 1B).

Genome analysis

A total of 6.10 million sequencing reads were generated for the
strain S-30. Hybrid assembly was performed using the Unicycler
v-0.48 tool for the assembly of a single contig of 3.78 Mb size
(Figure 1). The assembly was validated using the NCBI-NR
Blast program which showed the maximum homology with other
A. pittii strains. The overall average G + C content of S-30 is
38.7% (Table 1). A total of 62 RNAs were annotated in the S-
30 genome. Further, gene and protein prediction from the draft
genome using the Prokka v1.14 tool identified a total of 3,516
protein-coding genes.

ANI and core genome phylogeny

To re-evaluate the phylogenetic relationship of S-30 within
the Acinetobacter genus, the ANI percentage of the S-30 genome
was calculated with respect to other sequenced A. pittii strains,
available at the NCBI database. The statistics of downloaded
A. pittii genomes were estimated, the genome sizes and GC contents
ranged from 3.7 to 4.3 Mb and 38.61% to 39.97%, respectively
(Supplementary File 2). The genomes code in between 3,625
and 4,331 genes, and 28-78 tRNAs (Supplementary File 2). The
assessment of genomes sourced from the NCBI database included
an evaluation of their quality and completeness (Supplementary
File 3). Only genomes deemed to be of high quality, with
a completeness exceeding 90% and contamination below 3%,
were eligible for subsequent downstream analysis. The genome
of A. pittii strains showing >95% BLAST percentage similarity
between A. pittii S-30 and various reference A. pittii strains,
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excluding A. pittii ANC4050, A. pittii FDAARGOS 1398, A. pittii
AS012629, and A. pittii FDAARGOS 1397, which has been
summarized in the ANI matrix (Figure 2). These findings provide
strong evidence for the A. pittii species classification of our S-
30 isolate. However, the lower ANI values exhibited by four A.
pittii strains indicate uncertainty in their taxonomic placement
within this species group. Additionally, it has been observed
that the in silico DDH (DNA-DNA hybridization) values of the
taxonomically disputed A. pittii strains were below 70%, which is
in accordance with the ANI findings and provides support for the
hypothesis that those strains do not belong to the A. pittii species
group (Supplementary File 4).

The aforementioned observation, supported by ANI and
in silico DDH analysis, indicates that four strains were erroneously
labeled as A. pittii species. These strains require additional
taxonomic validation before being classified as A. pittii species.
We conducted an analysis of the core genomes within the A.
pittii species to explore the phylogenetic relationships and genetic
diversity among the strains. Using the concatenated nucleotide
sequences of 1,704 single-copy non-recombinant ortholog core
genes found in all 90 genomes, a core genome tree was
constructed in order to elucidate the evolutionary connections
among the bacterial strains. The core genome phylogenetic tree
has demonstrated a number of distinct genomic clusters, indicating
genetic similarity varies with different phylogenetic clades of the
A. pittii strains. A. pittii strains isolated from various hosts and
environmental settings were clustered independently, with no
distinct clade based on isolation source, geographical location and
host type (Supplementary Figure 2). This suggests that host or
environmental selection pressure may not have been the prevailing
factor driving the evolution of globally circulating A. pittii strains.

RAST functional annotation

The genome sequence of S-30 was further annotated by RAST,
and subsystem coverage and non-subsystem coverage generated
are 31% and 69%, respectively (Supplementary Figure 3A).
RAST analysis predicted the subsystem category distribution
(Supplementary Figure 3B) and subsystem feature counts
(Supplementary Figure 3C). The top three subsystem features of
S-30 are amino acids derivatives (297 genes), protein metabolism
(179 genes), carbohydrate metabolism (167 genes), followed
by cofactors and vitamins (139 genes). The other subsystems
include the membrane transporter and fatty acid metabolism
(84 genes), metabolism of aromatic compounds (77 genes),
nucleotide synthesis (69 genes), and stress responses (58 genes).
The various genes related to stress responses (Supplementary
Table 3), phosphate metabolism (Supplementary Table 4), sulfur
metabolism (Supplementary Table 5), and the metabolism of
aromatic compounds (Supplementary Table 6) were identified.
Additionally, we did a comparative assessment of the distribution
of various genes in the closely related A. pittii strains which
illustrated the higher number of genes in A. pittii strain 2014S06-
099 (CP033540.1), followed by A. pittii strain CEP14 (CP084921.1),
A. pittii strain 2010C01-170 (CP029489.1), A. pittii strain 2012N21-
164 (CP033535.1). An equal distribution of genes was observed
in the A. pittii strain 2014N21-145 (CP033568.1) and A. pittii
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strain 2012N08-034 (CP033520.1) (Figure 3). The strain A. pittii
strain 2014N21-145 showed the higher number of genes for
protein metabolism (289), amino acids and derivatives (501),
potassium metabolism (21), whereas A. pittii strain 2012N08-
034, higher gene numbers were recoded for membrane transport
(143), nucleosides and nucleotides (124), phosphorus (45), and
carbohydrate metabolism (324).

COG and KEGG analysis

The COG database was used for the functional classification
of predicted genes, whose distribution within the COG categories
is provided in Figure 4. The highest number of genes (654)
were identified with unknown functionality. Furthermore, analysis
observed 304 genes associated with amino acid metabolism, 303
with transcription processes, 227 genes with energy production
processes, 205 with lipid transport and metabolism, 204 with
ion transport and metabolism, 185 with cell-wall biogenesis, and
178 with ribosome structures and biogenesis, respectively. KEGG
analysis identified the genes belonging to the various metabolic
pathways. The highest number 607 was recorded for genes involved
in different metabolic pathways, 240 with the biosynthesis of
secondary metabolites, 185 with microbial metabolisms, 109 with
biosynthesis of cofactors, 93 with biosynthesis of amino acids, and
75 with carbon metabolism (Figure 5). Similarly, 60 were associated
with two-component systems, 54 with ABC-transporters, 52
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with ribosome biogenesis, 49 and 47 with purine and pyruvate
metabolism, respectively.

Gene ontology

To assign the functional classification of proteins, a gene
ontology was performed. A total of 66% of genes were related
to biological processes, 16% to molecular functions, and 18% to
cellular components (Figure 6A). Among the biological processes,

TABLE 1 General features of A. pittii S-30 genome.

Property Term

Geographical location 23.40°N, 85.25°E
Sample collection Soil

NCBI bioproject ID PRJNA934688
Biosample ID SAMN33277265
GenBank ID JARJDL000000000
Sequencing platform Mlumina HiSeq 2000
Genome size 3.78 Mb

G + C Content 38.7%
Protein-coding genes 3,516

RNAs genes 62
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FIGURE 2
An average nucleotide identity (ANI) matrix was constructed to illustrate genomic relatedness through a multi-genome comparison among A. pittii
strains retrieved from the NCBI database.

22.1% were related to metabolic processes, 14.7% to various
biological processes, 12.9% to biosynthetic processes and cellular
processes, 9.96% to cellular and organic compound metabolic
processes, and 5.7% to cellular biosynthetic processes (Figure 6B).
A total of 12.7% were identified as unclassified functions. In the
cellular component, 19.8% were related to the cellular component,
18.5% to the cellular anatomical entity, 10.7% to the intracellular
anatomical structure, 10% to the cytoplasm, and 4% to the bacterial
flagellum structure (Figure 6C). Approximately, 26.7% of genes
were annotated as having unclassified functions. In molecular
processes, 31.7% of genes were related to molecular functions,
25.17% had catalase activity, 8.6% had transferase activity, 4.9%
had ion-binding activity, 3% had lyase activity, and 22.8% were
unclassified (Figure 6D).

Frontiers in Microbiology

AMRs and VFDB

Comprehensive Antibiotic Resistance Database analysis
identified the different classes of AMRs which have been
summarized in Supplementary Figure 4. A number of resistance
genes harbored within the genomes of the S-30 strain were
identified and gene families associated with resistance-nodulation-
cell division (RND) antibiotic efflux pump, major facilitator
superfamily (MFS) antibiotic efflux pump, beta-lactamase,
ATP-binding cassette (ABC) antibiotic efflux pump, multidrug
and toxic compound extrusion (MATE) transporter, and pmr
phosphoethanolamine transferase were identified. Additionally, we
observed the genes related to fluoroquinolone resistance (gyrA),
daptomycin resistance (pgsA), pyrazinamide resistance (pncA),

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1351161
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

Singh et al. 10.3389/fmicb.2024.1351161
[ Carbohydrates
| Phosphorus Metabolism'
Sulfur Metabolism
'] Amino Acids and Derivatives
S-30 Metabolism of Aromatic compounds
IEC338SC [ stress Response
[ Nitrogen Metabolism
JXA13 [ Fatty Acids and Lipids
o™ T T [ DNA Metabolism
- Regulation and Cell signalling
54 - Protein Metabolism
OCU Ac17 Bl Nudleosides and Nucleotides
[ RNA metabolism
FDAARGOS_1215 Il Membrane Transport
= NQ-003 - Miscellaneous
E - Potassium Metabolism
% AB17H194 - Virulence, Disease and Defense
= HUMV-6483 [ Cell Wall & Capsule
o NI == T factors, Vitamins, Prostheti Pigment
:o: ST220 - Cofactors, ns, Prosthetic groups, Pigments
® AP_882
o

FDAARGOS_1216
WP2-W18-ESBL-11
2014N21-145
2012N08-034
2012N21-164
2010C01-170
CEP14
2014S06-099

0 500 1000

FIGURE 3

A. pittii were downloaded from NCBI database.

1500

Number of genes

Bar diagram demonstrating the distribution of gene functional categories in the closely related gnome of A. pittii. The closely related genomes of

,,,,,,

2000 2500 3000

elfamycin resistance (EF-Tu), streptothricin acetyltransferase
(SAT), and rifampin glycosyltransferase (Supplementary File 5).

