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Abstract
Elevated concentration of non-essential persistent heavy metals and metalloids in the soil is detrimental to essential soil 
microbes and plants, resulting in diminished diversity and biomass. Thus, isolation, screening, and whole genomic analysis 
of potent strains of bacteria from arable lands with inherent capabilities of heavy metal resistance and plant growth pro-
motion hold the key for bio remedial applications. This study is an attempt to do the same. In this study, a potent strain of 
Pseudomonas aeruginosa was isolated from paddy fields, followed by metabolic profiling using FTIR, metal uptake analysis 
employing ICP–MS, whole genome sequencing and comparative codon usage analysis. ICP–MS study provided insights 
into a high degree of Cd uptake during the exponential phase of growth under cumulative metal stress to Cd, Zn and Co, 
which was further corroborated by the detection of cadA gene along with czcCBA operon in the genome upon performing 
whole-genome sequencing. This potent strain of Pseudomonas aeruginosa also harboured genes, such as copA, chrA, znuA, 
mgtE, corA, and others conferring resistance against different heavy metals, such as Cd, Zn, Co, Cu, Cr, etc. A comparative 
codon usage bias analysis at the genomic and genic level, whereby several heavy metal resistant genes were considered in 
the backdrop of two housekeeping genes among 40 Pseudomonas spp. indicated the presence of a relatively strong codon 
usage bias in the studied strain. With this work, an effort was made to explore heavy metal-resistant bacteria (isolated from 
arable soil) and whole genome sequence analysis to get insight into metal resistance for future bio remedial applications.

Keywords Pseudomonas aeruginosa · Heavy metal resistance · Plant growth promotion · Whole genome sequencing · 
Codon usage bias · Metabolic profiling · Fourier transform infrared spectroscopy · Inductively coupled plasma mass 
spectrometry

Introduction

Bioaccumulation of pollutants, especially persistent heavy 
metals and metalloids in soil due to anthropogenic activi-
ties, including mal-agricultural practices, has been proven to 
inhibit carbon biomass accumulation at the lower soil levels 
leading to diminished biodiversity of the essential bacte-
rial population (Šmejkalová et al. 2003; Giller et al. 2009). 
However, giving credence to the “microbial infallibility” 

hypothesis (O'Malley and Walsh 2021), soil-borne bacte-
ria, having been exposed to a metalliferous soil environment 
over a period of time, have established resistance mecha-
nisms not only to mitigate heavy metals and metalloids from 
contaminated soil but also promote plant growth (Jadhav 
et al. 2010). Thus, from the perspective of amelioration 
of heavy metal contaminants in polluted soil, especially 
in arable lands, it becomes necessary to explore avenues 
for employing these metal resistant soil-borne indigenous 
eubacterial species because of their inherent competitive 
advantage over non-indigenous bacteria (Kumar and Gopal 
2015). In this regard, the soil of arable lands requires much 
more attention for global food security (Alengebawy et al. 
2021). Though polluted sites are regarded as the principal 
sink for obtaining metal-resistant bacteria, in this study, 
the focus was deliberately placed on arable lands, which 
are not classified as polluted sites. The detection of heavy 
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metal resistant bacteria from such land may indicate "silent" 
arable land contamination and help understand the preva-
lence of heavy metal resistant bacteria in arable land. Ear-
lier studies have provided insights into heavy metal toxicity 
reduction by different soil-borne eubacterial genera, such 
as Pseudomonas (Chong et al. 2012), Acinetobacter (Helal 
2016), Achromobacter (Stanbrough et al. 2013), Alcaligenes 
(Abbas et al. 2015), Burkholderia (Jiang et al. 2008), Bacil-
lus (Çolak et al. 2011), and others through different meta-
bolic activities including accumulation and transformation 
of toxic metals. However, there is a need to extend the search 
for indigenous soil-dwelling heavy metal resistant bacteria 
for bio remedial purposes. Therefore, the present study was 
aimed to explore heavy metal resistant indigenous bacte-
rial strains from arable lands with the potential to promote 
plant growth and gain insight into the biology of heavy metal 
uptake and resistance. This was further followed up with 
whole-genome sequencing and a comprehensive compara-
tive genomics-based codon usage analysis to understand 
better the mechanistic forces shaping codon usage of the 
genes conferring resistance to heavy metals. Codon usage 
bias (CUB), i.e., preference in the usage of one synonymous 
codon over others is mainly observed due to three signifi-
cant factors, namely, mutation, selection and random drift, 
and plays a significant role in genome evolution (Sharp 
and Matassi 1994; Plotkin and Kudla 2011; Parvathy and 
Udayasuriyan 2022). The isolation of bacteria during this 
study was done from arable land of Uttar Dinajpur district of 
West Bengal, India, cultivating ‘Tulaipanji’ variety of rice. 
'Tulaipanji' is an exclusive aromatic indigenous rice variety 
endemic to this region (Mondal et al. 2013) coveted with 
a geographical indications (GI) tag by the Government of 
India (Registrar 2017). As the microbial diversity of arable 
land from this region is largely unexplored, this offers an 
excellent opportunity to explore the bacteria resident here 
for environmental remediation and plant growth promotion.

A potent Pseudomonas aeruginosa strain resistant to mul-
tiple heavy metals and plant growth-promoting potential was 
obtained during this study.The genus Pseudomonas repre-
sents a well-known and versatile Gram negative bacterial 
group (Aguilar-Barajas et al. 2010). It can uptake and resist 
toxic metals at significantly higher concentrations while sub-
sequently converting them into relatively less toxic forms 
(Mohamed and Abo-Amer 2012; Wasi et al. 2013; Chellaiah 
2018), paving the way for effective bioremediation. Several 
species belonging to this genus such as P. aeruginosa, P. 
fluorescens, P. putida, P. mendocina, P. rhizophila, P. veronii 
and P. stutzeri (Chong et al. 2012; Manara et al. 2012; Alha-
sawi et al. 2015; Méndez et al. 2017; Hassen et al. 2018) 
have been reported to demonstrate competence in degrad-
ing toxic non-biodegradable contaminants. In addition, it 
has been shown that heavy metal resistant bacteria play an 
indispensable role in promoting plant growth (Khanna et al. 

2019; Ren et al. 2019; Mesa-Marín et al. 2020). In recent 
years, some studies have also revealed the complete genome 
sequence of plant growth-promoting Pseudomonas spp. 
under heavy metal stressed conditions (Kang et al. 2020). 
Apart from this, whole genome sequences of some highly Cu 
resistant soil-dwelling (Havryliuk et al. 2020), hydrocarbon 
and heavy metal degrading rhizospheric Pseudomonas spe-
cies (Chlebek et al. 2022) have also been reported.

In this study, metabolic fingerprinting based on Fourier 
transform infrared (FTIR) spectroscopy and high resolution 
inductively coupled plasma mass spectra analysis (ICP–MS) 
was performed to study the strain's heavy metal resistance 
and uptake potential, respectively. Because of the growing 
importance of genomics within the conventional dimensions 
of environmental microbiology, a comparative genomic 
analysis of whole-genome data of forty different Pseu-
domonas spp. belonging to soil and plant-based habitats 
was also carried out to compare and comprehend the codon 
usage bias (CUB) pattern of both genome and genes related 
to heavy metal resistance.

