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Abstract 

Heavy metal pollution has come under increased scrutiny, due to its 

bioaccumulation and highly persistent nature. Conventional techniques 

for remediating heavy metals from soil may release additional toxic 

compounds into the environment. Therefore, the method of remediation 

using microorganism and plants is being preferred now over other 

physio-chemical methods. In this study, interaction between metals and 

microbes was studied for removing lead (Pb), cadmium (Cd) & nickel (Ni) 

from heavy metal contaminated soil. The main objective of this 

investigation was to isolate, identify and assess the soil microbes having 

the potential for remediation of lead, cadmium & nickel at high 

concentration. PGRG2 was isolated from E-waste contaminated site and 

its tolerance against lead, cadmium & nickel were determined on nutrient 

agar. Genomic sequencing of the organism was performed with the 

Illumina Novaseq600 platform. PGRG2 tolerated 1000ppm of Pb, 

750ppm of Cd & 200ppm of Ni. The genome revealed genes responsible 

for metal transport/resistance and genes involved in EPS production. 

This study highlights the tolerance capacity of isolated bacteria and the 

predicted genes involve in transportation and resistance of lead, 

cadmium, nickel and other heavy metals present in the genome of 

PGRG2. 

Keywords: Bioaccumulation, Environment, Heavy metal, Microbes, Remediation, 

Resistance 
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Introduction 

Increase in development and urbanization is directly proportional to the increment in the pollution 

in the developing countries (Hao et al., 2020). This is because some sectors in developing countries 

do not follow proper precautions and protocol during the use or disposal of some hazardous and 

toxic substances (Ferronato and Torretta (2019)). The contamination of heavy metals, petroleum 

hydrocarbons, antibiotics, plastics and many more is spreading in the environment rapidly because 

of which the concentration of contaminants in soil, water and air is increasing continuously (Naidu 

et al., 2021). From soil, water and air these toxic components are also reaching to the living 

organisms which result in various kind of misfunctioning in the physiological functions and tissue 

damage in humans and plants (Alengebaww et al., 2021). The spreading of these harmful 

substances in the environment is posing a critical threat (Siddiqua et al., 2022). In order to fight 

this threat, there is a need of some cleanup strategies which are less expensive, environment 

friendly and easy to apply. One such strategy for this purpose is the remediation of contaminated 

environment is by using plants and microorganisms (Bala et al., 2022). 

This study addresses the issue of heavy metal contamination in the soil. Heavy metal 

contamination is a significant issue as it is a non-biodegradable material and can cause harm to the 

environment (Mitra et al., 2022). All heavy metals are harmful above the permissible limit but 

lead, cadmium and nickel are recognized as dangerous heavy metals among all the metals present 

in E-waste. The emission of Pb, Cd and Ni into the environment is an escalating global problem, 

presenting serious health hazards, especially for children. Intake of these metals can cause 

behavioral problems, cognitive disorders, hearing impairment, and permanent brain damage in 

children (Olufemi et al., 2022). In adults, exposure of Pb can cause detrimental effect on heart, 

reproductive system and blood pressure. Lead has a half-life of approximately 30 days in blood, 

whereas its half-life in bones ranges from 20 to 30 years (Collin et al., 2022). Chronic exposure to 

nickel and its compounds can lead to their accumulation in the human body, potentially causing 

various health issues, including lung fibrosis, kidney and cardiovascular diseases, and respiratory 

tract cancer (Genchi et al., 2020). 

It is therefore important to remediate lead and cadmium contaminated soil. Various physio- 

chemical technologies like landfill, chemical precipitation, excavation, thermal treatment, etc. are 

being commonly used for this purpose (Priya et al., 2023). Due to certain limitations like low rate 
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of remediation and high cost these methods are not preferred. Further, these treatments are not eco- 

friendly and can damage soil (Igolima et al., 2022). In-contrast, bioremediation can be regarded as 

a possible substitute for the remediation of lead from the soil. Due to the rapid pace of mutation 

and evolutionary adaptability, the application of microorganisms for lead toxic elimination has 

been used for their adaptable existence in extremophilic conditions (Mathivanan et al., 2021). 