VFDB analysis identified the various genes belonging to the
virulence class such as adherence, biofilm formation, enzymes,
immune evasion, iron-uptake, efflux pumps, endotoxins, secretion
systems, and toxin production (Supplementary File 6). In the
adherence, genes associated with categories like LPS (orfH,
lpxABCD), flagella (flmH), and pilus (csgF) were observed. The
various genes associated with biofilm formation (biofilm-associated
protein: bap; csu pili operon: csuABCDEF; polysaccharide poly-
N-acetylglucosamine: pgaABCD), enzymes (phospholipase: plcC,
plcD), iron uptake (acinetobactin: basABCD; barAB, bauABCDEF,
enterobactin synthesis: entABCD; heme biosynthesis: hemCEGH),
efflux pumps (acrB), toxins (hemolysin: hlyA), stress adaption
(catalase: katA; manganese transport system: mntB), and flagellar
assembly (flgB, flgC, flgD, fIgE, flgF, flgG, flgH, flgL, flgK, flgL, flgM,
flhA, flhB, fIhC, fIhD, fliA, fliD, fliE, fliF, liG, fliH, fli], fliK, fliL) were
observed (Supplementary File 6). Additionally, a gene associated
with type VI secretion systems (clpV) was also noted.

BGCs analysis

The S-30 genome was annotated using the antiSMASH
database to identify the secondary metabolite pathways. A total
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of eight gene clusters were identified including arylpolyene,
non-ribosomal polypeptides (NRPS) like the betalactone cluster,
hserlactone, redox-cofactor, and NRP-metallophore. The four
NRPS clusters found in S-30 showed 100% similarity to 2-amino-
4-methoxy-trans-3-butenoic acid, pyoluteorin, azetidomonamide,
and pseudopaline, respectively (Table 2).

CAZymes analysis

To unravel the enzymes involved in the breakdown of complex
carbohydrates, the S-30 genome was analyzed by the dbCAN2
server. As a result, 14 CAZymes genes were identified in the S-
30 genome, which were classified into GHs, GTs, CBMs, CEs,
and AAs. Of these, the most abundant CAZymes were GHs
(10), followed by PLs (1 gene), CBMs (1 gene), AAs (1 gene),
and CEs (1 gene) (Figure 7). The different groups of CAZymes
were also compared to other genomes of A. pittii strains and
a comparison of different CAZymes has been demonstrated in
Figure 7. Among the compared genomes, a higher number of
CAZymes (55) was observed for A. pittii strain TCM (CP095407.1),
followed by A. pittii strain ST220 (CP029610.1, 53 CAZymes),
and A. pittii strain IEC338SC (CP015145.1, 52 CAZymes),
respectively (Figure 7).
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Classification of the cluster of orthologous (COG) functional annotation of the A. pittii S-30 genome. Colored bars indicate the number of genes
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Analysis of genetic diversity and
recombination in A. pittii strains

The genetic diversity analysis revealed information about the
population dynamics of A. pittii strains. The number of segregation
sites and genetic diversity in the sequences were quantified in
Tajima’s D (11). A higher frequency of rare alleles, which may be
due to the selection sweep or population expansion, leads to a
negative Tajima’s D value. Our analysis revealed that Tajima’s D
values are negative along the core genomic region, indicating the
probable population expansion of A. pittii strains across the globe
(Supplementary File 7).

This study also investigates the homologous recombination
rate among the A. pittii strain using the mcorr method, which
produces a correlation profile with pairwise genome comparison
to determine the likelihood that two genomes differ at one
site if differences exist at another locus (14). The correlation
profile P (1) of core genes showed monotonic decay as a
function of locus distance (I) exhibiting recombination in A. pittii
strains (Figure 8), while a constant or flat correlation profile
would denote an absence of recombination. A total of five
recombination parameters, which include sample diversity (d),
mutational divergence (), recombinational divergence (¢), relative
rate of recombination to mutation (y/p), and recombination
coverage (c) were obtained from the recombination analysis of
A. pittii strains (Supplementary File 8). The d value or sample
diversity in A. pittii species is 0.5 which estimates from both
recombination and mutations contributing to clonal evolution.
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This indicates A. pittii is experiencing a high sample diversity
compared to other pathogenic bacterial species Yersinia pestis
(d = 0.0091), P. aeruginosa (d = 0.027), and K. pneumoniae
(d = 0.13). The remaining four recombinant parameters identified
as 0, ¢, Y/ in A. pittii strains had values of 1.3, 9.5, 7.2, and 0.9,
respectively. The list of non-recombinant genes is mentioned in
Supplementary File 9.

Comparative genome and pangenome
analysis

The core genome was used for comparison between S-30
and the other closely related A. pittii strains. The observed
analysis suggests that three genes were found to be shared by
strains A. pittii strain 2014506-099, A. pittii strain FDAARGOS
1216, A. pittii strain AP 882, A. pittii strain C54 and WP2-
WI8-ESBL-11 (Supplementary Figure 5A). The first pattern
shows the formation of gene clusters, second pattern shows
cluster counts and the third pattern represented in the form of
a stacker bar shows the total protein counts (Supplementary
Figure 5B). To highlight the overlapping gene clusters, a pairwise
heatmap was performed for S-30 and other strains. A red
color gradient showing the highest overlapping gene cluster
thresholds was noted between P. aeruginosa S-8 and P. aeruginosa
W16407 (Supplementary Figure 5C). A circular comparison
performed by BRIG revealed the overall genome of A. pittii S-
30 has a high degree of sequence similarity (>99%) with other
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Kyoto Encyclopedia of Genes and Genomes (KEGG) were utilized for the retrieval of metabolic pathways of S-30 genes. KAAS server at KEGG
database used for genes functional annotation by BLAST comparison with the manually curated database of KEGG-GENES.
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(A) Gene ontology analysis of A. pittii S-30 genome, the genome was annotated to unravel the genes involved in (B) biological process, (C)
molecular functions, and (D) cellular component.
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TABLE 2 The identified BGCs genes in the A. pittii S-30 genome.
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Cluster Most similar known cluster Similarity (%)
1 Arylpolyene 299,716 342,714 Other 45
2 Arylpolyene 594,975 636,204 RiPP 16
3 RiPP-like 947,227 959,425 - -
4 Betalactone 306,099 1,335,178 NRP 13
5 NRP-metallophore 1,976,847 2,030,049 NRP 100
6 NI-siderophore 2,392,409 2,408,836 Other 16
7 Redox-cofactor 2,860,010 2,882,200 NRP + polyketide 13
8 NRPS 3,648,789 3,692,748 Polyketide 4
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FIGURE 7
The distribution of various CAZymes like carbohydrate-binding modules (CBMs), glycoside hydrolases (GHs), glycosyltransferases (GTs),
polysaccharide lyases (PLs), carbohydrate esterases (CEs), and auxiliary activities (AAs) in A. pittii S-30, and their comparison to other closely related
A. pittii strains.

compared genomes (Supplementary Figure 6). GIs regions in the
genome demonstrate horizontal gene transfer (HGT) events and
might be involved in important functions such as symbiosis or
pathogenesis (Supplementary Figure 7). In S-30 GIs regions, we
observed the presence of phytanoyl-CoA-dioxygenase, alpha/beta
hydrolases, aminotransferases, transcriptional regulators (TetR,
IcIR, and LysR family), aminoglycoside, and phosphotransferase.
Several genes in GIs were identified as hypothetical proteins with
unknown functions.

Discussion
Here, in the present study, we report the detailed
characterization of A. pittii  S-30, isolated from the
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waste-contaminated soil sample. The phenotypic characterization
and antibiotic susceptibility patterns are insufficient to provide
insight for different
characteristics, therefore, we did a detailed genomic and
comparative genome analysis of S-30. The genome analysis of
bacteria inhabiting extreme conditions provides an opportunity

into the various gene repositories

to unravel the mechanisms involved in survival (Baquero et al,
2021). Similarly, comparative genome analysis provides important
information of relevant traits between functionally important
genetic elements constituting the core genome (Sinha and
Krishnan, 2021). The establishment of an accurate phylogenetic
tree and ANI analysis supports the understanding of the major
transition events in evolution (Emms and Kelly, 2015; Kapli et al,,
2020), and is useful for calculating the genomic distance, which
could be helpful to overcome the challenges caused by HGT and
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mutation events (Konstantinidis and Tiedje, 2007). The use of
ANI and dDDH values to reidentify the bacterial species has been
previously proven to be effective (Morimoto et al,, 2020). Our
study supports this approach and emphasizes the importance of
techniques that enable the use of these values to more accurately
classify Acinetobacter isolates.

Osmotic stress adaptation and
metal-resistance genes

Genome annotation identified the various genes related

to stress responses including glutathione S-transferase,
metallothionein, superoxide dismutase, thioredoxin peroxidase,
catalase, iron-binding ferritin-like antioxidant protein, ferroxidase,
zinc uptake regulation protein (ZUR), and ferric uptake regulation
protein (FUR). In addition, the various transcriptional regulators
belonging to nitrite-sensitive transcriptional repressor (NsrR),
redox-sensitive transcriptional activator (SoxR), fumarate and
nitrate reduction regulatory protein (Fnr), and FUR family of
transcriptional regulator were observed. To protect against metal
stress, genes related to cobalt-zinc-cadmium resistance protein
(CzcD), copper homeostasis protein (CutF), copper chaperone
(CopZ), zinc transporter (ZitB), nickel-cobalt-cadmium resistance
protein (NccA), and chromate resistance protein (ChrB) were
identified in S-30 genome. Various efflux pumps related to
heavy metal RND efflux outer membrane protein, multidrug
and toxin extrusion (MATE) family efflux pump YdhE/NorM,
cobalt/zinc/cadmium efflux RND transporter, cation efflux
system protein, cadmium-transporting ATPase, magnesium and
cobalt efflux protein CorC, and AcrR family of multidrug efflux

pumps were noted.

Antibiotic and virulence genes

The genomic analysis of strain S-30 resulted in the
identification of a number of antibiotic-resistant genes (ARGs). The
detailed genomic analysis revealed many ARGs, specifically against
ampicillin, tetracycline, erythromycin, penicillin, transporters,
and drug targets. One major mechanism underpinning microbial
resistance against antibiotics is by effluxing out these compounds
once encountered by the cellular environment (Blanco et al,
2016; Buffet-Bataillon et al., 2016). The genomes of A. pittii
were examined for antibiotic-resistant genes, revealing that the
antibiotic efflux pump genes (abeS and abeM), as well as the
RND-type efflux pump genes (AdeIJK and AdeFGH), are the
most prevalent resistance genes consistently identified among
the strains (Supplementary Table 4) (Su et al.,, 2005; Srinivasan
et al., 2009). This finding coincides with the drug-resistant profile
of clinical A. pittii isolates (Chopjitt et al., 2021). It is widely
recognized that bacteria can acquire drug resistance phenotypes
through gene acquisition facilitated by diverse mechanisms of
gene transfer events (Sun et al., 2019; Evans et al,, 2020). Earlier
research has documented the transmission of drug resistance genes
from livestock farms to Acinetobacter species in the environment
(Wang and Sun, 2015). Moreover, previous investigations have
highlighted the presence of the Acb complex, which consists of four
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FIGURE 8
Correlation profiles of recombination (depicted as circles) were
estimated from the genomes of A. pittii strains.