Materials and methods

Isolation and initial characterization of heavy metal 
resistant bacterial isolate

A potent multi heavy metal resistant bacterial isolate was 
obtained from the rhizospheric soil of paddy fields (cul-
tivating indigenous ‘Tulaipanji’ rice variety) located at 
Raiganj block of West Bengal (near Dhurail; 25° 42′ 19″ N, 
88° 7′ 3″ E). The soil samples were collected under aseptic 
conditions and processed to isolate metal-resistant bacte-
ria. Initially, the soil samples were incubated in sterilized 
metal-supplemented (100 µg/mL metal concentration) Tryp-
tone Soya Broth (TSB) medium in different Erlenmeyer 
flasks (for each metal) at 35 °C for 48 h. A total of nine 
heavy metal salts were used to determine resistance against 
nine different heavy metals (Cd, Zn, Ni, Pb, Fe, Co, Cu, 
As, and Cr). Next, standard serial dilution followed by the 
pour plate method was used to isolate bacterial colonies on 
culture plates. The heavy metal resistant bacterial isolates 
were obtained in axenic cultures by transferring each of the 
single bacterial colonies that appeared on the incubated cul-
ture plates into freshly prepared Tryptone Soya Agar (TSA) 
slants. The details of the different heavy metal salts used in 
this study are given in Supplementary Table S1. Many bac-
terial isolates showing growth in a variety of heavy metals, 
such as Cd, Ni, Cr, Co, Zn, Fe(II), Pb, Cu, As, etc., were 
obtained during the initial screening. Minimum inhibitory 
concentration (MIC) values of all the resistant bacterial iso-
lates for each of the studied heavy metals were determined, 
followed by the characterization of biochemical attributes. 
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The most enduring bacterial isolate, MR41, exhibiting an 
elevated level of metal tolerance to most heavy metals, was 
selected for further studies regarding plant growth promo-
tion, heavy metal uptake, and subsequent whole genome 
sequencing, followed by comparative genomic analysis.

Morphological and biochemical characterization

Scanning Electron Microscopy (SEM) and Gram stain-
ing were done to elucidate the morphology of the isolate 
MR41. For SEM analysis, primary fixation of the bacterial 
cell mass was done in 2.5% glutaraldehyde solution, fol-
lowed by washing in phosphate buffer saline (PBS). After 
that, dehydration was carried out in graded ethanol series 
(30%, 50%, 70%, 80%, 90%, 95%, and 100%) followed by 
gold sputter coating. The prepared specimen was visualized 
under the scanning electron microscope (JEOL, model no. 
JSM-IT100).

Biochemical tests such as starch hydrolysis, lipid hydroly-
sis, catalase, oxidase, urease, nitrate reduction, indole pro-
duction, gelatine liquefaction, and citrate utilization were 
carried out for characterization of MR41 (Cappuccino and 
Welsh 2017).

In vitro screening tests for detecting plant growth 
promotion potential

The isolate MR41 was screened in vitro to assess plant 
growth promotion ability using tests for phosphate solubi-
lisation (Nautiyal 1999), zinc solubilisation (Kamran et al. 
2017), hydrogen cyanide (HCN) production (Lorck 1948), 
indole acetic acid (IAA) production (Bric et  al. 1991), 
ammonia production (Cappucino and Sherman 1992), and 
siderophore production (Schwyn and Neilands 1987).

Molecular identification and phylogenetic analysis 
of the isolate based on 16S rRNA gene

Molecular identification of the bacterial isolate MR41 was 
carried out by sequencing the 16S rRNA gene. For this, 
genomic DNA was initially isolated by the standard phe-
nol–chloroform method (Lever et al. 2015), followed by 
PCR amplification of the 16S rRNA gene using universal 
primers 16F27 [5′-CCA GAG TTT GAT CMT GGC TCA 
G-3′] and 16R1492 [5′-TAC GGY TAC CTT GTT ACG 
ACT T-3′] (Frank et al. 2008). The amplified 16S rRNA 
gene PCR product was purified by PEG–NaCl precipita-
tion and directly sequenced on an ABI® 3730XL auto-
mated DNA sequencer as per the manufacturer’s instruc-
tions. Sequencing was carried out from both ends using 
additional internal primers to read at least twice for each 
position. Assembly was performed utilizing the Lasergene 
package (Burland 2000) followed by identification using 

the EzBioCloud database (Yoon et al. 2017). The obtained 
sequence was submitted to the GenBank repository, and 
accession number was obtained.

To infer on phylogenetic affinity of the isolate with other 
closely related intragenic type strains, a comprehensive 
molecular phylogenetic analysis was carried out utilizing 
the 16S rRNA gene sequence of MR41 with that of other 
strains possessing close resemblance, revealed through 
nucleotide BLAST (McGinnis and Madden 2004). Moreo-
ver, the List of Prokaryotic Names with Standing in Nomen-
clature (LPSN) hosted at https:// lpsn. dsmz. de (Euzéby 
1997; Parte 2014, 2018; Parte et al. 2020) was thoroughly 
searched for the verification of the derived type strains. 
Next, the obtained 16S rRNA gene sequences of the studied 
type strains, including MR41, were subjected to a multiple 
sequence alignment (MSA) (Pirovano and Heringa 2008) 
using Clustal Omega (Sievers and Higgins 2014). Phylogeny 
was inferred using the maximum likelihood (ML) method 
(Yang 2007) after a thorough model test employing MEGA 
X software (Kumar et al. 2018). The model with the lowest 
Bayesian Information Criterion (BIC) value was used for 
inferring phylogeny (Posada and Buckley 2004; Luo et al. 
2010; Saha et al. 2019). The bootstrap consensus tree was 
inferred from 1000 replicates (Felsenstein 1985).

Study of bacterial growth in normal and heavy 
metal stressed condition

The isolate MR41 was subjected to growth in normal TSB 
(HiMedia) as well as in TSB supplemented with heavy met-
als (pH 7.2) to study and compare the growth profile in the 
absence and presence of different heavy metals. For this, 
the TSB medium was supplemented with different heavy 
metals at their maximum tolerable concentrations (MTCs) 
for MR41, such as Cd (500 µg/mL), Co (200 µg/mL), Ni 
(1400 µg/mL), Zn (1100 µg/mL), and Cr (100 µg/mL). Each 
set of growth experiments was carried out in triplicate. The 
O. D. values were taken every 2 h interval at 600 nm wave-
length of light using a visible spectrophotometer (Systronics, 
type 166). The O. D. values were used to construct growth 
curves of the isolate MR41.

Cumulative metal stress detection 
and simultaneous growth kinetics analysis

Two and three different heavy metals in equal proportions 
were supplemented in each set of culture media to detect 
double or triple cumulative metal stress tolerance. The 
growth of the isolate MR41 was monitored using the pour 
plate method. Bacterial growth was assessed in different 
concentrations starting from 50 µg/mL and up to the limit, 
where no growth was observed.

https://lpsn.dsmz.de
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The effect of triple cumulative metal stress was stud-
ied using the heavy metal combinations of Ni:Cd:Zn and 
Co:Zn:Cd in equal proportions, and further corroborated 
by growth curve analysis in TSB medium. Based on the 
response of the isolate MR41 to triple cumulative metal 
stress in solid media, the combination of Co:Cd:Zn (showing 
comparatively vigorous growth) was used for growth study 
in liquid TSB. The medium was supplemented with the three 
heavy metals Co:Cd:Zn at MTCs (50 µg/mL in equimolar 
proportions), and the growth of MR41 was measured in 
terms of O. D. at 600 nm at 2 h interval for constructing the 
growth curve.