Remediation using microbes is abundantly used as it is a cost effective and environment friendly 

option even when used on a large scale (Wang et al., 2022). This method provides stability over 

wide pH and temperature range, also minimizes the generation of waste created during 

detoxification process of contaminated soil (Romantschuk et al., 2023). 

Techniques for bioremediation using bacteria are: - biosorption, bioaccumulation, bioleaching, 

biotransformation, biomineralization, biodegradation as well as by altering the genetic 

composition of microbes using genetical modification techniques (Pande et al., 2022). 

Microorganisms like bacteria, fungi, and algae adapt themselves to manage heavy metals, and 

convert harmful heavy metal configurations into safer alternatives that can persist into the 

environment without harming it (Avangbenro and Babalola (2017)). Numerous bacterial species 

are recognized for their ability to remediate heavy metals, with Pseudomonas sp. W6 being 

particularly noted for its lead biosorption capabilities (Kalita and Joshi (2017)). Kleibsilla 

pneumoniae Kpn555 obtained from coffee waste residue were tested for the tolerance capacity and 

biosorption activity of lead and was found to tolerate up to 900 mg/L of lead (Martis et al., 2021). 

Similarly, it is reported that K.michiganensis R19 can be used to recover lead (Pb) ions from multi- 

metal solution (Shameer 2016). 

This study sought to isolate and identify bacterial strains with the potential to remediate Pb, Cd 

and Ni pollution in soil. The biochemical features were used to characterize the strains. 

Remediation potential and effect of pH on remediation potential of selected strains were also 

studied. Further, a genome of new strain Enterobacter sp. PGRG2 was investigated for the 

presence of genes involve in heavy metal resistance. 
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Materials and methods 

Soil sample collection 

The soil samples were procured from areas around electronic product manufacturing 

companies/factories and nearby scrap heaps. Three E-waste contaminated localities of Delhi and 

nearby areas of NCR (National Capital Region) were selected. The study site I was Mandoli 

Industrial Area, situated in the northeast zone of Delhi, India. For more than a decade this area has 

been prominently used for informal or unauthorized recycling of E-waste. Site II was the dump 

yard near Jhilmil Industrial Area, which is at the eastern border of Delhi, NCR. This is the well- 

known center for the manufacture of automobiles and electronic products. Site III was the area 

around Loni Industrial Area, Ghaziabad, Uttar Pradesh. 

Heavy metal selection 

The heavy metals selected for study were identified through soil sampling at targeted sites. Soil 

samples were analyzed for heavy metal concentrations using ICP-Ms. These concentrations were 

then compared against permissible limits established by WHO (World Health Organisation) and 

other relevant organisations (Table 1) (Al-Boghdady, 2019 and Ibrahim, 2018). 

Table 1. Concentration of Heavy metals (ppm) in soil samples of selected site and permissible 

limit of metals from WHO. 

 

Heavy metal 

(ppm) 

WHO Mandoli 

Industrial Area 

Jhilmil 

Industrial Area 

Loni Industrial 

Area 

Pb 100 2620.31 116 1506.31 

Ni 80 125.45 375.50 256.2 

Cu 30 129.61 8.67 94 

Cd 3 6.7 47.60 96.1 

Cr 100 115.50 48.8 56.5 

Zn 300 76.84 81.6 115 
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Isolation of heavy metal tolerant bacterial strains 

Soil samples were diluted in 50ml of nutrient broth for overnight at 37℃ and 120 rpm. 

Subsequently, dilutions (10-6 to 10-10) were spread over nutrient agar plate, spiked with Pb (NO3)2 

(100 mg/kg), CdCl2.H2O (100 mg/kg) & Ni (NO3)2.6H2O (100 mg/kg), separately and incubated 

at 37℃ for 48 hours. Morphologically different and healthy colonies were purified by replating on 

NB agar. Then MIC was determined by spreading pure isolates on increasing concentration of Pb 

(500ppm-1000ppm), Cd (100ppm-750ppm) & Ni (100ppm-400ppm). On the basis of MIC results, 

isolates mentioned in Table 2,3,4 were able to tolerate heavy concentration of Pb, Cd & Ni. Only 

two bacterial strain which were named as 2L and 5J were found to tolerate up to 1000ppm of lead, 

750 ppm of Cd and 200ppm of Ni. These two strains were considered to be the potential bacterial 

strains for further studies over lead, cadmium and nickel remediation. (For further studies isolates 

2L and 5J were named as PGRG2 and PGRG5) (Alfarras and Hamid (2022)). 