Acinetobacter species (A. calcoaceticus, A. baumannii, A. pittii, and
A. nosocomialis) (Gerner-Smidt et al,, 1991; Nemec et al., 2011).
This complex lends support to the concept of potential transfer
events of resistant genes (abeS, abeM, AdelJK, and AdeFGH) from
A. baumannii species to the circulating A. pittii strains (Su et al,
2005; Srinivasan et al., 2009; Chopjitt et al., 2021).

Additionally, blc, bli, bIR, and blaR resistance genes exist in the
genome of the S-30 for resistance to B-lactam group antibiotics,
including penicillin, cephalosporin, cephamycin, and carbapenem,
supply multi-resistance by breaking the antibiotics’ structure. S-
30 genome carries P-lactam resistance genes that are responsible
for penicillin binding, hydrolase and regulation to have become
effective at their function as antibiotic resistance enzymes (Massova
and Mobashery, 1998). Earlier, it was reported that heavy metal
pollution increases the metal resistance and reduce antibiotic
sensitivity due to co-regulation of genes (Baker-Austin et al., 20065
Seiler and Berendonk, 2012). Hence, we assume that the isolation
of S-30 from the heavy metal region promoted heavy metal and
antibiotic resistance as well.

The S-30 strain showed the presence of virulence genes
involved in adhesion, recognition, and degradation processes which
increase the pathogenicity of the bacteria (Zhu et al., 2015). These
virulence factors enable the bacteria to invade the host atrociously,
e.g., chitinases possess the ability to degrade the chitin present
on the exoskeleton of insects, whereas bacillolysin enables the
hydrolysis of amino leucine and phenylalanine that elicit the innate
immune system (Nielsen-Leroux et al., 2012). Genes associated
with collagenases and phospholipases are associated with the
disruption of the intestine and midgut epithelial cells that help
the bacterium colonize inside the host cells (Schwan et al., 1994;
Peng et al., 2016).

Stress protection

Under stress conditions, the generated reactive oxygen species
(ROS) severely damage to cell and it may lead lysis of cells.
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To cope with this situation, cells usually synthesize antioxidant
enzymes and antioxidant substances to reduce the level and damage
caused by ROS. In the OS-1 genome, antioxidant enzymes such
as peroxidases (POD) (one gene), catalases (CAT) (three genes),
superoxide dismutase (SOD) (three genes), and thioredoxin (two
genes) were identified. The main antioxidant is glutathione and
the genes related to glutathione synthetase (two genes), glutathione
reductase (one gene), glutathione peroxidase (two genes), and
glutathione S-transferase (nine genes) were noted.

In response to abiotic stressors (salt, alkali, drought,
and temperature stress), bacteria synthesize various osmotic
protectants. Among osmoprotectants, proline is considered as
strong hydrophilic and highest solubility, which help to prevent cell
dehydration (El Moukhtari et al., 2020). The genes that are required
for proline synthesis, glutamate kinase and pyrroline-5-carboxylic
acid reductase, were found in strain S-30 genome. Similarly,
osmoprotectant belonging to the carbohydrate’s family such as
the synthesis of trehalose (glgABC and TreYZ), starch synthase,
1,4-alpha-glucan branching enzyme, and malto-oligosyltrehalose
trehalohydrolase were identified in the S-30 genome. Another
osmoprotective agent “betaine” belongs to the alkaloids family and
gene (betB) encoding betaine-aldehyde dehydrogenase related to
betaine synthesis in the S-30 genome was observed.

The extracellular secreted polysaccharides can also promote
biofilm formation and play an important role in alleviating abiotic
stressors (Morcillo and Manzanera, 2021). Genome annotation
analysis showed that strain S-30 possesses UTP-glucose-1-
phosphate  uridylyltransferase ~and  mannose-1-phosphate
guanylyltransferase which are responsible for the synthesis of
UDP-glucose and UDP-mannose, respectively. Additionally,
11 genes encoding glycosyltransferase were identified in the
genome of S-30, which play an important role in the assembly
of polysaccharides. This indicates that strain S-30 has the
ability to synthesize polysaccharides, and the corresponding
polysaccharide species may be different from those of other
species of Acinetobacter. Moreover, two-component systems (TCS)
protect the bacterial cells from adverse environmental effects by
producing antioxidant enzymes, extracellular polysaccharides,
proline, and trehalose. In addition, in response to biotic
infections, TCS enables the host to produce oxidative stress
reactions such as hydrogen peroxide production to resist infection
(Xikeranmu et al., 2020).

Chemotaxis and motility

The bacterial chemotaxis consists of a series of proteins such
as methyl-accepting chemotaxis proteins (Mcps), scaffold proteins
(CheW/CheV), histidine kinase (CheA), reaction regulator
protein (CheY), methylesterases (CheB and CheR), phosphatases
(CheC/CheX/CheZ), and deamidase (CheD) with different
functions. The S-30 genome contained 21 chemotaxis-related
genes, including 8 genes encoding chemoreceptor (McpA), as
well as 11 genes encoding chemotactic protein. The chemotactic
proteins included CheA, CheB, CheD, CheR, CheW, and CheY. In
addition, eight genes related to flagellar assembly encoding FIliF,
FliG, FliH, FliN, FliL, MotA, and MotB (Morimoto and Minamino,
2014) were detected in S-30 genome. In the vicinity of scaffold
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protein CheW/V, Mcps links with CheA, which is activated to
phosphorylate downstream CheY (Boukhvalova et al., 2002). The
phosphorylated CheY-P then interacts with the flagellar-motor
complex through the flagellin FliM to regulate the direction
of bacterial movement (Welch et al., 1993). The phosphatases
CheC/CheX/CheZ dephosphorylate the CheY-P, thereby allowing
the CheY to continuously accept phosphate groups (Sircar et al.,
2013). The deamidase CheD regulates the phosphatase activity
of CheC (Chao et al,, 2006). The presence of a large number of
chemotactic proteins endows strain S-30 with a strong potential
for colonization.

Metabolism

The genome of S-30 consists mostly of known genes encoding
various metabolic modules and pathways that support its growth.
The organic acids secreted by bacteria, e.g., citric acid, pyruvic acid,
acetic acid, gluconic acid, oxalic acid, and malic acid enhance the
dissolution of inorganic phosphorus, whereas organophosphorus
mineralization mainly depends on enzymatic hydrolysis, including
phosphatase, phytase, and C-P lyase (Bunemann, 2015). Genome
annotation showed that strain S-30 possesses various enzymes
which can release both inorganic and organic phosphorus
from the degradation of complex polymeric compounds. Strain
S-30 just as many bacteria have genetic capacity for sulfur,
phosphorus, and different carbohydrate metabolisms. The S-30
sulfur metabolism pathway is quite complex and encoded by
soxABXYZDFCRSWH gene cluster. The sulfur oxidation requires
only five sox genes whose products form three key periplasmic
protein complexes: soxYZ, a sulfur carrier protein, soxXA, a c-type
cytochrome complex, and soxB, a sulfate thiol hydrolase (Janssen
et al, 2010). On the other hand, sulfur assimilation involves
the ssuA—alkanesulfonates-binding, ssuB—alkanesulfonate ABC
transporter ATP binding, ssuF—organosulfonate utilization,
ssuC—alkanesulfonates transport system permease, and ssuD—
alkanesulfonate monooxygenase proteins. In S-30 genome,
several operons responsible for carbohydrate metabolism such
as maltose and maltodextrin utilization (malEFGKMPRAZ)
and mannose metabolism (manYZBCEFGKL, mtpEFGKL)
were identified.

BGCs analysis

Region 1 represented the presence of acyl carrier protein,
ribosome biogenesis proteins, the efflux transport system, and
outer membrane factor (OMF) lipoproteins. The acyl carrier
protein (ACP) acts as a cofactor in both fatty acid and polyketide
biosynthesis (Cronan John, 2014). Ribosome biogenesis proteins
involve the coordinated function of over 200 proteins in the
synthesis and processing of the three prokaryotic or four eukaryotic
rRNAs, assembly of rRNAs with the ribosomal proteins, and fall
into various energy-consuming enzyme families including ATP-
dependent RNA helicases, AAA-ATPases, GTPases, and kinases
(Kressler et al., 2009). In region 2, we observed the genes belonged
to LysR family of transcriptional regulator (LTTRs), translation
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elongation factor G, and thioredoxin reductase. LTTRs are the
most common type of prokaryotic DNA-binding protein, and
are composed of an N-terminal helix-turn-helix DNA-binding
domain and a C-terminal co-inducer binding domain (Maddocks
and Oyston, 2008). LTTRs are known as regulatory proteins which
can function as either activators or repressors of gene expression
(Schell, 1993). In bacteria, LTTRs control genes related to virulence
(Doty et al., 1993; Russell et al., 2004), quorum sensing (O’Grady
etal., 2011), motility (Heroven and Dersch, 2006), and metabolism
(Hartmann et al., 2013). In region 3, genes related to vanillate
transporter (VanK), short-chain dehydrogenase/reductase family,
and lipase/esterase were noted.