FTIR spectroscopy based metabolic profiling 
in presence and absence of heavy metals

FTIR spectroscopy is an effective and swift analytical tech-
nique for investigating the compositional changes occurring 
within bacterial cells in response to various stress factors, 
including heavy metals (Kepenek et al. 2020). It effectively 
determines the structural changes in the bacterial cell upon 
molecular binding with heavy metal ions and provides 
information regarding the nature of heavy metal interac-
tions (Faghihzadeh et al. 2016). FTIR analysis of MR41 
cell mass grown in different heavy metals and under nor-
mal conditions (without metal) was carried out to detect the 
functional groups present in the bacterial cell surface and 
involved in innate bacterial resistance during metal-induced 
stress. Initially, the isolate MR41 was grown separately in 
TSB containing Cd, Co, Ni, Zn, and Cr at the concentra-
tion of 500 µg/mL, 200 µg/mL, 1400 µg/mL, 1100 µg/mL 
and 100 µg/Ml, respectively, along with the control. MR41 
was also inoculated in Co:Cd:Zn supplemented (50 µg/mL 
in equimolar proportions) medium (pH 7.2). After 24 h of 
growth at 35 °C, the cell pellets from each culture were 
separated by centrifugation using a mini centrifuge (REMI 
RM 02 Plus) in 2 mL Eppendorf tubes (RCF = 2000g for 
20 min). These pellets were dried in a hot air oven for 24 h 
at 45–50 °C after washing thoroughly with 1X PBS buffer 
solution (pH 7.4). The resulting dry masses were powdered 
using agate mortar and pestle. Finally, the powdered samples 
were subjected to FTIR analysis. For each sample, about 
1 mg was mixed with 100 mg of KBr to make a 13 mm die 
pellet. FTIR analysis was carried out on a Vertex 80 FTIR 
system (Bruker, Germany) at SAIF, IIT Bombay and the 
spectral data were recorded. Sample scanning was carried 
out 64 times for each sample. OPUS 8.2 software was used 
for processing the spectral data. The spectral data were col-
lected over the range 450–4000  cm−1 with 4  cm−1 spectral 
resolution (Afzal et al. 2017). The average spectral data were 
baseline corrected and subsequently normalized with respect 
to specific bands.

Genomic DNA isolation, whole genome shotgun 
sequencing and assembly

Sample DNA extraction was done by Qiagen DNeasy Blood 
and Tissue Kits, and the library was prepared using KAPA 
Hyper Preparation Kit according to the manufacturer’s pro-
tocols (Gautam et al. 2019). Paired-end high quality paired 
reads of length 151 bp were sequenced on the Illumina 
NovaSeq 6000 platform. Genome sequencing was carried 
out at Bionivid Technology Pvt. Ltd., Bangalore, India. Bac-
terial genome assembly was done in steps including qual-
ity control (QC) and pre-processing of raw reads, primary 
assembly, assembly validation and final draft assembly. Ini-
tially, QC and pre-processing of FASTQ files such as adaptor 
trimming and quality filtering were carried out to provide 
clean data for downstream analysis using the Fastp tool 
(V 0.20.0) (Chen et al. 2018) with the parameters; length 
required 75, length limit 201, and phred score (Q30). After 
that, de novo assembly was done using the tool SPAdes (V 
3.13.0) (Bankevich et al. 2012) with the minimum length 
200  bp to produce long contiguous pieces of sequence 
(contigs) from the high quality (HQ) reads. Then, from 
the constructed primary genome assembly, the 16S rRNA 
gene sequence was predicted utilising the tool Barrnap 0.9, 
which detects the location of ribosomal RNA genes present 
within the genome. In the next step of assembly validation, 
the filtered HQ reads of the isolate MR41 were aligned to 
the respective assembled genome using the aligner Bowtie2 
(V 2.2.2) (Langmead and Salzberg 2012) to determine the 
percentage of HQ reads utilized in making the draft genome 
assembly. Finally, the assembled primary genome and its 
nearest reference found in NCBI were used for assembly pol-
ishing using the web-based tool MeDuSa (Bosi et al. 2015), 
which rearranges the assembled genome contigs into scaf-
folds. The raw data was generated for a depth of 250× to 
cover the entire genome.

Gene prediction, annotation, and functional 
characterization

The draft genome was subjected to gene prediction and 
annotation using the Rapid Annotation using Subsystem 
Technology (RAST) server (Aziz et al. 2008; Overbeek 
et al. 2014; Brettin et al. 2015), a fully automated service 
for annotating complete or nearly complete genomes and 
providing high-quality annotations. The parameters such 
as genetic code 11, and E value cutoff for selection CDSs 
1e-20 were considered. Moreover, prophage sequences and 
genomic islands were screened and detected in the draft 
genome employing the tool PHASTER (PHAge Search Tool 
Enhanced Release) (Arndt et al. 2016) and IslandViewer4 
(Bertelli et al. 2017), respectively.
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Calculation of average nucleotide identity (ANI)

For identifying bacteria, determination of ANI serves as one 
of the most essential and widely used parameters (Figueras 
et al. 2014). An ANI value above 95% between two genomes 
indicates their close relatedness, i.e., they belong to the same 
species (Jain et al. 2018). ANI was calculated using Chun-
Lab’s online ANI Calculator (Yoon et al. 2017).

Estimation of metal uptake through high‑resolution 
ICP–MS

The metal uptake capability of MR41 was estimated at dif-
ferent phases of growth such as lag, log and stationary phase 
through ICP–MS, an analytical technique through which ele-
ments can be detected and measured in any biological fluid 
(Wilschefski and Baxter 2019). During cumulative metal 
stress detection, MR41 was observed to exhibit prolific 
growth in the presence of triple cumulative metals Co:Zn:Cd 
(50 µg/mL each, pH 7.2). ICP–MS was thus used to detect 
the metal accumulation by MR41 cells under triple cumula-
tive metal stress Co:Zn:Cd (50 µg/mL each). Cultures were 
drawn at different growth phases and processed after diges-
tion with concentrated  HNO3. The cultures were centrifuged 
using a mini centrifuge (REMI RM 02 Plus) in 2 mL Eppen-
dorf tubes (RCF = 2000 g for 20 min). Then, the cell pellets 
were thoroughly washed with PBS buffer solution (1X, pH 
7.4) three times, and concentrated  HNO3 was added to the 
cell pellets. The supernatants were also separately mixed 
with concentrated  HNO3 (for peptone digestion). The final 
volume was made up to 10 mL with sterile distilled water 
(Challaraj Emmanuel et al. 2011). The clear and transparent 
solutions of supernatants and pellets were analyzed using 
a high-resolution ICP–Mass Spectrometer (Make: Element 
XR, Model: Thermo Fisher Scientific, Germany) at SAIF, 
IIT Bombay.

Comparative CUB analysis of MR41 with reference 
to other Pseudomonads

The isolate MR41 showed marked resistance against a vari-
ety of heavy metals. The genes responsible for conferring 
resistance to all these heavy metals were considered for CUB 
analysis, and their orthologs from other Pseudomonas spp. 
were retrieved from the NCBI database. A total of 39 differ-
ent species of Pseudomonas from soil and plant parts with 
available whole genome sequences in NCBI were retrieved 
(Supplementary Table S2) to compare their codon biology 
with MR41. Moreover, LPSN (Parte et al. 2020) was also 
thoroughly consulted to assure that the genomes of the taxo-
nomically valid type strains were included in the study. The 
orthologs with improper annotation data and other errors 

were deliberately kept out of this study. Apart from the 
heavy metal resistance genes, two housekeeping genes, rpoB 
and trpB, were also considered for comparative CUB analy-
sis due to their antiquity and functional constancy. The rpoB 
gene is a constituent of the bacterial information processing 
system that encodes the beta subunit of the bacterial RNA 
polymerase enzyme, while trpB encodes the beta subunit of 
the tryptophan synthase enzyme. Both these genes are highly 
conserved in bacteria.

