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ABSTRACT 

Background The infection with heavy metals due to industrialization and anthropogenic activities presents serious 

health and environmental hazards because of the persistence as well as toxicity of metals including lead, cadmium, 

mercury and chromium. Traditional remediation techniques are costly and potentially produce secondary pollutants. 

Objective: To assess the potential of genetically modified microbial consortia for bioremediation of heavy metals 

contaminated environment. 

Methodology: Heavy metal resistant bacteria were isolated compared to industrial wastewater as well as contaminated 

soil samples. Selected strains have been engineered for enhanced biosorption, bioaccumulation and enzymatic 

detoxification capabilities. The engineered organisms were combined to develop microbial consortia as well as tested 

under laboratory conditions for eliminating Pb, Cd, Cr, Hg and As using an ordinary Atomic Absorption Spectroscopy 

analysis. 

Findings: The microbial relationship demonstrated excellent detoxification efficiency by removing 88% lead, 82.5% 

cadmium, 80% chromium and 85.7% mercury under optimized conditions. Better performance was due to synergistic 

interactions of microbes and enhanced genetic resistance mechanisms. 

Conclusion: Genetically engineered microbial hybrids offer a sustainable, eco-friendly and cost-effective method for 

heavy metal detoxification and remediation. 
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1. INTRODUCTION 

The rapid industrialization, mineral extraction, electroplating, textile processing, manufacturing batteries, and 

agricultural runoff have made heavy metal pollution one of the most serious environmental problems all over the 

world . Due to their non-biodegradable nature and tendency to bioaccumulate in living organisms, toxic metals such 

as lead (Pb), cadmium (Cd), chromium (Cr), mercury (Hg) and arsenic (As) are persistent in soil and water ecosystems 

[1]. The exposition in chronic conditions to heavy metals causes serious health problems such as neurological damage, 

kidney dysfunction, carcinogenic effects and immune system impairment [2]. Conventional remediation techniques 

like chemical precipitation, ion exchange, reverse osmosis, and membrane filtration are expensive and often produce 

secondary pollutants, limiting their sustainability for long-term environmental management [3]. 

Bioremediation has become a promising alternative due to the natural mechanisms of detoxification of heavy metals 

by microorganisms through biosorption, bioaccumulation, enzymatic decrease and extracellular sequestration [4]. A 

number of microbial species such as Pseudomonas aeruginosa, Bacillus subtilis, Escherichia coli and Saccharomyces 

cerevisiae have shown remarkable tolerance as well as removal efficiency against toxic metals [5]. Extracellular 

polymeric substances (EPS), metallothioneins and metal-binding proteins produced by these microorganisms adsorb 

and immobilize heavy metals within the contaminated environments [6]. 

Recent developments in environmental the use of genetics have greatly enhanced the efficiency of microbial 

remediation. Genetic modification strategies involve amplification of metallothionein genes, substitution of mercury 

reductase genes, augmentation of chromium reductase pathways, and genetic manipulation of biofilm-forming 

capabilities [7]. Enhanced resistance, survival and detoxification efficiency of recombinant microbial strains according 

to extreme environmental conditions. The application of synthetic biology tools (e.g., CRISPR-Cas systems, plasmid-

based gene transfer technologies) [8] further accelerated the growth of engineered microbes with improved heavy 

metal uptake capability.  



 
Genetics and Molecular Research 25 (3s): 2026                        2 

Recently, microbial consortia have attracted much attention since mixed microbial communities regularly outperform 

single strains because of synergistic metabolic relationships and functional diversity [9]. Hybrid consortia of bacteria, 

fungi and algae offer enhanced adaptability, defense against environmental stress and broader detoxifying capabilities. 

Cooperative interactions between microbial populations facilitate exchange of nutrients, biofilm stabilization and 

increased enzymatic activity towards efficient treatment of multi-metal degraded environment [10].  

Despite the great progress, several challenges remain for the practical application of a genetically modified microbial 

systems. Major challenges involve stability of designed microorganisms in natural ecosystems, risks related to 

horizontal gene transfer, biosafety concerns and regulatory restrictions [11]. Further, field-scale programs require 

optimization of environmental parameters, microbial survival and long-term monitoring systems. Thus, combined 

research on a genetically modified microbial consortia is essential to design sustainable, eco-friendly and cost-

effective heavy metal detoxification technologies for large scale environmental remediation.  

 

Objectives  

The present study was aimed to explore the potential of a genetically modified microbial consortia for optimum heavy 

metal detoxification about contaminated environment. The study has the following specific objectives:  

1. Isolation and identification of heavy metal resistant microorganisms from contaminated soil as well as industrial 

wastewater samples by selective culturing and conventional biochemical characterization techniques.  

2. Genetically engineered engineer microbial strains for improved detoxification by introduction or overexpression 

of genes involved in metal resistance, biosorption, bioaccumulation and enzymatic reduction mechanisms.  

3. To develop efficient microbes consortia for heavy metal removal by combining compatible bacterial, fungus, and 

yeast strains with synergistic detoxification capabilities.  