Region 4, represented the genes for hydroxymethylglutaryl
(HMG)-CoA lyase, methylglutaconyl (MG)-CoA hydratase,
methylcrotonyl-CoA carboxylase (MCC), and LysR family of
transcriptional regulators. Hydroxymethylglutaryl (HMG)-CoA
lyase catalyzes the final step of leucine degradation and plays
a key role in ketone body formation (Luo et al, 2017). MG-
CoA hydratase belongs to the enoyl-CoA hydratase/isomerase
superfamily, which has been observed to be involved in the
regulation of metabolic enzymatic activity (Mack et al., 2006).
MCC is a biotin-dependent carboxylase that catalyzes the
regulatory step in the leucine catabolic pathway (Lehnert et al.,
1996). Members of this family have three structurally conserved
functional domains; the biotin carboxyl carrier domain, which
carries the biotin prosthetic group; the biotin carboxylation
domain, which catalyzes the carboxylation of biotin; and the
carboxyltransferase domain, which catalyzes the transfer of a
carboxyl group from carboxybiotin to the organic substrate specific
for each carboxylase (Abu-Elheiga et al., 1995).

The fifth cluster contained genes for the iron transport
protein, the ABC uptake transporter protein, the siderophore
biosynthesis protein, and the AcrR family of transcriptional
regulators. ABC transporter proteins consist of multiple subunits,
including transmembrane proteins and one or two of which are
membrane-associated AAA ATPases, which utilize the energy of
adenosine triphosphate (ATP) binding and hydrolysis to provide
the energy needed for the translocation of substrates across
membranes (Davidson et al, 2008). AcrR has a strong affinity
for DNA and is a well-characterized functional protein of the
transcriptional regulation system that confers resistance to the
antibiotic tetracycline (Colclough et al,, 2019). It binds to the
operator site and represses the transcription of its own gene
(Deng et al., 2013).

Region 6th BGC represented the genes belonging to the
siderophore synthetase, 2,3-diaminopropionate for siderophore
biosynthesis proteins SbnA/SbnB, and outer membrane Fe
transport proteins. Siderophore synthetases are involved in the
production of other siderophores including desferrioxamine,
achromobactin, and petrobactin (Mydy et al., 2020). Siderophore
biosynthesis proteins SbnA and SbnB contribute to the iron sparing
response of S. aureus that enables staphyloferrin B biosynthesis in
the absence of an active tricarboxylic acid cycle (Kobylarz et al.,
2014). Region 7th BGC was decorated with the genes belonging
to the LuxR family of two-component transcriptional response
regulators, RND multidrug efflux transporter, molybdenum ABC
transporter permease protein (ModB), and coenzyme PQQ
synthesis protein (D, E). The LuxR transcriptional regulator
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is a key player in quorum-sensing (QS), and coordinates
the expression of a variety of genes, including virulence
factors, antibiotics biosynthesis, motility, nodulation, plasmid
transfer, bioluminescence, and biofilm formation (Chen and Xie,
2011). RND (Resistance-Nodulation-Division) family transporters
catalyze the active efflux of many antibiotics and chemotherapeutic
agents (Nikaido and Takatsuka, 2009). ModB transporters are
involved in the export or import of a wide variety of substrates
ranging from small ions to macromolecules. The major function
of ABC import systems is to provide essential nutrients to bacteria
(Maupin-Furlow et al., 1995).

The 8th of BGC represented the genes belonging to the
glutathione S-transferase (GSTs), polyketide synthase (PKSs), acyl-
CoA dehydrogenase and synthetases, GMP synthase, and 4'-
phosphopantetheinyl transferase. GSTs catalyze the conjugation of
the reduced form of glutathione (GSH) to xenobiotic substrates for
the purpose of detoxification and consists of three superfamilies;
the cytosolic, mitochondrial, and microsomal—also known as
MAPEG—proteins (Shechan et al., 2001; Udomsinprasert et al.,
2005). PKSs are involved in the synthesis of polycyclic aromatic
natural products having antibacterial, antifungal, anticancerous,
antiviral, antiparasitic, and other medicinally significant properties
(Wang et al., 2020).

Gene-related to biotechnological
applications

Genomic annotation using the CAZymes database predicted
the existence of GHs, GTs, CBMs, and AAs. The annotation
also revealed that S-30 possesses genes encoding for cellulase,
chitinase, and endoglucanase activity, which play an important
role in colonization (Reinhold-Hurek and Hurek, 2011; Mota
et al, 2017). Carbohydrate-binding modules facilitate the
degradation of complex polysaccharides through polysaccharide
hydrolases, whereas AAs can act in concert. Additionally,
some genes related to CEs and PLs were identified that
can cooperate with GHs to degrade plant polysaccharides
(Gavande et al., 2021).

Analysis of genetic diversity and
recombination

Mutational divergence (0) defined as the mean of mutation
numbers per locus since the divergence of a pair of homologous
sites is found to have a higher value for A. pittii compared
to other pathogenic species such as Y. pestis (Chen, 2019),
P. aeruginosa (Lin and Kussell, 2019), K. pneumoniae (Lin and
Kussell, 2019), Salmonella enterica (Park and Cheryl, 2020), and
Staphylococcus pseudintermedius (Smith et al., 2020). For A. pittii
stains, recombination divergence (¢) and recombination coverage
(¢) had higher values of 9.5 and 0.9, respectively, which is greater
than others pathogenic bacterial species (Lin and Kussell, 2019;
Park and Cheryl, 2020). In A. pittii strain, the relative rate of
recombination to mutation (y/p) is the only parameter that has
shown a lower value of 7.2 compared to y/\. values in S. enterica

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1351161
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

Singh et al.

subsp. enterica (Chen, 2019) and P. aeruginosa (Park and Cheryl,
2020) estimated to be 9.75 and 11, respectively. In our study, we
noted a significant occurrence of high recombination rates and a
diverse array of antibiotic resistance genes within A. pittii strains.
These findings align with previous research that emphasized the
substantial role of recombination in the acquisition of antibiotic
resistance traits in Acinetobacter species (Godeux et al., 2022). The
genetic diversity analysis revealed Tajimas D would be favorable
under the assumption that there is a low frequency of rare
alleles, which may develop as a result of population bottlenecks
or balancing selection (Tajima, 1989; Nei and Kumar, 2000). In
addition to that, estimates on Fu’s FS statistics were mostly negative
across core genomic regions, which further supports the population
expansion hypothesis of A. pittii strains (Supplementary Table 5;
Chen, 2019).

Conclusion

In conclusion, the genomic variation of A. pittii S-30 in
comparison with other A. pittii strains has been demonstrated
in accordance with the comparative genomics studies. Numerous
BGCs clusters of S-30 strains showed both strain-specific and
unidentified characteristics, which support the idea that bacteria
perform metabolic activity exclusively for survival in a particular
ecological environment and potentially construct alternative routes
for new bioactive metabolite production. Also, the S-30 gnome
carried a set of useful genes that have potential contributions
in PGP, the presence of CAZymes, and stress tolerance genes
including abiotic and metal stressors, therefore, it can be
concluded that S-30 may be used as a potent alternative to
chemical fertilizers. Additionally, genome analysis also facilitated
the prediction of virulence factors and AMRs in A. pittii S-
30, which opens the way for future directions to validate the
functionality of these candidate genes. Future experimental work
is required to validate the functions of these candidate genes and
determine their exact pathogenicity using standard cell culture
and animal studies.
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SUPPLEMENTARY FIGURE 1

(A) The growth kinetics study of A. pittii S-30 in ZnSO4, CuSO4, CdClp,
HgClp, and NiSO4 (each was used at a 5 mM concentration), a control set
of tubes without any metal stressors was used as a control. (B) Test of
motility swimming, swarming and twitching shown by S-30.

SUPPLEMENTARY FIGURE 2

A core genome-based phylogenetic tree of the A. pittii strain was
established using a collection of 1,704 single-copy non-recombinant
genes, ensuring a robust phylogenetic reconstruction. The genomes in
phylogenetic clades that shared similar host types are highlighted

with the same color.

SUPPLEMENTARY FIGURE 3

Pie chart representing the RAST subsystem categories in the A. pittii S-30
genome. The most abundant systems on the category level were observed
for amino acids and derivatives, followed by protein metabolism,
carbohydrate metabolism, and cofactors, vitamins and prosthetic groups.

SUPPLEMENTARY FIGURE 4
Annotated antibiotic resistance genes in A. pittii S-30 genome was
identified by CARD (Comprehensive Antibiotic Resistance Database).
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SUPPLEMENTARY FIGURE 5

(A) Venn diagram generated by OrthoVenn2 represents the distribution of
shared and unique gene clusters among all the six species. (B) The bar plot
represents the cumulative ortholog clusters found in each species, and it
illustrates the cumulative core, shared, and unique clusters in all six species.
(C) The pairwise protein sequence comparison for the heatmap showing
orthologous clusters between OS-1 and other closely related strains.

SUPPLEMENTARY FIGURE 6
The circular genome comparison of the draft assembly genome of
S-30 with the closely related A. pittii strains was performed against

References

Abu-Elheiga, L., Jayakumar, A., Baldini, A., Chirala, S. S., and Wakil, S. J. (1995).
Human acetyl-CoA carboxylase: Characterization, molecular cloning and evidence for
two isoforms. Proc. Natl. Acad. Sci. U.S.A. 92,4011-4015.

Alcock, B. P., Raphenya, A. R, Lau, T. T. Y., Tsang, K. K., Bouchard, M.,
Edalatmand, A., et al. (2020). CARD 2020: Antibiotic resistome surveillance with the
comprehensive antibiotic resistance database. Nucleic Acids Res. 48, D517-D525.

Alikhan, N. F.,, Petty, N. K, Ben Zakour, N. L., and Beatson, S. A. (2011). BLAST
ring image generator (BRIG): Simple prokaryote genome comparisons. BMC Genom.
12:402. doi: 10.1186/1471-2164-12-402

Amarasiri, M., Sano, D., and Suzuki, S. (2020). Understanding human health risks
caused by antibiotic resistant bacteria (ARB) and antibiotic resistance genes (ARG)
in water environments: Current knowledge and questions to be answered. Crit. Rev.
Environ. Sci. Technol. 50, 2016-2059.

Arndt, D., Marcu, A., Liang, Y., and Wishart, D. S. (2019). PHAST, PHASTER
and PHASTEST: tools for finding prophage in bacterial genomes. Brief Bioinform. 20,
1560-1567. doi: 10.1093/bib/bbx121

Aziz, R. K, Bartels, D., Best, A. A., DeJongh, M., Disz, T., Edwards, R. A,, et al.
(2008). The RAST server: rapid annotations using subsystems technology. BMC
Genomics 8:75. doi: 10.1186/1471-2164-9-75

Baker-Austin, C., Wright, M. S., Stepanauskas, R., and McArthur, J. V. (2006).
Co-selection of antibiotic and metal resistance. Trends Microbiol. 14, 176-182.