Genome and genic level analysis of codon usage pattern

Different codon usage parameters such as Nc (Wright 
1990), guanine and cytosine content on the first (GC1), 
second (GC2) and third position (GC3) of a codon, codon 
adaptation index or CAI (Sharp and Li 1987) were calcu-
lated to comprehend the pattern of codon usage. The tools 
employed for this purpose include CodonW (Peden 1999), 
ACUA (Vetrivel et al. 2007) and in house PERL scripts. 
The Nc is one of the best measures of codon usage, and its 
value ranges between 20 to 61, where a lower value indi-
cates higher codon usage bias and vice versa. GC content 
plays a crucial role in genome evolution (Sharp et al. 2005). 
GC3 content, along with GC1 and GC2, mediates a vital role 
in genomic and genic organisation (Song et al. 2017). The 
CAI, another important index for calculating potential gene 
expression, ranges from 0 to 1 (Sharp and Li 1987). Rela-
tive synonymous codon usage (RSCU), which is a measure 
of the ratio between the observed and expected values of 
synonymous codons, was calculated using the online CAI-
cal server (freely available at http:// genom es. urv. es/ CAIcal) 
(Puigbò et al. 2008). An RSCU value of 1 indicates no bias, 
while a value > 1 indicates biased codon usage. After esti-
mating the genomic codon usage parameters, genic CUB 
data were mined from the genomic data to comprehend the 
codon usage pattern of the different genes related to heavy 
metal resistance considered in this study.

Nc plot, neutrality plot and parity rule 2 plot (PR2) analysis

Nc plots (Wright 1990) depicting the correlation between Nc 
and GC3 were plotted on a graph to detect variations in intra 
or interspecific synonymous codon usage patterns of genome 
and genes. These plots help elucidate the mechanistic forces 
affecting CUB (Sun et al. 2016; Wang et al. 2018).

A neutrality plot depicts the interrelationship between 
GC12 (the average of GC1 and GC2) and GC3 to investi-
gate the mutation–selection equilibrium in shaping codon 
usage bias (Zhang et al. 2007). If GC12 is completely 
neutral with GC3, the slope of the regression line will 
be 1 (i.e., all the points lie on the diagonal line directing 
no selection pressure), while a slope of zero indicates 

http://genomes.urv.es/CAIcal
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no effect of directional mutational pressure (i.e., all the 
points are present on the line parallel to the abscissa) 
(Sueoka 1988). The regression curve thus obtained helps 
determine the degree of neutrality.

Another plot used for evaluating the impact of muta-
tion and selection on codon usage is the PR2 plot. It is 
a plot of AT bias [A3/(A3 + T3)] as the ordinate and 
GC bias [G3/(G3 + C3)] as the abscissa (Parvathy and 
Udayasuriyan 2022). In the centre of such plots, A = T 
and G = C (where both coordinates are 0.5) signify no 
bias between mutation and selection pressure (Sueoka 
1995; Nasrullah et al. 2015; Parvathy et al. 2022).

Correspondence analysis (CoA) based on RSCU

The trend in codon usage variation among genes was 
investigated utilizing CoA (Greenacre and Hastie 1987), 
a multivariate statistical method based on RSCU values 
of 59 sense codons. CoA depicts the distribution of syn-
onymous codons and orthologous genes in a multidimen-
sional space. This generates a series of orthogonal axes to 
identify the trends interpreting data variation (Liu 2006; 
Suzuki et al. 2008; Nie et al. 2014).

The entire workflow adopted in this study is schemati-
cally represented in Fig. 1.

Results

Initial characterization of the potent isolate

The bacterial isolate MR41 was designated as the most 
potent one, since it could resist multiple heavy metals. The 
MIC values of MR41 was found to be quite higher for the 
metals Ni(II) (1500 µg/mL), Cd (600 µg/mL), Zn (1200 µg/
mL), Fe(II) (1400 µg/mL), Cu (600 µg/mL), and As (500 µg/
mL). Culture plates depicting in vitro resistance of MR41 in 
TSA medium supplemented with different heavy metals (Cd, 
Fe, Ni, Zn) at 500 µg/mL concentration are shown in Fig. 2.

Morphological and biochemical characterization 
of MR41

Gram staining and SEM analysis of the isolate MR41 
revealed a Gram-negative, small rod-shaped bacterium. The 
length and breadth of the rod-shaped cells were found to 
range from 1.4 to 2.2 µm and 0.61 to 0.72 µm, respectively. 
The SEM micrograph of MR41 is shown in Supplementary 
Fig. S1. In terms of biochemical attributes, MR41 responded 
positively to the tests for lipid hydrolysis, citrate utilization, 
gelatine liquefaction, nitrate reduction, indole production, 
catalase activity and negatively to starch hydrolysis, oxi-
dase and urease test. The results of some of these tests are 
depicted in Supplementary Fig. S2.

Fig. 1  Graphical representation of the entire workflow used in the present study
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Based on Bergey’s Manual of Systematic Bacteriol-
ogy, 2nd edition, volume 2, part B, (page no 355, table 
BXII.γ.112), all the biochemical and morphological fea-
tures provisionally identified the isolate as a strain of Pseu-
domonas sp.

Screening for in vitro plant growth promotion 
activity

The isolate MR41 responded positively to all the screening 
tests for plant growth promotion assays, including phos-
phate solubilisation, siderophore production, HCN produc-
tion, zinc solubilisation, IAA, and ammonia production. The 
response of MR41 to the phosphate solubilisation test in the 

NBRIP medium with 0.025% bromophenol blue is shown in 
Supplementary Fig. S3.

16S rRNA based molecular identification 
and phylogenetic analysis

Molecular identification of MR41 using 16S rRNA gene 
sequence analysis revealed the bacterium to be identical to 
the type strain Pseudomonas aeruginosa JCM  5962T. The 
accession number for the 16S rRNA gene sequence submit-
ted in GenBank is ON491428.

Kimura 2-parameter model (Kimura 1980) with gamma 
(G) distributed rate variation among sites along with sig-
nificant proportion of invariable sites (I) or K2 + G + I 

Fig. 2  Culture plates depicting in vitro resistance of MR41 in different heavy metal supplemented media at 500 µg/mL concentration for a Cd, b 
Fe (II), c Ni, and d Zn
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model possessing the lowest Bayesian Information Cri-
terion (BIC) value was found to be the best model for 
inferring phylogeny. Molecular phylogenetic analysis also 

revealed the close resemblance of MR41 with the type 
strain Pseudomonas aeruginosa JCM  5962T, depicted 

Fig. 3  Molecular phylogenetic 
tree based on 16S rRNA gene 
depicting the relationship of 
the isolate MR41 with other 
type strains of Pseudomonas 
spp. inferred using Maximum 
Likelihood method and Kimura 
2-parameter model with 1000 
bootstrap replicates. A discrete 
Gamma distribution along with 
rate variation model was used 
to model the evolutionary rate 
differences among sites

Fig. 4  Growth pattern of the isolate MR41 in normal TSB medium 
as well as in Cd (500  µg/mL), Co (200  µg/mL), Zn (1100  µg/mL), 
Ni (1400  µg/mL), and Cr (100  µg/mL) supplemented TSB medium 

at MTCs in 37 °C. a Depicting growth in presence of Cd, Co and Zn 
including normal and b depicting growth of MR41 in presence of Ni 
and Cr against normal medium
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in the form of proper dichotomous branching with 100% 
bootstrap support as seen in the phylogenetic tree (Fig. 3).