Performance assessment of bacterial strains for bioremediation of selected 

heavy metals 

For remediation studies, 50ml of nutrient broth initially mixed with 1000 ppm of Pb (NO3)2, 

750ppm of CdCl2.H2O and 200ppm of Ni (NO3)2.6H2O. This medium was further inoculated with 

1% of overnight grown culture PGRG2 (7.6×108 CFU/ml) and PGRG5 (5.24×108 CFU/ml), 

separately. Medium without culture were taken as control and all the flasks were incubated at 37℃, 

120 rpm for 72 hours. Samples were retrieved after 24,48 and 72 hours and centrifuged at 7000×g, 

20 min, 4℃. In this study, the supernatant was digested and concentration of heavy metals 

remained in the media was analyzed using Inductively Coupled Plasma Mass Spectrometry 

(Agilent ICP-Ms 7850). For digestion, samples were digested by the microwave assisted digestion 

system; 8:1 ratio of nitric acid and hydrogen peroxide were subjected to microwave assisted 

digestion. After digestion, samples were transferred into the clean vial and diluted to the desired 

volume with milli-q water and filtered before ICP-Ms analysis (Cerveira et al., 2020). Remediation 

of metals was further calculated using Equation 1 (Bestawy et al., 2013). 

%𝑅𝑒𝑚𝑒𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑚𝑒𝑡𝑎𝑙𝑠 = 
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐶𝑜𝑛𝑐.𝑜𝑓 𝑚𝑒𝑡𝑎𝑙−𝐹𝑖𝑛𝑎𝑙 𝐶𝑜𝑛𝑐.𝑜𝑓 𝑚𝑒𝑡𝑎𝑙  

× 100 Equation
 

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐶𝑜𝑛𝑐.𝑜𝑓 𝑚𝑒𝑡𝑎𝑙 

(1) 
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Table 2. Screening of isolates for tolerance capacity on varying concentration of Pb. 
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Table 3. Screening of isolates for tolerance capacity on varying concentration of Cd 
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Table 4. Screening of isolates for tolerance capacity on varying concentration of Ni. 

 

 

 

Sem analysis 

In order to further determine the bio-adsorption mechanism, the normal and stressed cells were 

analyzed using SEM. For SEM analysis, bacterial cells cultured with stress and without stress were 

fixed using glutaraldehyde (2.5% v/v) for 3 hours. This was followed by washing of cells with 

0.1M phosphate buffer thrice (each washing for 15 minutes). Cells were then fixed with 1ml of 

1% (w/v) tannic acid and glutaraldehyde for 8 hours at room temperature. The samples were 

subsequently washed twice with PBS and dehydrated using 100% ethanol. The dried pellets 

underwent analysis using FE-SEM (FEI Nova Nano FESEM 450) to observe morphology and 

surface topography changes in both metal-treated and control bacterial cells (Zhang, 2019 and 

Shen, 2021). 
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Identification of potential bacterial strains 

Molecular analysis for PGRG2 and PGRG5 was conducted at Barcode Bioscience, Bangalore. 

DNA was extracted from bacterial strains cultured on nutrient agar. The isolated segment of the 

16S rRNA gene underwent amplification using the BDT v3.1 Cycle sequencing kit, followed by 

analysis using the ABI 4730xl Genetic Analyzer. After amplification with 16S rRNA-F and 16S 

rRNA-R primers, a 1500-bp amplicon was observed in the positive control, while no amplicon 

was visible in the negative (no DNA) control. The test amplicon was purified to eliminate 

contaminants. Following purification, the amplified product underwent Sanger’s DNA sequencing 

method. Subsequently, the sequence data were compiled and aligned with publicly available 

sequences, followed by an identity analysis using the NCBI Database (Thakur and Gauba (2021)). 

Whole genome analysis 

Whole-genome analysis of the bacterial strains was conducted at Eurofins Genomics India Pvt. 