Baquero, F., Coque, T. M., Galén, J. C., and Martinez, J. L. (2021). The origin of
niches and species in the bacterial world. Front. Microbiol. 12:657986. doi: 10.3389/
fmicb.2021.657986

Beatson, S. A., and Walker, M. J. (2014). Microbiology. Track. Antibiotic Resist Sci.
345, 1454-1455.

Bertelli, C., Laird, M. R,, Williams, K. P., Simon Fraser, University Research,
Computing Group, et al. (2017). IslandViewer 4: Expanded prediction of genomic
islands for larger-scale datasets. Nucleic Acids Res. 45, W30-W35. doi: 10.1093/nar/
gkx343

Blanco, P., Hernando-Amado, S., Reales-Calderon, J. A. Corona, F., Lira,
F., Alcalde-Rico, M., et al. (2016). Bacterial multidrug efflux pumps: Much
more than antibiotic resistance determinants. Microorganisms 4:14. doi: 10.3390/
microorganisms4010014

Blin, K., Shaw, S., Kloosterman, A. M., Charlop-Powers, Z., van Wezel, G. P.,
Medema, M. H.,, et al. (2021). antiSMASH 6.0: improving cluster detection and
comparison capabilities. Nucleic Acids Res. 49, W29-W35. doi: 10.1093/nar/gkab335

Bortolaia, V., Kaas, R. S., Ruppe, E., Roberts, M. C., Schwarz, S., Cattoir, V., et al.
(2020). ResFinder 4.0 for predictions of phenotypes from genotypes. J. Antimicrob.
Chemother. 75, 3491-3500.

Boukhvalova, M. S., Dahlquist, F. W., and Stewart, R. C. (2002). CheW
binding interactions with CheA and Tar. Importance for chemotaxis signaling
in Escherichia coli. J. Biol. Chem. 277, 22251-22259. doi: 10.1074/jbc.M11090
8200

Brasiliense, D. M., Lima, K. V. B., Pérez-Chaparro, P. J., Mamizuka, E. M.,
De Oliveira Souza, C., Dutra, L. M. G,, et al. (2019). Emergence of carbapenem-
resistant Acinetobacter pittii carrying the blaOXA-72 Gene in the Amazon region,
Brazil. Diagn. Microbiol. Infect. Dis. 93, 82-84. doi: 10.1016/j.diagmicrobio.2018.
07.017

Brisou, J., and Prevot, A. R. (1954). Studies on bacterial taxonomy. X. The revision
of species under acromobacter group. Ann. Inst. Pasteur. 86, 722-728.

Bruen, T. C,, Philippe, H. H., and Bryant, D. (2006). A simple and robust statistical
test for detecting the presence of recombination. Genetics 172, 2665-2681. doi: 10.
1534/genetics.105.048975

Buffet-Bataillon, S., Tattevin, P., Maillard, J. Y., Bonnaure-Mallet, M., and Jolivet-
Gougeon, A. (2016). Efflux pump induction by quaternary ammonium compounds
and fluoroquinolone resistance in bacteria. Future Microbiol. 11, 81-92. doi: 10.2217/
fmb.15.131

Frontiers in Microbiology

16

10.3389/fmicb.2024.1351161

the reference genome using the BRIG (Blast Ring Image
Generator) Tool.

SUPPLEMENTARY FIGURE 7

IslandViewer was used to determine the genomic island in the S-30
genome. The red represents the prediction by an integrated approach,
the blue displays results via IslandPath-DIMOB, and the orange
represents genomic islands predicted using SIGI-HMM. The outer
black circle represents the scale line in Mbps and the black zigzag

line plot delineates each of the contigs identified in

strain S-30.

Bunemann, K. E. (2015). Assessment of gross and net mineralization rates of soil
organic phosphorus-A review. Soil Biol. Biochem. 89, 82-98. doi: 10.1016/j.soilbio.
2015.06.026

Chan, J. Z. M., Halachev, M. R., Loman, N. J., Constantinidou, C., and Pallen,
M. J. (2012). Defining bacterial species in the genomic era: Insights from the genus
Acinetobacter. BMC Microbiol. 12:302. doi: 10.1186/1471-2180-12-302

Chao, X.,, Muff, T. J,, Park, S. Y., Zhang, S., Pollard, A. M., Ordal, G. W,,
et al. (2006). A receptor-modifying deamidase in complex with a signaling
phosphatase reveals reciprocal regulation. Cell 124, 561-571. doi: 10.1016/j.cell.2005.
11.046

Chen, J., and Xie, J. (2011). Role and regulation of bacterial LuxR-like regulators.
J. Cell Biochem. 112, 2694-2702.

Chen, L., Zheng, D., Liu, B., Yang, J., and Jin, Q. (2016). VFDB 2016: Hierarchical
and refned dataset for big data analysis—10 years on. Nucleic Acids Res. 44, 694-697.
doi: 10.1093/nar/gkv1239

Chen, S. L. (2019). Implementation of a stirling number estimator enables direct
calculation of population genetics tests for large sequence datasets. Bioinformatics 35,
2668-2670. doi: 10.1093/bioinformatics/bty1012

Chopjitt, P., Putthanachote, N., Ungcharoen, R., Hatrongjit, R., Boueroy,
P., Akeda, Y. et al. (2021). Genomic characterization of clinical extensively
drug-resistant Acinetobacter pittii isolates. Microorganisms 9:242. doi: 10.3390/
microorganisms9020242

Choyam, S., Jain, P. M., and Kammara, R. (2021). Characterization of a potent
new-generation antimicrobial peptide of Bacillus. Front. Microbiol. 12:710741. doi:
10.3389/fmicb.2021.710741

Chusri, S., Chongsuvivatwong, V., Rivera, J. L, Silpapojakul, K., Singkhamanan,
K., McNeil, E,, et al. (2014). Clinical outcomes of hospital-acquired infection with
Acinetobacter nosocomialis and Acinetobacter pittii. Antimicrob. Agents Chemother.
58, 4172-4179. doi: 10.1128/AAC.02992- 14

Clinical and Laboratory Standards Institute (2012). MI11-A8. Methods for
Antimicrobial Susceptibility Testing of Anaerobic Bacteria. Wayne, PA: Clinical and
Laboratory Standards Institute.

Colclough, A. L., Scadden, J., and Blair, J. M. A. (2019). TetR-family transcription
factors in Gram-negative bacteria: Conservation, variation and implications for efflux-
mediated antimicrobial resistance. BMC Genom. 20:731. doi: 10.1186/s12864-019-
6075-5

Connelly, M. B., Young, G. M., and Sloma, A. (2004). Extracellular proteolytic
activity plays a central role in swarming motility in Bacillus subtilis. ]. Bacteriol. 186,
4159-4167. doi: 10.1128/JB.186.13.4159-4167.2004

Cosgaya, C., Ratia, C., Mari-Almirall, M., Rubio, L., Higgins, P. G., Seifert, H.,
et al. (2019). In vitro and in vivo virulence potential of the emergent species of the
Acinetobacter Baumannii (Ab) group. Front. Microbiol. 10:2429. doi: 10.3389/fmicb.
2019.02429

Cronan John, E. (2014). The chain-flipping mechanism of ACP (Acyl Carrier
Protein)-dependent enzymes appears universal. Biochem. J. 460, 157-163. doi: 10.
1042/BJ20140239

Davidson, A. L., Dassa, E., Orelle, C., and Chen, J. (2008). Structure, function, and
evolution of bacterial ATP-binding cassette systems. Microbiol. Mol. Biol. Rev. 72,
317-364.

De Oliveira, D. M., Forde, B. M., Kidd, T. J., Harris, P. N., Schembri, M. A., Beatson,
S. A, et al. (2020). Antimicrobial resistance in ESKAPE pathogens. Clin. Microbiol.
Revi. 33:e00181-19.

Deb, S. (2022). Pan-genome evolution and its association with divergence of
metabolic functions in Bifidobacterium genus. World ]. Microbiol. Biotech. 38:231.
doi: 10.1007/s11274-022-03430- 1

Deng, W., Li, C,, and Xie, J. (2013). The underling mechanism of bacterial
TetR/AcrR family transcriptional repressors. Cell Signal. 25, 1608-1613. doi: 10.1016/
j.cellsig.2013.04.003

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1351161
https://doi.org/10.1186/1471-2164-12-402
https://doi.org/10.1093/bib/bbx121
https://doi.org/10.1186/1471-2164-9-75
https://doi.org/10.3389/fmicb.2021.657986
https://doi.org/10.3389/fmicb.2021.657986
https://doi.org/10.1093/nar/gkx343
https://doi.org/10.1093/nar/gkx343
https://doi.org/10.3390/microorganisms4010014
https://doi.org/10.3390/microorganisms4010014
https://doi.org/10.1093/nar/gkab335
https://doi.org/10.1074/jbc.M110908200
https://doi.org/10.1074/jbc.M110908200
https://doi.org/10.1016/j.diagmicrobio.2018.07.017
https://doi.org/10.1016/j.diagmicrobio.2018.07.017
https://doi.org/10.1534/genetics.105.048975
https://doi.org/10.1534/genetics.105.048975
https://doi.org/10.2217/fmb.15.131
https://doi.org/10.2217/fmb.15.131
https://doi.org/10.1016/j.soilbio.2015.06.026
https://doi.org/10.1016/j.soilbio.2015.06.026
https://doi.org/10.1186/1471-2180-12-302
https://doi.org/10.1016/j.cell.2005.11.046
https://doi.org/10.1016/j.cell.2005.11.046
https://doi.org/10.1093/nar/gkv1239
https://doi.org/10.1093/bioinformatics/bty1012
https://doi.org/10.3390/microorganisms9020242
https://doi.org/10.3390/microorganisms9020242
https://doi.org/10.3389/fmicb.2021.710741
https://doi.org/10.3389/fmicb.2021.710741
https://doi.org/10.1128/AAC.02992-14
https://doi.org/10.1186/s12864-019-6075-5
https://doi.org/10.1186/s12864-019-6075-5
https://doi.org/10.1128/JB.186.13.4159-4167.2004
https://doi.org/10.3389/fmicb.2019.02429
https://doi.org/10.3389/fmicb.2019.02429
https://doi.org/10.1042/BJ20140239
https://doi.org/10.1042/BJ20140239
https://doi.org/10.1007/s11274-022-03430-1
https://doi.org/10.1016/j.cellsig.2013.04.003
https://doi.org/10.1016/j.cellsig.2013.04.003
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

Singh et al.