Effect of Cd, Co, Ni, Cr, and Zn on the growth MR41

The heavy metals Cd, Ni, Cr and Co were found to inhibit 
growth, as was evident by the prolonged lag phase in the 
growth curve shown in Fig.  4. The analysis of growth 
revealed the stimulatory effect of Zn on MR41 as depicted 
in Fig. 4. The bacterial growth curve for Zn supplemented 
medium was found to be in accordance with the control 
medium, where no heavy metals were added. The growth 
curve also suggests that the inhibitory effect of Cd is rela-
tively greater than that of Ni on the growth of MR41.

Study of cumulative metal stress on the growth 
of MR41

The isolate MR41 responded positively to the double 
cumulative metal combinations (two different heavy metals 
mixed) of Zn:Ni, Zn:Cd, Zn:Cu and Zn:Cr combinations 
(500 µg/mL of each). In the case of triple cumulative metal 
stress (three different heavy metals), MR41 demonstrated 
significant growth in Co:Zn:Cd supplemented culture plate 
(50 µg/mL each) with discrete colonies. These results were 
corroborated by simultaneous growth kinetics analysis in 
the TSB medium. The growth curve in Fig. 5 represents a 
sigmoid curve with a prolonged lag period of 22 h, indicated 
by the plateau phase on the curve.

Metabolic profiling using FTIR in the absence 
and presence of different heavy metals

The differential spectral profile of the isolate MR41 sub-
jected to growth in the presence of different heavy met-
als was derived using an FTIR study. In the control set 
(bacteria grown without any heavy metal), the derived 

spectrum showed two characteristic peaks, respectively at 
3422.37  cm−1 and 3304.90  cm−1, due to the stretching of the 
O–H bond of carboxylic acid and N–H bond of amino groups 
present on the bacterial cell surface (Choudhary and Sar 
2009). Similarly, in the case of Co (200 µg/mL) and cumula-
tive Co:Cd:Zn (50:50:50 µg/mL) incorporated samples, two 
successive peaks were detected at the same spectral range, 
i.e., at 3421.12  cm−1 and 3296.33  cm−1 for Co, whereas 
3412.83  cm−1 and 3303.17  cm−1 for triple cumulative met-
als (Co:Cd:Zn) loaded sample. A change in this region 
with a single sharp peak at 3425.02  cm−1, 3433.23  cm−1, 
3433.78  cm−1 and 3422.91  cm−1, respectively, for Cd, Zn, Ni 
and Cr loaded bacterial cell mass also revealed the involve-
ment of hydroxyl and amino groups in the process of metal 
binding to the bacterial surface. Other complex absorption 
peaks were observed in all the metal accumulated samples, 
including the control, at the 2853–2960  cm−1 region due 
to the asymmetric stretching of –C–H bond of the –CH2 
groups associated with  CH3 group (Beech et al. 1999). Pro-
tein related bands were also prominent in all the samples in 
the range of 1650–1656  cm−1 and 1540–1545  cm−1, respec-
tively, for –C=O of amide I and –NH/–C=O combination 
of amide II bonds (Kazy et al. 1999). The appearance of a 
peak in the region of 1650–1656  cm−1 (amide I absorption 
region) may be due to the alpha helical secondary structure 
of protein though amino sugars present in the bacterial cell 
wall may form the peak in the same region (Kazy et al. 2006; 
Choudhary and Sar 2009). In the control set, the sharp peak 
at 1447.39  cm−1 appeared due to the presence of carboxyl 
groups, while a shift to a lower energy level was found upon 
metal binding, i.e., 1408.79  cm−1 for Cd, 1443.67  cm−1 for 
Zn, 1403.78  cm−1 for Co, and 1403.79  cm−1 for Ni bind-
ing. In the case of Cr uptake, such peaks were not found. 
In Co:Cd:Zn loaded samples, the splitting of the peak at 
1441.35  cm−1 and 1406.35  cm−1 was observed. Due to the 
symmetric stretching of COO– vibration, sharp peaks were 
found in the sample after metal binding in comparison to the 
control, i.e., at 1385.22  cm−1 for Zn, 1366.37  cm−1 for Ni, 
1367.64  cm−1 for Co:Cd:Zn loading, while two successive 
sharp peaks were observed in the same region for the metal 
Cd (1385.77  cm−1, 1308.39  cm−1) and Cr (1383.94  cm−1, 
1366.91  cm−1). Moreover, in each of the metal loaded sam-
ples along with the control, strong peaks at 1222–1230  cm−1 
and 1051–1083  cm−1 region appeared due to vibrations of 
carboxyl and phosphate groups present in the different cel-
lular components of bacteria, such as peptidoglycan and 
phospholipids (Kazy et al. 2006). One of the interesting 
observations in the overall analysis was the appearance of 
two completely different sharp peaks in Ni and Cr loaded 
samples, respectively, at 1714.06  cm−1 and 1714.14  cm−1 
wavenumbers compared to the control. It might be due to 
the presence of the carbonyl group (Hu et al. 2007) formed 
due to the interaction of metals with cellular proteins in the 

Fig. 5  Growth curve of MR41 in both normal and triple cumulative 
metal stressed condition (Cd, Zn, and Co supplemented TSB with 
50 µg/mL concentration of each metal) incubated at 37 °C
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bacterial cell. In both treated and untreated control sam-
ples, the fingerprint region falling between wavenumbers 
900–600  cm−1 (Faghihzadeh et al. 2016) contained a highly 
complex series of absorptions. Figure 6 represents the com-
parative FTIR spectral pattern of MR41 in response to dif-
ferent heavy metals.

Whole genome shotgun sequence of MR41

The whole genome sequence of MR41 revealed several 
genomic features depicted in Table 1. A total of 11,579,290 
quality filtered reads with an average read length of 151 bp 
were obtained. The final assembled genome of MR41 con-
sists of 6,211,544 bases arranged into 15 contigs (N50 and 
maximum sequence length of 6,195,387 bp) with an average 
GC content of 66.54%. This Whole Genome Shotgun project 
has been deposited at DDBJ/ENA/GenBank under the acces-
sion JAJEJW000000000. The version described in this paper 
is version JAJEJW010000000.

Gene prediction, annotation and functional 
characterization

A total of 5948 genes were predicted in the final assembled 
MR41 genome, including 5883 protein coding genes and 
1340 hypothetical genes, while the total number of rRNA 
and tRNA genes were 34 and 138, respectively. A circu-
lar representation of the entire MR41 genome generated 
using the interactive genome visualization tool DNAPlotter 
(Carver et al. 2008) is given in Fig. 7. The RAST annota-
tion data of MR41 has been provided as a Supplementary 
file (MR41 annotation.csv). Analysis of the MR41 genome 
revealed the presence of several genes involved in metal 

homeostasis and transport. Different genes associated with 
heavy metal resistance such as czcA, czcB, czcC, czcD, 
chrA, copA, copB, cadA, corA, corC, znuA, zur, fur, etc. 
were detected in the MR41 genome. Table 2 describes the 
genes present in the MR41 genome involved in heavy metal 
resistance. Figure 8 depicts the complete subsystem category 
distribution along with the feature counts. Moreover, two 
prophage containing regions have been detected and iden-
tified in the respective genome of MR41 (Supplementary 
Table S3). A total of seven (07) genomic islands contain-
ing 102 protein encoding genes (including 38 hypothetical 
genes) were predicted in the genome.

ANI calculation

OrthoANIu value revealed 99.37% identity between the 
MR41 genome and the whole genome sequence of Pseu-
domonas aeruginosa JCM 5962 (the nearest relative of 
MR41 depicted through 16S rRNA gene-based molecular 

Fig. 6  Stacked FTIR plot 
of MR41 under normal and 
heavy metal stress. The relative 
concentrations of heavy metals 
for MR41 growth are given in 
parentheses

Table 1  Characteristic features of MR41 genome

Metric MR41 genome

Number of genes predicted 5948
Number of protein coding genes 5883
Number of characterized proteins 4478
Number of hypothetical/putative proteins 1340
Number of protein non-coding genes 65
Number of rRNA genes 34
Number of tRNA genes 138
Number of proteins with pathway annotation 45
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identification), which was the greatest among all the Pseu-
domonas strains present in the NCBI database.