Ltd., Bengaluru, India. Genomic DNA from both strains was extracted using the Quick-DNA 

Miniprep Kit (Zymo Research). DNA quality and quantity were assessed using NanoDrop to 

determine the A260/280 ratio, followed by agarose gel electrophoresis for confirmation. Molecular 

identification of the extracted DNA samples targeted the bacterial 16S region using the Sanger 

sequencing technique. PCR amplification of the bacterial 16S region produced a single discrete 

amplicon band on agarose gel. Illumina TruSeq Nano DNA Library Prep Kit was used to prepare 

the paired-end sequencing library of the QC passed genomic DNA samples. Initial quality control 

confirmed the suitability of all prepared libraries for sequencing on the Illumina Novaseq6000 

platform, generating 2x150 bp reads (Thakur and Gauba (2022)). Raw sequence data underwent 

processing with Trimmomatic v0.28 to remove adapter sequences, ambiguous reads, and low- 

quality sequences (reads with less than 25 phred score) (Muñoz-García et al., 2022). High-quality 

reads from both samples were aligned to the reference genome utilizing BWA MEM (version 

0.7.17), and consensus sequences were derived using Samtools mpileup. Samtools (v 0.1.18) 

mpileup utility was used to identify SNPs and InDels from the sorted BAM files of the mapping 

process, applying a minimum read depth of 15 and a quality threshold of 25 for variant filtering. 

Identified variants were annotated using bedtools intersect tool (Elarabi et al., 2023). Annotated 

sequences of both strains were submitted to NCBI GenBank. 
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Genome Functional Annotation 

Functional annotation of genes was conducted using tools and databases including the NCBI 

Prokaryotic Genome Annotation Pipeline (PGAP) and the BV-BRC tool (PATRIC). The Rapid 

Annotations using Subsystems Technology toolkit (RASTtk) within PATRIC version 3.6.9 

facilitated further annotation (Thakur and Gauba (2023)). The PATRIC tool version 3.6.9 was 

employed to generate the circular genome representation. Default parameters were applied for 

genome functional annotation. 

Genome-wide prediction and screening of heavy metal resistance genes in 

PGRG2 

This study assesses about the heavy metal resistant genes present on the genome of PGRG2. The 

search for genes involved in heavy metal remediation within the genome of PGRG2 began with 

an extensive survey of the literature. The confirmation of the presence of these genes were done 

using the results obtained from BV-BRC tool (Patric) (Thakur and Gauba (2023)) and NCBI 

Prokaryotic Genome Annotation Pipeline (PGAP) (Zaghloul et al., 2024). Further, BacMet-Scan 

command line tool was used to check total number of confirmed genes available on the genome of 

PGRG2 which are involved in heavy metal remediation. For this, all the translated proteins of 

PGRG2 were compare to the protein sequence of the metal resistance genes available at BacMet 

database with the help of “Protein-protein BLAST (blastp)”. For blast, only experimentally 

confirmed genes present on the BacMet-Scan (version 2.0) software was used. Rather than relying 

solely on predicted resistance genes databases, this study utilized the experimentally confirmed 

database from BacMet (Tseng, 2023 and Lan, 2023). This approach facilitated comparisons 

between current findings and previous literature, ensuring robustness and reliability in this 

investigation. There are total 753 experimentally confirmed resistance genes out of which 420 

genes are responsible for heavy metal resistance in the BacMet database (version 2.0). 
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Results and Discussion 

Investigation of Pb and Cd tolerant bacteria 

Samples from sites I, II and III were subjected to agar plates which were separately mixed with Pb 

(100 ppm), Cd (100 ppm) & Ni (100 ppm). From three soil samples total 22 colonies were found 

to grow on heavy metals subjected plates. To obtain pure bacterial strains, these distinctive isolates 

were streaked again. Out of 22 isolates 14 isolates were seem to be pure and appeared different 

from each other. The gram-staining study clearly revealed that all the isolates were gram negative 

and are different from one another. These 14 colonies were further, subjected to higher 

concentration of selected metals and tested for minimum inhibitory concentration (MIC) of 

selected metals. Table-2,3 & 4 shows the growth of isolates from site I, II & III on increasing 

concentration of Pb (500-1000 ppm), Cd (100-750 ppm) & Ni (100-400 ppm), respectively. As 

shown in Table-2, 3 &4, 5J obtained from Jhilmil industrial area and 2L from Loni industrial area 

were able to grow on 950ppm-1000ppm of Pb, 750ppm of Cd & 200 ppm of Ni. The screening 

results thus confirmed that isolates PGRG5 (5J) and PGRG2 (2L) are capable of tolerating high 

concentration of Pb, Cd & Ni. 