Dickschat, J. S.
87-110.

(2016). Bacterial terpene cyclases. Nat. Prod. Rep. 33,

Doty, S. L., Chang, M., and Nester, E. W. (1993). The chromosomal virulence gene,
cheV, of Agrobacterium tumefaciens is regulated by a LysR family member. J. Bacteriol.
175, 7880-7886. doi: 10.1128/jb.175.24.7880-7886.1993

Doughari, H. J., Ndakidemi, P. A., Human, I. S., and Benade, S. (2011). The ecology,
biology and pathogenesis of Acinetobacter spp.: An overview. Microbes Environ. 26,
101-112. doi: 10.1264/jsme2.me10179

El Moukhtari, A., Cabassa-Hourton, C., Farissi, M., and Savoure, A. (2020). How
does proline treatment promote salt stress tolerance during crop plant development?
Front. Plant Sci. 11:1127. doi: 10.3389/fpls.2020.01127

Emms, D. M., and Kelly, S. (2015). OrthoFinder: Solving fundamental biases in
whole genome comparisons dramatically improves ortho group inference accuracy.
Genome Biol. 16:157. doi: 10.1186/s13059-015-0721-2

Evans, D. R, Griffith, M. P., Sundermann, A. J,, Shutt, K. A,, Saul, M. I, Mustapha,
M. M., et al. (2020). Systematic detection of horizontal gene transfer across genera
among multidrug-resistant bacteria in a single hospital. Elife 14:e53886. doi: 10.7554/
elLife.53886

Gavande, P. V., Basak, A., Sen, S., Lepcha, K., Murmu, N, Rai, V,
et al. (2021). Functional characterization of thermotolerant microbial consortium
for lignocellulolytic enzymes with central role of Firmicutes in rice straw
depolymerization. Sci. Rep. 11:3032. doi: 10.1038/s41598-021-82163-x

Gerner-Smidt, P., Tjernberg, I, and Ursing, J. (1991). Reliability of phenotypic tests
for identification of Acinetobacter species. J. Clin. Microbiol. 29, 277-282.

Gevers, D., Cohan, F. M., Lawrence, J. G., Spratt, B. G., Coenye, T., Feil, E. J., et al.
(2005). Reevaluating prokaryotic species. Nat. Rev. Microbiol. 3, 733-739.

Gharibzahedi, S. M. T., Razavi, S. H., and Mousavi, S. M. (2013). Characterization
of bacteria of the genus Dietzia: An updated review. Ann. Microbiol. 64, 1-11.

Godeux, A. S, Svedholm, E., Barreto, S., Potron, A., Venner, S., Charpentier, X., et al.
(2022). Interbacterial transfer of carbapenem resistance and large antibiotic resistance
islands by natural transformation in pathogenic Acinetobacter. MBio 13, e2631.

Graﬁa—Miraglia, L., Arreguin—Pérez, C, L(')pez—Leal, G., Muioz, A, Pérez—Oseguera,
A., Miranda-Miranda, E., et al. (2018). Phylogenomics picks out the par excellence
markers for species phylogeny in the genus Staphylococcus. Peer] 6:¢5839. doi: 10.7717/
peerj.5839

Grissa, I, Vergnaud, G., and Pourcel, C. (2007). The CRISPRdb database and tools to
display CRISPRs and to generate dictionaries of spacers and repeats. BMC Bioinform.
23:172. doi: 10.1186/1471-2105-8-172

Harley, J. P., and Prescott, L. M. (2002). Laboratory exercises in microbiology, 5th
Edn. New York, NY: McGraw Hill, 65-64.

Hartmann, T., Zhang, B., Baronian, G., Schulthess, B., Homerova, D.,
Grubmiiller, S., et al. (2013). Catabolite control protein E (CcpE) is a
LysR-type transcriptional regulator of tricarboxylic acid cycle activity in
Staphylococcus aureus. ]. Biol. Chem. 288, 36116-36128. doi: 10.1074/jbc.M113.5
16302

Heroven, A. K., and Dersch, P. (2006). RovM, a novel LysR-type regulator of the
virulence activator gene rovA, controls cell invasion, virulence and motility of Yersinia
pseudotuberculosis. Mol. Microbiol. 62, 1469-1483. doi: 10.1111/j.1365-2958.2006.
05458.x

Howard, A., O’donoghue, M., Feeney, A., and Sleator, R. D. (2012). Acinetobacter
Baumannii: An emerging opportunistic pathogen. Virulence 3, 243-250. doi: 10.4161/
viru.19700

Hrenovic, J., Durn, G., Music, M. S., Dekic, S., Troskot-Corbic, T., and Skoric,
D. (2017). Extensively and multi drug-resistant Acinetobacter baumannii recovered
from technosol at a dump site in Croatia. Sci. Total Environ. 607-608, 1049-1055.
doi: 10.1016/j.scitotenv.2017.07.108

Janda, J. M., and Abbott, S. L. (2007). 16S rRNA gene sequencing for bacterial
identification in the diagnostic laboratory: Pluses, perils, and pitfalls. J. Clin. Microbiol.
45, 2761-2764. doi: 10.1128/JCM.01228-07

Janssen, P. J., Houdt, R. V., Moors, H., Monsieurs, P., Morin, N., Michaux, A., et al.
(2010). The complete genome sequence of Cupriavidus metallidurans strain CH34,
a master survivalist in harsh and anthropogenic environments. PLoS One 5:e10433.
doi: 10.1371/journal.pone.0010433

Kanehisa, M., Sato, Y., and Morishima, K. (2016). BlastKOALA and Ghost-
KOALA: KEGG Tools for functional 714 characterization of genome and
metagenome sequences. J. Mol. Biol. 428, 726-731. doi: 10.1016/j.jmb.2015.
11.006

Kapli, P., Yang, Z., and Telford, M. J. (2020). Phylogenetic tree building
in the genomic age. Nat. Rev. Genet. 21, 428-444. doi: 10.1038/s41576-020-
0233-0

Kiyasu, Y., Hitomi, S., Funayama, Y., Saito, K., and Ishikawa, H. (2020).
Characteristics of invasive acinetobacter infection: A multicenter investigation with
molecular identification of causative organisms. J. Infect. Chemother. 26, 475-482.
doi: 10.1016/j.jiac.2019.12.010

Frontiers in Microbiology

17

10.3389/fmicb.2024.1351161

Kobylarz, M. J., Grigg, J. C., Takayama, S. J., Rai, D. K., Heinrichs, D. E., and
Murphy, M. E. (2014). Synthesis of L-2,3-diaminopropionic acid, a siderophore
and antibiotic precursor. Chem. Biol. 21, 379-388. doi: 10.1016/j.chembiol.2013.
12.011

Konstantinidis, K. T., and Tiedje, ]. M. (2007). Prokaryotic taxonomy and phylogeny
in the genomic era: advancements and challenges ahead. Curr. Opin. Microbiol. 10,
504-509. doi: 10.1016/j.mib.2007.08.006

Kressler, D., Hurt, E., and Babler, J. (2009). Driving ribosome assembly. Biochim.
Biophys. Acta Mol. Cell Res. 1803, 673-683.

Kumari, K., Sharma, P. K, Ma, Y., and Singh, R. P. (2023). First report on
the versatile secretome of an environmental isolate Acinetobacter pittii S-30. Curr.
Microbiol. 80:202. doi: 10.1007/s00284-023-03313-0

Lalucat, J., Mulet, M., Gomila, M., and Elena Garcia-Valdés, E. (2020). Genomics
in bacterial taxonomy: Impact on the genus Pseudomonas. Genes 11:139. doi: 10.3390/
genes11020139

Lehnert, W., Niederhoff, H., Suormala, T., and Baumgartner, E. R. (1996). Isolated
biotin-resistant 3-methylcrotonyl-CoA carboxylase deficiency: Long-term outcome in
a case with neonatal onset. Eur. J. Pediatr. 155, 568-572. doi: 10.1007/BF01957906

Lemire, J. A., Harrison, J. J., and Turner, R. J. (2013). Antimicrobial activity of
metals: Mechanisms, molecular targets and applications. Nat. Rev. Microbiol. 11,
371-384. doi: 10.1038/nrmicro3028

Lin, M., and Kussell, E. (2019). Inferring bacterial recombination rates from large-
scale sequencing datasets. Nat. Methods 16, 199-204. doi: 10.1038/s41592-018-0293-
7

Liu, Y., Teng, K., Wang, T., Dong, E., Zhang, M., Tao, Y., et al. (2019). Antimicrobial
Bacillus velezensis HC6: Production of three kinds of lipopeptides and biocontrol
potential in maize. J. Appl. Microbiol. 128, 242-225. doi: 10.1111/jam.14459

Lombard, V., Golaconda, R. H., Drula, E., Coutinho, P. M., and Henrissat, B. (2014).
The carbohydrate-active enzymes database (CAZy) in 2013. Nucleic Acids Res. 42,
D490-D495.

Luo, W., Qin, L., Li, B,, Liao, Z., Liang, J., Xiao, X,, et al. (2017). Inactivation
of HMGCL promotes proliferation and metastasis of nasopharyngeal carcinoma by
suppressing oxidative stress. Sci. Rep. 7:11954. doi: 10.1038/s41598-017-11025-2

Mack, M., Schniegler-Mattox, U., Peters, V., Hoffmann, G. F., Liesert, M., Buckel,
W., et al. (2006). Biochemical characterization of human 3-methylglutaconyl-CoA
hydratase and its role in leucine metabolism. FEBS J. 273, 2012-2022. doi: 10.1111/
j.1742-4658.2006.05218.x

Maddocks, S. E., and Oyston, P. C. (2008). Structure and function of the LysR-type
transcriptional regulator (LTTR) family proteins. Microbiology 154, 3609-3623.

Massova, 1., and Mobashery, S. (1998). Kinship and diversification of bacterial
penicillin-binding proteins and B-lactamases.pdf. Antimicrob. Agents Chemother.
42,1-17.