Estimation of metal uptake utilizing ICP–MS 
during different phases of growth under triple 
cumulative metal stress

The czcCBA operon encoding the CzcCBA proton driven 
RND type efflux pump was detected in the MR41 genome 
(Fig. 9). This pump is commonly found in Pseudomonas, 
governing intrinsic resistance to the heavy metals Co/
Zn/Cd (czc) (Perron et al. 2004). ICP–MS was used to 
detect the metal uptake pattern of MR41 under concurrent 

stress to the heavy metals Co, Cd and Zn (50:50:50 µg/
mL each). Co uptake was found to be the minimum, as it 
was found in relatively higher amounts in the supernatant 
than in the cell pellet. The maximum amount of Co was 
detected in the supernatant during the stationary phase. 
A general trend was observed throughout the growth of 
MR41 in batch cultures, where during the early log phase, 
after a prolonged period of lag, the Cd and Zn accumula-
tion were found to be higher in the cell pellets (32 h of 
growth), followed by the gradual decrease of Cd and Zn 
in cell pellets in mid logarithmic phase (36 h of growth). 
This is most probably due to the active efflux of these 
metal ions in the medium during active growth. Increased 

Fig. 7  Circular representation of MR41 whole genome using DNA-
Plotter interactive genome visualization tool (Carver et  al. 2008). 
From the outside to the inside—Track 1 (blue) represents the for-
ward strand CDSs, Track 2 (magenta) reverse strand CDSs, Track 
3 and 4 (green) represents forward and reverse strand tRNA genes, 

respectively, Track 5 (cyan) represents all rRNA genes, Track 6 and 
7 represents variation in GC content and GC skew for each gene in 
the genome, respectively (green = below average, while blue = above 
average)
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amounts of Cd and Zn were again detected in the cell pel-
lets during the stationary phase of growth. These results 
have been graphically shown in Fig. 10.

Comparative genomic features of Pseudomonads 
considered in this study

On analysing the GC content of the genomes considered 
in this study, the genomic GC content of MR41 was found 
to be 66.54%. Among all the strains, P. otitidis WP8-S7-
CRE-03 (isolation source—soil, given in Supplementary 
Table S2) displayed the maximum GC content (67.1%). 
In terms of genome size, P. chlororaphis PCLAR04, 
a soil isolate, demonstrated the largest genome with 
7,305,652 bp sequences, while MR41 had a genome of 
6,211,544 bp. The total number of genes present in MR41 
was 5948, while that of P. otitidis WP8-S7-CRE-03 and 
P. chlororaphis PCLAR04 were 5778 and 6647, respec-
tively. The entire data are depicted in Table 3.

Comparative CUB analysis of MR41 with other 
Pseudomonas spp.

A total of 17 genes associated with resistance against the 
heavy metals such as, Cd, Ni, Zn, Co, Cr, As, Cu, Fe, Pb with 
orthologs in the genome of MR41 and other Pseudomonads 
were selected for CUB analysis. These genes include arsB, 
arsC, arsH, arsR which are involved with arsenic resistance; 
copA and copB which are associated with copper resistance; 
czcA, czcD, cadA, for Cd, Co and Zn resistance and others. 
Detailed attributes of these 19 genes are given in Supple-
mentary Table S4.

Genomic and genic codon usage pattern analysis

The mean genomic Nc  (NcGen) of all the organisms included 
in this study ranged from 33.2 to 48.9 (Table 3). MR41 dem-
onstrated the lowest  NcGen of 33.2 with a standard devia-
tion (SD) of ± 5.56, indicating the highest genomic codon 
bias among all Pseudomonas strains. The highest  NcGen of 

Table 2  Genes involved in heavy metal resistance in the MR41 genome

Sl. No. Gene Product Function

1. arsB Arsenic Transporter/arsenical efflux pump membrane protein ArsB/ACR3 family 
arsenite efflux transporter

Arsenic resistance

2. arsC Arsenate Reductase (glutaredoxin/Thioredoxin) Arsenic resistance
3. arsH Arsenical Resistance Protein Arsenic resistance
4. arsR transcriptional regulator, arsR family Arsenic resistance
5. chrA Chromate efflux transporter Chromium resistance
6. copA Copper resistance system multicopper oxidase Copper resistance
7. copB Copper resistance protein B Copper resistance
8. czcA cusA/czcA family heavy metal efflux RND transporter Cd, Zn, Co resistance
9. cadA Cadmium translocating p type ATPase Cd, Zn, Pb, Cu resistance
10. znuA Zn ABC transporter substrate binding protein Zn transport
11. znuB Zn ABC transporter permease subunit Zn transport
12. znuC Zn ABC transporter ATP binding protein Zn transport
13. zur Zinc uptake transcriptional repressor Zn resistance
14. Fur Ferric iron uptake transcriptional regulator Fe resistance
15. corC hlyc/corC family transporter, magnesium and cobalt efflux protein Co, Mg, Ni resistance
16. corA Mg and Co transporter cor A family protein Co, Mg, Ni resistance
17. mgtE Mg/Co/Ni transporter Mg, Co, Ni resistance
18. czcB Cobalt/zinc/cadmium efflux RND transporter, membrane fusion protein Cd, Zn, Co resistance
19. czcC Cobalt/zinc/cadmium efflux RND transporter, outer membrane protein Cd, Zn, Co resistance
20. czcD Cobalt/zinc/cadmium resistance protein CzcD Cd, Zn, Co resistance
21. FieF Ferrous-iron efflux pump FieF Iron transport
22. FeoC Ferrous iron-sensing transcriptional regulator FeoC Iron transport
23. FeoB Ferrous iron transporter FeoB Iron transport
24. FeoA Ferrous iron transporter-associated protein FeoA Iron transport
25. HitB Iron (III)-transport system permease HitB Iron transport
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48.9 ± 6.67 was depicted by P. cannabina pv. alisalensis, 
isolated from Japanese radish, causing bacterial leaf blight. 
In general, this organism serves as a foliar plant pathogen 
in the plant families of Brassicaceae and Poaceae (Sakata 
et al. 2021). About 20% of the organisms included in this 
study exhibited  NcGen below 40, suggesting relatively higher 
codon bias within these genomes. The mean genomic GC3 
 (GC3Gen) content of the organisms ranged from 59% (in P. 
cannabina pv. alisalensis) to 86% (MR41).

The correlation between the different codon usage param-
eters was determined to comprehend the codon usage pattern 
further. Correlation using Spearman’s rank order revealed a 
significant negative correlation between  NcGen and  GC3Gen. 
In contrast, a positive correlation was detected between 
 GC3Gen and genomic GC at p < 0.01 level for all the organ-
isms studied. The isolate MR41 also exhibited a significant 
negative correlation between  NcGen and  GC3Gen (ρ = − 0.75, 
p < 0.01) and a significant positive correlation between 
 GC3Gen and genomic GC (ρ = 0.342, p < 0.01). The results 
of Spearman’s rank order correlation analysis are given 
in Table 3. Codon usage pattern analysis of the 17 coding 

sequences associated with heavy metal resistance (Table 4), 
showed that the Nc values of the genes cadA (28.09), arsR 
(30.19), zur (27.08), mgtE (31.09) and the housekeeping 
gene rpoB (28.77) were the lowest in MR41 compared to 
the other bacterial strains. These genes were also found to 
depict elevated GC3 in MR41, of which cadA (0.92), arsR 
(0.88) and rpoB (0.84) were the highest among all the con-
cerned Pseudomonas spp. The genes zur (0.92) and mgtE 
(0.85) also showed high GC3 values. All of these indicate 
greater codon bias existing in the MR41 genes.