 

Bioremediation of Pb & Cd by selected strains 

The two bacterial strains which showed tolerance against higher concentration of selected metals 

were selected to further check their metal remediation potential. 1% inoculum of each isolate was 

inoculated in 50ml nutrient broth separately spiked with lead, cadmium and nickel salts and 

incubated at 37℃ for 72hrs and 120 rpm. After incubation, samples were digested and the 

concentration of each metal left in the sample was measured using ICP-Ms along control. The 

remediation potential of each strain was calculated using equation 1. PGRG2 and PGRG5 showed 

remediation of 62.86% and approximately 55%, respectively under lead stress. While PGRG2 and 

PGRG5 showed remediation of 29.97% and 30.06%, respectively with cadmium stress. In case of 

nickel both the strains showed ~45 % of remediation in 24hour, at neutral pH (Figure 1& 2). 

The growth of bacterial strains along with heavy metals may depend upon pH. The role of pH is 

crucial in bacterial activities, influencing both bacterial growth and its capacity for heavy metal 

remediation (Oziegbe et al., 2021). As a result, when the revalidation study was carried out using 
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PGRG5 and PGRG2 at different level of pH it was observed that pH level also affects the 

remediation potential of bacterial strains in some cases. As shown in Figure 3, in case of Pb it was 

observed that there existed no significant disparity in the remediation potential of PGRG5 at 

different pH conditions. It approximately showed 58% reduction at pH 5,7 and 9 but in case of Cd 

it was observed that PGRG5 is able to remediate better at pH 9 as compared to lower pH levels 

(Figure 4). In case of PGRG2 there was 52.25% reduction of Pb in 72hrs at pH 5, while at pH 7and 

9 there was approximately a reduction of 60% in 24hrs. (Figure 3), which indicates that 

remediation potential of PGRG2 is better at neutral and alkaline pH. But in case of Cd PGRG2 

showing better remediation potential at pH 9 (Figure 4). PGRG5 showed 53% of remediation at 

pH5 in presence of nickel stress, which indicates that PGRG5 can remediate nickel more efficiently 

at pH 5. 

 

 

Figure 1. Remediation potential of PGRG2 for Pb, Cd & Ni. 

 

 

Figure 2. Remediation potential of PGRG5 for Pb, Cd & Ni. 
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Figure 3. Remediation potential of PGRG5 for Pb, Cd and Ni at different pH. 

 

 

Figure 4. Remediation potential of PGRG2 for Pb, Cd and Ni at different pH. 

 

SEM results 

It was seen that due to heavy metal exposure morphology of bacterial cells change. By reducing 

the attachable cell surface relative to the entire cell plane, it may be possible to mitigate the 

negative effects of heavy metals through a decrease in the cell surface to cell volume fraction. In 

an unfavorable condition like heavy metal exposure, the cells sustain with higher cell volume than 

cell surface (Igiri et al., 2018). 
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SEM analysis of heavy metal treated cell and non-treated cells were compared and it was observed 

that surface of treated cells was rough which indicate the presence of exopolysaccharide (EPS) 

matrix over the cell surface. It was observed that each metal induced different cell morphology. 

Figure 5 show the SEM images of PGRG2 bacterial cell without treatment. While, figure 6 shows 

the presence of EPS in the form of spherical microcolonies and fibrous network-like structure in 

the presence of Ni and Pb stress. While in case of Cd stress substantial amount of EPS production 

was observed due to which a matrix or web-like structure that obscures the underlying bacterial 

cells. In case of no stress, a rod shape smooth surface SEM image of PGRG5 was obtained (figure 

7) while in case of Pb stress a very rough and fibrous network like image of bacterial cell was 

obtained which confirms the presence of EPS over the cell. In case of Cd stress, a very irregular 

and rough surface over the cell was observed. A very hazy appearance over a cell surface and 

spherical microcolonies was observed over PGRG5 with Ni stress (figure 8). 