Maupin-Furlow, J. A., Rosentel, J. K., Lee, J. H., Deppenmeier, U., Gunsalus,
R. P,, and Shanmugam, K. T. (1995). Genetic analysis of the modABCD (molybdate
transport) operon of Escherichia coli. ]. Bacteriol. 177, 4851-4856. doi: 10.1128/jb.177.
17.4851-4856.1995

Meier-Kolthoff, J. P., Auch, A. F., Klenk, H. P., and Goker, M. (2013). Genome
sequence-based species delimitation with confidence intervals and improved distance
functions. BMC Bioinform. 14:60. doi: 10.1186/1471-2105-14-60

Morcillo, R. J. L., and Manzanera, M. (2021). The effects of plant-associated bacterial
exopolysaccharides on plant abiotic stress tolerance. Metabolites 11:337.

Morimoto, Y. V., and Minamino, T. (2014). Structure and function of the
bidirectional bacterial flagellar motor. Biomolecules 4, 217-234.

Morimoto, Y., Tohya, M., Aibibula, Z., Baba, T., Daida, H., and Kirikae, T. (2020).
Re-identification of strains deposited as Pseudomonas aeruginosa, Pseudomonas
fluorescens and Pseudomonas putida in GenBank based on whole genome sequences.
Int. ]. Syst. Evol. Microbiol. 70, 5958-5963. doi: 10.1099/ijsem.0.004468

Mota, M., Estofolete, C., Zini, N., Terzian, A., Gongora, D., Maia, I, et al. (2017).
Transverse myelitis as an unusual complication of dengue fever. Am. J. Trop. Med.
Hyg. 96, 380-381.

Mydy, L. S., Bailey, D. C,, Patel, K. D., Rice, M. R,, and Gulick, A. M. (2020). The
Siderophore synthetase TucA of the aerobactin biosynthetic pathway uses an ordered
mechanism. Biochemistry 59, 2143-2153. doi: 10.1021/acs.biochem.0c00250

Naylor, N. R., Atun, R., Zhu, N., Kulasabanathan, K,, Silva, S., Chatterjee, A., et al.
(2018). Estimating the burden of antimicrobial resistance: A systematic literature
review. Antimicrob. Resist. Infect. Control 7:58.

Nei, M., and Kumar, S. (2000). Molecular evolution and phylogenetics. New York,
NY: Oxford University Press.

Nemec, A., Krizova, L., Maixnerova, M., van der Reijden, T. J., Deschaght, P., Passet,
V., et al. (2011). Genotypic and phenotypic characterization of the Acinetobacter
calcoaceticus-Acinetobacter baumannii complex with the proposal of Acinetobacter
pittii sp. nov. (Formerly Acinetobacter genomic species 3) and Acinetobacter
nosocomialis sp. nov. (Formerly Acinetobacter genomic species 13TU). Res. Microbiol.
162, 393-404. doi: 10.1016/j.resmic.2011.02.006

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1351161
https://doi.org/10.1128/jb.175.24.7880-7886.1993
https://doi.org/10.1264/jsme2.me10179
https://doi.org/10.3389/fpls.2020.01127
https://doi.org/10.1186/s13059-015-0721-2
https://doi.org/10.7554/eLife.53886
https://doi.org/10.7554/eLife.53886
https://doi.org/10.1038/s41598-021-82163-x
https://doi.org/10.7717/peerj.5839
https://doi.org/10.7717/peerj.5839
https://doi.org/10.1186/1471-2105-8-172
https://doi.org/10.1074/jbc.M113.516302
https://doi.org/10.1074/jbc.M113.516302
https://doi.org/10.1111/j.1365-2958.2006.05458.x
https://doi.org/10.1111/j.1365-2958.2006.05458.x
https://doi.org/10.4161/viru.19700
https://doi.org/10.4161/viru.19700
https://doi.org/10.1016/j.scitotenv.2017.07.108
https://doi.org/10.1128/JCM.01228-07
https://doi.org/10.1371/journal.pone.0010433
https://doi.org/10.1016/j.jmb.2015.11.006
https://doi.org/10.1016/j.jmb.2015.11.006
https://doi.org/10.1038/s41576-020-0233-0
https://doi.org/10.1038/s41576-020-0233-0
https://doi.org/10.1016/j.jiac.2019.12.010
https://doi.org/10.1016/j.chembiol.2013.12.011
https://doi.org/10.1016/j.chembiol.2013.12.011
https://doi.org/10.1016/j.mib.2007.08.006
https://doi.org/10.1007/s00284-023-03313-0
https://doi.org/10.3390/genes11020139
https://doi.org/10.3390/genes11020139
https://doi.org/10.1007/BF01957906
https://doi.org/10.1038/nrmicro3028
https://doi.org/10.1038/s41592-018-0293-7
https://doi.org/10.1038/s41592-018-0293-7
https://doi.org/10.1111/jam.14459
https://doi.org/10.1038/s41598-017-11025-2
https://doi.org/10.1111/j.1742-4658.2006.05218.x
https://doi.org/10.1111/j.1742-4658.2006.05218.x
https://doi.org/10.1128/jb.177.17.4851-4856.1995
https://doi.org/10.1128/jb.177.17.4851-4856.1995
https://doi.org/10.1186/1471-2105-14-60
https://doi.org/10.1099/ijsem.0.004468
https://doi.org/10.1021/acs.biochem.0c00250
https://doi.org/10.1016/j.resmic.2011.02.006
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

Singh et al.

Nielsen-Leroux, C., Gaudriault, S., Ramarao, N., Lereclus, D., and Givaudan, A.
(2012). How the insect pathogen bacteria Bacillus thuringiensis and Xenorhabdus/
Photorhabdus occupy their hosts. Curr. Opin. Microbiol. 15, 220-231.

Nikaido, H., and Takatsuka, Y. (2009). Mechanisms of RND multidrug efflux pumps.
Biochem. Biophys. Acta 1794, 769-781.

O’Grady, E. P., Nguyen, D. T., Weisskopf, L., Eber], L., and Sokol, P. A. (2011).
The Burkholderia cenocepacia LysR-type transcriptional regulator ShvR influences
expression of quorum-sensing, protease, type II secretion, and afc genes. J. Bacteriol.
193, 163-176. doi: 10.1128/JB.00852-10

Osbourn, A. (2010). Secondary metabolic gene clusters: Evolutionary toolkits for
chemical innovation. Trends Genet. 26, 449-457. doi: 10.1016/j.tig.2010.07.001

Palmieri, G., Balestrieri, M., Proroga, Y. T., Falcigno, L., Facchiano, A., Riccio, A.,
et al. (2016). New antimicrobial peptides against foodborne pathogens: From in silico
design to experimental evidence. Food Chem. 211, 546-554.

Park, C. J., and Cheryl, P. A. (2020). “Distinct but intertwined evolutionary histories
of multiple Salmonella enterica subspecies”. Msystems 5, e515-¢519. doi: 10.1128/
mSystems.00515-19

Peng, D., Lin, J., Huang, Q., Zheng, W., Liu, G., Zheng, J., et al. (2016). A novel
metalloproteinase virulence factor is involved in Bacillus thuringiensis pathogenesis
in nematodes and insects. Environ. Microbiol. 18, 846-862. doi: 10.1111/1462-2920.
13069

Pritchard, G. (2016). Genomics and taxonomy in diagnostics for food security:
Soft-rotting enterobacterial plant pathogens. Anal. Methods 8, 12-24. doi: 10.1039/
C5AY02550H

Reinhold-Hurek, B., and Hurek, T. (2011). Living inside plants: Bacterial
endophytes. Curr. Opin. Plant Biol. 14, 435-443. doi: 10.1016/j.pbi.2011.04.004

Richter, M., and Rossell6-Mora, R. (2009). Shifting the genomic gold standard for
the prokaryotic species definition. Proc. Natl. Acad. Sci. U.S.A. 106, 19126-19131.
doi: 10.1073/pnas.0906412106

Roy, A. S., Baruah, R., Gogoi, D., Borah, M., Singh, A. K., and Boruah, H. P. D.
(2013). Draft genome sequence of Pseudomonas aeruginosa strain N002, isolated
from crude oil-contaminated soil from Geleky, Assam, India. Genome Announc. 1,
€00104-€00112. doi: 10.1128/genomeA.00104-12

Russell, D. A., Byrne, G. A., O’Connell, E. P,, Boland, C. A., and Meijer, W. G.
(2004). The LysR-type transcriptional regulator VirR is required for expression of the
virulence gene vapA of Rhodococcus equi ATCC 33701. J. Bacteriol. 186, 5576-5584.
doi: 10.1128/JB.186.17.5576-5584.2004

Rytioja, J., Hildén, K., Yuzon, J., Hatakka, A., De Vries, R. P., and Mikeld, M. R.
(2014). Plant-polysaccharide-degrading enzymes from basidiomycetes. Microbiol.
Mol. Biol. Rev. 78, 614-649. doi: 10.1128/ MMBR.00035- 14

Schaffer, A. A., Aravind, L., Madden, T. L., Shavirin, S., Spouge, J. L., Wolf, Y. L,
et al. (2001). Improving the accuracy of PSI-BLAST protein database searches with
composition-based statistics and other refinements. Nucleic Acids Res. 29, 2994-3005.
doi: 10.1093/nar/29.14.2994

Schell, M. A. (1993). Molecular biology of the LysR family of transcriptional
regulators. Annu. Rev. Microbiol. 47, 597-626.