In terms of codon usage pattern, MR41 demonstrated 
proximity to P. otitidis WP8-S7-CRE-03. P. otitidis was 
initially isolated from clinical specimens of patients with 
ear infection. However, its widespread distribution in differ-
ent non-clinical environments such as soil and wastewater 
has also been reported (Miyazaki et al. 2020). The lowest 
Nc values were observed in majority of P. otitidis WP8-
S7-CRE-03 heavy metal resistance genes, including czcA 
(27.24), znuA (27.32), znuB (25.67), znuC (25.49), chrA 
(29.88), arsC (25.49), corC (26.76) along with the house-
keeping gene trpB (25.49). All these genes also depicted 

Fig. 8  Complete subsystem category distribution of MR41 genome (circular presentation)
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relatively higher GC3 values. The Nc and GC3 of the genes 
arsB, arsH, fur, corA, copA, and copB from MR41 showed 
resemblance to other soil-dwelling strains. The lowest Nc 
for the gene arsH (28.91), fur (32.83), and copB (30.12) was 
observed in the soil dwellers P. oleovorans T9AD, P. nitrore-
ducens HBP1 and P. chlororaphis PCLAR04, respectively. 
For the genes arsH, fur, and copB, MR41 demonstrated 
lower Nc values such as those of the other Pseudomonas 
spp. suggesting strong codon bias. P. oleovorans prevails 
in diverse habitats, and the strain T9AD was isolated from 
marine environments (Wang et al. 2021). P. nitroreducens 

HBP1 has been reported as sewage sludge isolate possessing 
biocide degradation ability (Carraro et al. 2020). P. chlo-
roraphis largely occurs in soil and is used as a potential 
biocontrol agent against plant diseases due to its ability 
to synthesize phenazine (Morohoshi et al. 2017). For all 
the genes studied, a strong anti-correlation was observed 
between Nc and GC3, while a positive correlation between 
CAI and GC3 at p < 0.01 level of significance was found to 
exist (Table 4). Among all the studied genes, the trpB gene 
demonstrated the strongest negative correlation between Nc 
and GC3 (ρ = − 0.948). Genes such as czcA (ρ = − 0.934), 
mgtE (ρ = − 0.944), corC (ρ = − 0.94), copB (ρ = − 0.926), 
cadA (ρ = − 0.891) along with both the housekeeping genes 
showed significant negative correlation between Nc and GC3 
at p < 0.01 significance level. Nc was significantly negatively 
correlated with CAI in all the studied genes, suggesting the 
relative influence of selection over mutation (Parvathy et al. 
2022). The gene copA displayed the strongest anti-correla-
tion between Nc and CAI (ρ = -0.833, p < 0.01) (Table 4).

Nc plot, neutrality plot and PR2 plot analysis

The Nc plots of all the studied Pseudomonas  genomes 
depicted right centric aggregation of the coding sequences, 
though slight mid centric aggregation was observed in some 
species along with right shift. MR41 also demonstrated a 
typical right centric Nc plot and scattered clustering of 
majority of the genes from mid to right centric region lying 
below the parabolic line of trajectory. In contrast, few genes 
lied on and above the expected curve (Fig. 11a). This obser-
vation is an indication of the fact that translational selection 
along with mutation pressure to some extent determines the 
codon usage pattern of MR41 genome. On the other hand, all 
the selected genes exhibited similar pattern of right centric 
aggregation in Nc plots. Almost all the genes with low Nc 
values were situated below the null hypothesis curve, sug-
gesting that translational selection is the primary force influ-
encing codon usage variation. Both the housekeeping genes 
under study (rpoB and trpB) and few genes such as corC, 
mgtE, etc. displayed relatively tight clustering of the coding 
sequences in the Nc plots, as shown in Fig. 12.

The neutrality plots help determine the extent of variation 
between mutation pressure and natural selection. In MR41, 
 GC3Gen was anti-correlated with genomic GC2 (r = − 0.121, 
p < 0.01) and genomic GC12 (r = − 0.108, p < 0.01), suggest-
ing low mutation bias or high conservation of GC contents 
across the MR41 genome. The slope of the neutrality plot 
(Fig. 11b) revealed that mutation pressure only accounts for 
5.83% of MR41 codon usage, and natural selection and other 
factors accounted for the remaining 94.17%, suggesting a 
dominant role of natural selection over mutation. Similarly, 
for all the studied genes, the correlation coefficient depicted 
the relative neutrality within the range of 2.86–23.9% 

Fig. 9  Schematic representation of czcCBA operon with respect to 
MR41 whole genome

Fig. 10  Metal content profile in different growth phases of MR41 
in triple cumulative metal stressed condition (Cd:Zn:Co = 50:50:50) 
revealed through ICP–MS analysis
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showing the limited influence of mutation pressure. Sup-
plementary Fig. S4 illustrates such minor role of mutation 
(contrarily dominant role of selection) in shaping codon 
usage bias of some of the genes such as rpoB, trpB, arsR, 
zur in Pseudomonas spp.

Analysis of the PR2 plots showed that the mean values 
for AT bias were a bit higher than the mean values for GC 
bias in all the studied Pseudomonas spp. including MR41. 
In MR41 (Fig. 11c), the values for GC and AT biases were, 
respectively, 0.509 and 0.569, which indicated more frequent 
use of A and T than G and C, suggesting relatively intense 
selection pressure in shaping codon bias. Except for chrA, 
this trend was observed in all the other studied genes, i.e., 
relatively more frequent usage of AT than GC. PR2 plots 
of some of the studied genes are shown in Supplementary 
Fig. S5.

CoA based on RSCU

CoA on RSCU revealed variations and trends in codon usage 
among the different genes. The first axis captured significant 
variation in all the genes studied and was the central explan-
atory axis for interpreting codon usage variation among 
genes. Of all the genes, in czcA, the first axis captured the 
maximum variation (49.14%). Similarly, in rpoB and copA, 
the first axis captured 42.45% and 36.59% of the total vari-
ation, respectively. Supplementary Fig. S6 depicts such a Ta
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Table 4  Spearman’s rank correlation analysis involving the different 
codon usage parameters of the studied genes

Sl. no. Name of the 
genes

Nc:GC3 Nc:CAI CAI:GC3

1. rpoB − 0.93 − 0.0732 0.161
2. cadA − 0.891 − 0.78 0.628
3. czcA − 0.934 − 0.815 0.677
4. znuA − 0.828 − 0.667 0.551
5. znuB − 0.85 − 0.811 0.773
6. znuC − 0.93 − 0.788 0.824
7. zur − 0.871 − 0.811 0.789
8. fur − 0.687 − 0.522 0.75
9. corA − 0.889 − 0.505 0.337
10. corC − 0.94 − 0.387 0.392
11. mgtE − 0.944 − 0.577 0.497
12. copA − 0.883 − 0.833 0.74
13. copB − 0.926 − 0.702 0.694
14. chrA − 0.895 − 0.751 0.817
15. arsB − 0.915 − 0.664 0.551
16. arsH − 0.805 − 0.719 0.68
17. arsC − 0.852 − 0.736 0.669
18. arsR − 0.712 − 0.56 0.316
19. trpB − 0.948 − 0.726 0.625
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pattern of variation based on the genes. Moreover, it was 
observed that in each of the CoA plots, the distribution of 
orthologs from different Pseudomonas species differs along 
the axes. For example, in rpoB, these are widely scattered 
along the positive quadrant of the first axis, whereas in czcA, 
most of the points displayed aggregation in the intercept 
region of the first and second axes (shown in Fig. 13).