 

 

 

 

 

Figure 5. SEM image of PGRG2 without any stress 
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(a)  (b) 

 

 

 

 

 

 

 

 

 

 

(c) 

 

 

Figure 6. SEM image of PGRG2 with (a) Ni (b) Pb and (c) Cd 
 

 

Figure 7. SEM image of PGRG5 without any stress 
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(a)  (b)  

(c)  

 

Figure 8. SEM image of PGRG5 with (a) Ni (b) Pb and (c) Cd 

Molecular characterization of PGRG5 and PGRG2. 

The results of the molecular identification indicated a genetic similarity of 99.73% between 

PGRG5 and Achromobacter insolitus LMG 6003. Furthermore, PGRG2 exhibited a 99.62% 

homology with the Enterobacter sp. SA187 (a novel specie within the family Enterobacteriaceae), 

as observed through alignment to their partial 16S rDNA gene sequences by aligning with 

sequences available in the NCBI database through the utilization of the Mega 11 software. Hence 

based on molecular characterization, PGRG 5 was named as Achromobacter insolitus PGRG5 and 

PGRG2 was named as Enterobacter sp. PGRG2. Figure 1 & 2 depicts the phylogenetic distance 

of Achromobacter insolitus PGRG5 and Enterobacter sp. PGRG2 from other reported species of 

genus Achromobacter and Enterobacter. Figure 9 &10 depict the phylogenetic tree that was 

derived from 16S rRNA sequencing data using a neighbour- joining tree. 
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Figure 9. Phylogenetic tree of Achromobacter insolitus PGRG5 constructed using MEGA11 
 

 

 

 

 

 

 

Figure 10. Phylogenetic tree of Enterobacter sp. PGRG2 constructed using MEGA11 

 

 

General genomic feature of PGRG5 & PGRG2 

Whole genome analyses of both strains were conducted to characterize genes involved in heavy 

metal remediation. The genome of Achromobacter insolitus PGRG5 was assembled into 186 

contigs totaling 6,428,890 bp, with an average G+C content of 65.5%. Annotation revealed 5,762 

genes, including 5,689 protein-coding sequences (CDSs), as well as 13 rRNA and 56 tRNA genes. 

Similarly, Enterobacter sp. PGRG2 genome assembly resulted in 229 contigs totaling 4,411,285 

bp, with an average G+C content of 56.5%. Annotation identified 3,913 genes, including 3,801 

CDSs, along with 22 rRNA and 84 tRNA genes. Detailed genome characteristics of strains PGRG5 

and PGRG2 are summarized in Table 5. The circular genome representations are depicted in 

Figures 11 and 12. 
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Table 5. General genomic features of PGRG2 & PGRG5 strain 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Annotations of the PGRG2 strain's genome are presented in a circular plot. Gene cluster 

classifications are color-coded across the sequenced genome, with each circle description 

progressing from the outermost to the inner most circle. 

Feature PGRG2 PGRG5 

Size of Genome (bp) 4,411,285 6,428,890 

Contigs 229 186 

N50 contigs size (bp) 48800 136100 

G+C content (%) 56.5 65.5 

RNA genes 112 73 

No. of rRNAs 22 13 

No. of tRNAs 84 56 

Total genes 3,913 5,762 

CDSs (total) 3,801 5689 

Coding genes 3,772 5,670 

Pseudo genes 29 19 

Accession number CP127837 CP129898 

Bio Project PRJNA981674 PRJNA979826 

Bio Sample SAMN35682530 SAMN35579937 
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Figure 12. Annotations of the PGRG5 strain's genome are presented in a circular plot. Gene cluster 

classifications are color-coded across the sequenced genome, with each circle description 

progressing from the outermost to the innermost circle 



Ritika Garg/Afr.J.Bio.Sc. 6(13) (2024)  Page 5487 of 29 

 

Heavy metal resistance genes present on the genome of PGRG2 

Microorganisms in contaminated environments frequently become resistant to heavy metals, 

making them potential candidates for engineering bacteria (Pande et al., 2022). Three major 

resistance mechanisms used by bacteria are intra- and extracellular sequestration, enzymatic 

conversion to a less toxic form, and transportation through the efflux pump system (Thai et al. 

2023). Along with these mechanisms, bacterial strains also synthesise exoploysaccrides (EPS) in 

their defence from harsh conditions like exposure to heavy metals (Gupta and Diwan (2016)). 