Schwan, W. R., Demuth, A, Kuhn, M. and Goebel, W. (1994).
Phosphatidylinositol-specific phospholipase C from Listeria monocytogenes
contributes to intracellular survival and growth of Listeria innocua. Infect. Immun. 62,
4795-4803. doi: 10.1128/iai.62.11.4795-4803.1994

Seiler, C., and Berendonk, T. U. (2012). Heavy metal driven co-selection of antibiotic
resistance in soil and water bodies impacted by agriculture and aquaculture. Front.
Microbiol. 3:399. doi: 10.3389/fmicb.2012.00399

Sheehan, D., Meade, G., Foley, V. M., and Dowd, C. A. (2001). Structure, function
and evolution of glutathione transferases: Implications for classification of non-
mammalian members of an ancient enzyme superfamily. Biochem. J. 360, 1-16. doi:
10.1042/0264-6021:3600001

Singh, R. P., Jha, P., and Jha, P. N. (2015). The plant growth promoting bacterium
Klebsiella sp. SBP-8 confers induced systemic tolerance in wheat (Triticum aestivim)
under salt stress. J. Plant Physiol. 184, 57-67. doi: 10.1016/j.jplph.2015.07.002

Sinha, R. K, and Krishnan, K. P. (2021). Genomic insights into the molecular
mechanisms of a Pseudomonas strain significant in its survival in Kongsfjorden,
an Arctic fjord. Mol. Genet. Genom. 296, 893-903. doi: 10.1007/s00438-021-
01788-9

Sircar, R., Greenswag, A. R., Bilwes, A. M., Gonzalez-Bonet, G., and Crane, B. R.
(2013). Structure and activity of the flagellar rotor protein FliY: A member of the CheC
phosphatase family. J. Biol. Chem. 288, 13493-13502. doi: 10.1074/jbc.M112.445171

Frontiers in Microbiology

18

10.3389/fmicb.2024.1351161

Smith, J. T., Amador, S., McGonagle, C. J., Needle, D., Gibson, R., and Andam,
C. P. (2020). Population genomics of Staphylococcus pseudintermedius in companion
animals in the United States. Commun. Biol. 3, 282. doi: 10.1038/s42003-020-1009-y

Srinivasan, V. B., Rajamohan, G., and Gebreyes, W. A. (2009). Role of AbeS, a
novel efflux pump of the SMR family of transporters, in resistance to antimicrobial
agents in Acinetobacter baumannii. Antimicrob. Agents Chemother. 53, 5312-5316.
doi: 10.1128/AAC.00748-09

Stamatakis, A. (2014). RAXML version 8: A tool for phylogenetic analysis and
post-analysis of large phylogenies. Bioinformatics 30, 1312-1313. doi: 10.1093/
bioinformatics/btu033

Su, X. Z., Chen, J., Mizushima, T., Kuroda, T., and Tsuchiya, T. (2005). AbeM, an
H+-coupled Acinetobacter baumannii multidrug efflux pump belonging to the MATE
family of transporters. Antimicrob. Agents Chemother. 49, 4362-4364. doi: 10.1128/
AAC.49.10.4362-4364.2005

Sun, D., Jeannot, K., Xiao, Y., and Knapp, C. W. (2019). Editorial: Horizontal
gene transfer mediated bacterial antibiotic resistance. Front. Microbiol. 10:1933. doi:
10.3389/fmicb.2019.01933

Tajima, F. (1989). Statistical method for testing the neutral mutation hypothesis by
DNA polymorphism. Genetics 123, 585-595.

Udomsinprasert, R., Pongjaroenkit, S., Wongsantichon, J., Oakley, A. J,
Prapanthadara, L. A., Wilce, M. C,, et al. (2005). Identification, characterization and
structure of a new Delta class glutathione transferase isoenzyme. Biochem. ]. 388,
763-771. doi: 10.1042/BJ20042015

Urbaniak, C., Grams, T., Mason, C. E., and Venkateswaran, K. (2021). Simulated
microgravity promotes horizontal gene transfer of antimicrobial resistance genes
between bacterial genera in the absence of antibiotic selective pressure. Life (Basel)
11:960. doi: 10.3390/1ife11090960

Wang, B., and Sun, D. (2015). Detection of NDM-1 carbapenemase-producing
Acinetobacter calcoaceticus and Acinetobacter junii in environmental samples from
livestock farms. J. Antimicrob. Chemother. 70, 611-613. doi: 10.1093/jac/dku405

Wang, J., Zhang, R., Chen, X,, Sun, X,, Yan, Y., Shen, X,, et al. (2020). Biosynthesis
of aromatic polyketides in microorganisms using type II polyketide synthases. Microb.
Cell Fact 19:110.

Weber, T., Blin, K., Duddela, S., Krug, D., Kim, H. U,, Bruccoleri, R., et al. (2015).
antiSMASH 3.0-a comprehensive resource for the genome mining of biosynthetic gene
clusters. Nucleic Acids Res. 43, W237-W243. doi: 10.1093/nar/gkv437

Welch, M., Oosawa, K., Aizawa, S., and Eisenbach, M. (1993). Phosphorylation
dependent binding of a signal molecule to the flagellar switch of bacteria. Proc. Natl.
Acad. Sci. U.S.A. 90, 8787-8791. doi: 10.1073/pnas.90.19.8787

Wisplinghoff, H., Paulus, T., Lugenheim, M., Stefanik, D., Higgins, P. G., Edmond,
M. B., et al. (2012). Nosocomial bloodstream infections due to Acinetobacter
baumannii, Acinetobacter pittii and Acinetobacter nosocomialis in the United States.
J. Inf. Secur. 64, 282-290.

Wong, M. H. Y., Chan, B,, Chan, E. W. C,, and Chen, S. (2019). Over-expression
of ISAbal-linked intrinsic and exogenously acquired OXA type carbapenem-
hydrolyzing-class D-83-lactamase-encoding genes is key mechanism underlying
carbapenem resistance in Acinetobacter Baumannii. Front. Microbiol. 10:2809. doi:
10.3389/fmicb.2019.02809

Wu, X., Monchy, S., Taghavi, S., Zhu, W., Ramos, J., and van der Lelie, D.
(2010). Comparative genomics and functional analysis of niche-specific adaptation
in Pseudomonas putida. FEMS Microbiol. Rev. 35, 299-323. doi: 10.1111/§.1574-6976.
2010.00249.x

Xikeranmu, Z., Ma, J., and Liu, X. (2020). Characterization of a Mn-SOD from the
desert beetle Microdera punctipennis and its increased resistance to cold stress in E. coli
cells. Peer] 8:e8507. doi: 10.7717/peerj.8507

Xu, L., Dong, Z., Fang, L., Luo, Y., Wei, Z., Guo, H., et al. (2019). OrthoVenn2:
a web server for whole-genome comparison and annotation of orthologous clusters
across multiple species. Nucleic Acids Res. 47, W52-W58. doi: 10.1093/nar/gkz333

Zhang, H., Yohe, T., Huang, L., Entwistle, S., Wu, P., Yang, Z., et al. (2018). dbCAN2:
A meta server for automated carbohydrate- active enzyme annotation. Nucleic Acids
Res. 46, W95-W101.

Zhang, L. J., and Galo, R. L. (2016). Antimicrobial peptides. Curr. Biol. 26,
1-21.

Zhu, L., Peng, D., Wang, Y., Ye, W. Zheng, J., Zhao, et al
(2015).  Genomic and  transcriptomic  insights into  the efficient
entomopathogenicity of Bacillus thuringiensis. Sci. Rep. 5:14129. doi: 10.1038/srep
14129

C.,

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1351161
https://doi.org/10.1128/JB.00852-10
https://doi.org/10.1016/j.tig.2010.07.001
https://doi.org/10.1128/mSystems.00515-19
https://doi.org/10.1128/mSystems.00515-19
https://doi.org/10.1111/1462-2920.13069
https://doi.org/10.1111/1462-2920.13069
https://doi.org/10.1039/C5AY02550H
https://doi.org/10.1039/C5AY02550H
https://doi.org/10.1016/j.pbi.2011.04.004
https://doi.org/10.1073/pnas.0906412106
https://doi.org/10.1128/genomeA.00104-12
https://doi.org/10.1128/JB.186.17.5576-5584.2004
https://doi.org/10.1128/MMBR.00035-14
https://doi.org/10.1093/nar/29.14.2994
https://doi.org/10.1128/iai.62.11.4795-4803.1994
https://doi.org/10.3389/fmicb.2012.00399
https://doi.org/10.1042/0264-6021:3600001
https://doi.org/10.1042/0264-6021:3600001
https://doi.org/10.1016/j.jplph.2015.07.002
https://doi.org/10.1007/s00438-021-01788-9
https://doi.org/10.1007/s00438-021-01788-9
https://doi.org/10.1074/jbc.M112.445171
https://doi.org/10.1038/s42003-020-1009-y
https://doi.org/10.1128/AAC.00748-09
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.1128/AAC.49.10.4362-4364.2005
https://doi.org/10.1128/AAC.49.10.4362-4364.2005
https://doi.org/10.3389/fmicb.2019.01933
https://doi.org/10.3389/fmicb.2019.01933
https://doi.org/10.1042/BJ20042015
https://doi.org/10.3390/life11090960
https://doi.org/10.1093/jac/dku405
https://doi.org/10.1093/nar/gkv437
https://doi.org/10.1073/pnas.90.19.8787
https://doi.org/10.3389/fmicb.2019.02809
https://doi.org/10.3389/fmicb.2019.02809
https://doi.org/10.1111/j.1574-6976.2010.00249.x
https://doi.org/10.1111/j.1574-6976.2010.00249.x
https://doi.org/10.7717/peerj.8507
https://doi.org/10.1093/nar/gkz333
https://doi.org/10.1038/srep14129
https://doi.org/10.1038/srep14129
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

	First report on in-depth genome and comparative genome analysis of a metal-resistant bacterium Acinetobacter pittii S-30, isolated from environmental sample
	Introduction
	Materials and methods
	Characterization of the test isolate
	Motility test
	Whole genome sequencing
	Average nucleotide identity analysis
	Antimicrobial and virulence analysis
	Prediction of biosynthetic gene clusters
	Prediction of carbohydrate–active enzyme
	Analysis of genetic diversity and recombination in A. pittii strains
	Comparative genome analysis
	Data deposition

	Results
	Characterization of test isolate S-30
	Genome analysis
	ANI and core genome phylogeny
	RAST functional annotation
	COG and KEGG analysis
	Gene ontology
	AMRs and VFDB
	BGCs analysis
	CAZymes analysis
	Analysis of genetic diversity and recombination in A. pittii strains
	Comparative genome and pangenome analysis

	Discussion
	Osmotic stress adaptation and metal-resistance genes
	Antibiotic and virulence genes
	Stress protection
	Chemotaxis and motility
	Metabolism
	BGCs analysis
	Gene-related to biotechnological applications
	Analysis of genetic diversity and recombination

	Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References