Discussion

In this study, a potent multi heavy metal resistant bacterial 
isolate designated MR41 was obtained from soil samples 
of paddy cultivating arable land. The isolate demonstrated 
resistance against multiple heavy metals either singly or 

cumulatively at relatively high concentrations. Initial 16S 
rRNA gene-based phylogeny followed by whole genome 
sequencing showed the isolate is identical to Pseudomonas 
aeruginosa  JCM  5962T. Furthermore, whole genome 
sequence analyses of MR41 revealed several genomic 
properties of the isolate regarding its multiple heavy metal 
resistance. During this study, the growth kinetics of MR41, 
along with its metal uptake capability, was studied elabo-
rately in the presence of a variety of heavy metals, such as 
Cd, Zn, and Co. This was done to evaluate the resistance 
and uptake potentiality of the ‘czc’ system of resistance, 
the most characteristic proton-driven RND type efflux pump 
found in Pseudomonas involved in Cd, Zn, and Co resistance 
(Perron et al. 2004). Different studies have been put forward 
(Zeng et al. 2009; Fashola et al. 2016; Izrael-Živković et al. 
2019) to decipher Cd resistance and its concomitant removal 
(Chellaiah 2018) by P. aeruginosa.

Metabolic profiling of MR41 using FTIR confirmed the 
presence of different functional groups, such as O–H, C–O, 
N–H, and C–H, which varied not only in response to the 
presence or absence but also on the type of heavy metal, 
inducing stress. In comparison to that of the normal, variable 
functional groups, including amide I and amide II region 
were assigned upon the adsorption of metal ions onto the 
bacterial cell mass in heavy metal-containing culture as 
depicted in other studies (Hu et al. 2007; Afzal et al. 2017; 
Kepenek et al. 2020; Sodhi et al. 2020). During growth, Zn 
was found to induce growth up to a certain level compared to 
the other heavy metals. This finding is well in line with other 
studies (Hassen et al. 1998; Kuffner et al. 2008; Pederick 
et al. 2015). In the case of triple cumulative metal stress, 
the derived growth curve showed a prolonged lag phase. 
This suggests that, in the initial phase of growth, the bacte-
ria prepares itself for growth to survive in a highly stressed 
environment (Rolfe et al. 2012; Bertrand 2019; Hamill et al. 
2020).

Analysis of the genome sequence data depicted the pres-
ence of many genes associated with heavy metal resistance 
in accordance with the bacterial response during in vitro 
screening tests regarding metal tolerance. The genome size 
of MR41 was found to be 6,211,544 base pairs coding for 
5883 protein CDSs, signifying a substantially larger genome 
than the other Pseudomonads included in this study. The 
detection of prophage in the genome of MR41 was in line 
with some other studies reporting the genome of metaboli-
cally versatile Pseudomonas sp. (Nelson et al. 2002; Berger 
et al. 2021). Analyzing the sequence data of the MR41 
whole genome, the genes czcA, czcB, czcC, czcD, and the 
Cd resistance gene cadA were detected in MR41. During the 
ICP–MS study, the Cd affinity of the isolate was found to 
be higher than the other metals. This indicates a correlation 
between the czc system and cad system, which is strongly 
involved in Cd resistance of MR41. Such interrelationship 

Fig. 11  Graphs depicting a Nc plot, b neutrality plot, and c PR2 bias 
(parity rule 2) plot of MR41 genome



498 Current Genetics (2022) 68:481–503

1 3

Fig. 12  Nc plot of all the genes involved in heavy metal resistance considered in this study along with the housekeeping genes trpB and rpoB 

Fig. 13  Correspondence analysis (CoA) on RSCU of a rpoB and b czcA gene
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between czc system and cad system has also been estab-
lished in other studies (Liu et al. 2021). Moreover, a cross-
link between Cd and Zn resistance was observed in MR41, 
exhibiting an elevated level of Zn tolerance, which signifies 
that P-type ATPase cadA, along with czcABC genes, affects 
both Zn and Cd tolerance in MR41 (Liu et al. 2015; Ducret 
et al. 2020).

In the present study, 17 heavy metal resistant genes,  
and two housekeeping genes, were selected for compara-
tive codon usage analysis. The biased usage of codons 
for the genes cadA, czcA, znuA, zur, mgtE, corA, includ-
ing the housekeeping gene rpoB, was detected. Moreover, 
MR41 depicted the lowest mean genomic Nc and the high-
est mean genomic GC3, suggesting relatively strong codon 
bias among all the organisms under study. MR41 also 
displayed relatively higher CUB for both the genome and 
genes under study. Nc plots, along with neutrality and PR2 
plots, depicted natural selection as the primary force shap-
ing codon usage variation. The members showing proxim-
ity to MR41 in terms of codon usage patterns were found 
to occupy the same habitat, i.e., soil. Simultaneously, the 
ICP–MS study reported the lowest biosorption capacity for 
the metal Co in this study, which points towards the reduced 
affinity for Co (Bazzi et al. 2020). This feature was found 
to vary with the growth phase of the bacteria (Raja et al. 
2006). The increased uptake of Cd by MR41 revealed in this 
study may be exploited for devising strategies to carry out 
Cd bioremediation (Lin et al. 2016; Chellaiah 2018).

The present study emphasizes multi-metal resistant, 
arable soil-dwelling natural indigenous bacteria in heavy 
metal uptake and removal efficiency. The morphological, 
biochemical and molecular analyses showed the most potent 
heavy metal resistant MR41 obtained in this study, shar-
ing maximum identity with the type strain Pseudomonas 
aeruginosa JCM  5962T. The whole genome sequence of 
MR41 (obtained from arable soil) revealed the presence of 
many genes such as czcA, czcD, czcB, czcC, cadA, znuA, 
zur, mgtE, copA, copB, and others conferring resistance 
against a variety of heavy metals. The isolate also responded 
positively to different in vitro screening tests for detecting 
plant growth promotion activity. Metabolic profiling through 
FTIR depicted differential spectral patterns due to the pres-
ence of various functional groups such as O–H, C–O, N–H, 
and C–H on metal binding with the bacterial cell wall. Cd 
uptake efficiency of the strain grown under cumulative Cd, 
Zn, and Co stress was revealed utilising ICP–MS. This was 
further corroborated by the presence of czcABC gene cluster 
and cad system involved in Cd resistance. A comprehensive 
and comparative codon usage study demonstrated the MR41 
genome to be strongly biased compared to all the studied 
Pseudomonads. The results of the codon usage analysis 
could be utilized further to understand the evolution of genes 
conferring heavy metal resistance in natural environments.

Conclusions

The present study is a novel attempt to characterize and 
sequence the whole genome of a soil-dwelling bacterium 
from arable lands of Uttar Dinajpur that exhibits consider-
able resistance to multiple heavy metals. Future research 
that incorporates large scale whole genome sequencing, 
comparative genome, transcriptome and metagenome-
based study of soil-borne bacteria from various agricul-
tural fields may help us comprehend the microbial com-
position of the region's arable lands. In addition, it is 
necessary to investigate the molecular processes of heavy 
metal resistance in soil bacteria to develop effective biore-
mediation agents for polluted locations. Future research is 
also necessary to comprehend the plant growth-promoting 
function of heavy metal-resistant arable soil bacteria, par-
ticularly through in vivo tests. Moreover, the production 
of bioconsortia of such potent bacteria to mitigate heavy 
metal contamination is another crucial area that requires 
further investigation.
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