Genomic analysis of PGRG2 strain revealed that PGRG2 contains genes that encode resistance 

proteins for Pb, Cd, Ni, Cu, Zn, As, Cr, Hg and Co. Furthermore, the resistance of the tested strains 

to Pb, Cd & Ni was confirmed in MIC tests mentioned above. Using the Bacmet database (version 

2.0), (Tseng et al., 2023), a large collection of genes associated with metal, antibiotic and biocide 

resistance were identified on the genome of PGRG2 (result of blast is in supplementary data). The 

genome also harbors genes encoding various transporters such as uni-sym and antiporters, cation 

and ABC transporters, potentially facilitating the transport of heavy metals. In addition, PGRG2 

includes a transcriptional regulator of the MerR family that regulates the internal levels of various 

heavy metals. Exposure to these metals triggers the expression of genes that govern defense 

mechanisms (Fang and Zhang (2022)). 

It is well known and reported that gram negative bacteria have a better resistance mechanism as compare to the gram-

positive bacteria. This phenomenon may be attributed to the additional outer membrane layer enveloping gram-

negative bacterial cells, which is believed to act as a protective barrier against the ingress of harmful agents (Breijyeh 

et al., 2020). Members of gram-negative bacteria family generally contains multidrug efflux pumps belonging to five 

superfamilies, such as ABC (ATP-binding cassette), SMR (small multidrug resistance), MFS (major facilitator 

superfamily), MATE (multiple antibiotic and toxin extrusion), and RND (Resistance-Nodulation- Division) (Huang et 

al., 2022). This study confirms that PGRG2 genome carry various genes which belongs to these families and encode for 

membrane proteins which are mention in table 6. Apart from transporter genes there are some genes which are 

indirectly or directly involved in the remediation of heavy metals. It was seen that, acnA and acnB encodes for the 

aconitase enzymes, which are involve in maintaining the cellular process which got affected by heavy metal exposure 

and are indirectly involve in the heavy metal remediation (Koyama et al., 2024).
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Another gene nfsA which encodes for nitroreductase enzyme is also present on PGRG2, this gene 

helps bacterial strain in the adaptation to heavy metal stress (Sharrock et al., 2021). RcnB gene 

which encodes for periplasmic protein is also present on this genome, which is very well studied 

for the intracellular concentration of heavy metals like Ni and Co (Elarabi et al., 2023). Further, 

Pb, Cd, Ni, Co, Mn and other heavy metal genes present on PGRG2 genome are mentioned in 

table 7. 

EPS supporting genes present on the genome of PGRG2 

Exopolysaccharides are biopolymers which are secreted by bacteria in order to tolerate harsh 

environment. These biopolymers perform fundamental tasks like preserving the bacterial cell 

envelope’s structural integrity and facilitating communication within and between bacterial 

communities. It is significant to note that the genome of PGRG2 has bcs operons and other genes 

which are involved in EPS production are mentioned in table 8. In addition to acting as a structural 

matrix, biofilm extracellular polymer (EPS) may also include genes like btuB and CbiB which 

encodes functional elements that facilitate cell surface attachment and biofilm formation (Di 

2018). In this study, SEM analysis also confirms the production of EPS by PGRG2. EPS 

production is one more method followed by PGRG2 in its defence against the high concentration 

of heavy metals. 
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Table 6. Multidrug transporter genes present on the genome of PGRG2 
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Table 7. Heavy metal resistance genes present on PGRG2 
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Table 8. Genes involve in Exopolysaccharides (EPS) production in PGRG2 
 

 

 

Conclusion 

This study discusses about the remediation potential of bacterial strains isolated from E-waste 

contaminated soil. Both the strains showed potential for the remediation of selected heavy metals 

i.e., lead, cadmium and nickel. Out of two strains one was identified as unclassified new species 

from Enterobacter genus, which was unexplored for its responses in harsh environmental 

conditions, is explored in this study. Complete genome sequence analysis confirms the presence 

of various heavy metal resistances genes present on its genome which makes it a potential 

bioremediation agent of multi-metal-contaminated sites. Additional, tolerance was achieved 

through production of exopolysaccharide in the presence of different heavy metals which was 

further confirmed by SEM and whole genome studies. All the results in this research support that 

the two evaluated strains considered as heavy metal tolerant bacteria have beneficial characteristics 

for remediating the contaminated soil. 
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