4. To determine the effectiveness of detoxification against selected heavy metals including the lead (Pb), cadmium 

(Cd), chromium (Cr), mercury (Hg) and arsenic (As) under controlled laboratory conditions.  

5. To investigate the synergistic interactions between microbial communities and their influence on microbial 

improvement, environmental tolerance, and overall hazardous metal remediation efficiency 

 

2. BACKGROUND WORK 

Pollution from heavy metals has been a worldwide concern due to its persistent, toxic and bioaccumulative nature in 

ecosystems. Recent research has demonstrated the great potential of microorganisms for remediation of toxic metals 

through various mechanisms including biosorption, bioaccumulation, metabolic transformation and extracellular 

sequestration [12]. Pseudomonas aeruginosa, Bacillus subtilis, Escherichia coli, and Saccharomyces cerevisiae are 

among the microbial species that have shown significant resistance to metals such as lead, cadmium, chromium, 

mercury, and arsenic [13]. These microorganisms generate extracellular polymeric substances (EPS), metallothioneins 

and metal-binding peptides, which enhance the adsorption and detoxifying efficiency of heavy metals [14]. 

Recent developments in environmental genetic modification have further enhanced the potential of microbial 

remediation. Microbial strains have been successfully engineered by overexpression of a substance called genes, 

insertion of mercury reduction enzymes, enhancement of standard chromium reductase pathways and modifications 

of biofilm forming genes [7]. Recent advances in CRISPR-Cas technology as well as synthetic biology have enabled 

the development of genetically engineered microbes about improved metal uptake as well as stress tolerance [8]. 

Microbial consortia have become more important because of the synergistic interactions between microorganisms, 

resulting in higher detoxification efficacy than monocultures [15]. Hybrids consortia of bacteria, fungi and algae have 

increased metabolic diversity, environmental adaptability and resistance to changing conditions [10]. Mixed microbial 

systems have been reported to exhibit enhanced degradation of pollutants and stable biofilm formation [16]. 

However, despite these advances, there are still major barriers to the field scale application of engineered microbes 

including environmental safety concerns, horizontal gene transmission, microbial stability and regulatory limitations 

[17]. Hence, further research on manipulated microbial consortia is required for the development of sustainable and 

ecologically sound technologies to feed heavy metal detoxification [18]. 

 

3. MATERIALS AND METHODS 

3.1 Sample Collection  

Soil and water samples were gathered from industrial discharge zones affected by conventional mining, electroplating, 

a textile, and battery production. Sampling sites were selected according to the existence of visible contamination and 

prior environmental monitoring reports Soil samples (~500 g) were gathered at a depth of 5-15 cm using sterile tools, 

whereas wastewater samples were obtained in sterilized polyethylene based containers. All samples were shipped to 

the laboratory under ambient temperature and maintained at 4°C to maintain microorganism viability and to prevent 

physicochemical alterations prior to analysis [19]. 

 

3.2 Microorganisms Isolation and Identification 
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Table 1 Heavy metal resistant microorganisms were isolated by serial dilution and spread plate processes on nutrient 

agar accompanied about different concentrations of metallic heavy metals such as Pb, Cd, Cr, Hg and As. Pure discrete 

microbial colonies were characterized using morphological, biochemical and molecular techniques. High resistance 

capacity strains were isolated using selective enrichment media [20]. 

 

Table 1. Isolated Microbial Strains and Target Metals 

Microbial Strain Source Heavy Metal Resistance 

Pseudomonas aeruginosa Industrial wastewater Pb, Cd 

Bacillus subtilis Contaminated soil Cr, Hg 

E. coli (engineered) Laboratory strain As, Pb 

Saccharomyces cerevisiae Sludge samples Cd, Hg 

Further screening for tolerance effectiveness was done by growing isolates in increasing concentrations of heavy 

metals of 10-100 mg/L. 

 

3.3 Microbial strain genetic engineering 

The selected strains of bacteria had been genetically modified for better detoxification efficiency by employing 

plasmid mediated transformation techniques. Genes encoding metallothionein manufacturing, mercury reductase 

activity and chromium elimination pathways have been isolated and cloned into appropriate plasmid vectors. 

Recombinant plasmids were transformed into host strains by heat shock as well as electroporation [3]. 

 

 
Figure 1. Genetic Engineering Workflow for Heavy Metal Detoxification 

 

Figure 1 shows the workflow of genetic engineering for standard detoxification employing microbial consortia. The 

process involves gene isolation, plasmid construction, bacterial transformation, coding for detoxification proteins and 

consortium creation. Engineered microorganisms accompanied by higher metal-binding and reduction ability are 

efficient in bioremediating toxic heavy metals from hazardous soil and wastewater environments in a cooperative way. 

a. Gene Isolation  

b. Plasmid Preparation  

c. Transformation to Host Microbes  

d. Detoxification Protein Production  

e. Developing the Consortium  

The transformed strains were screened for successful integration of the gene by PCR amplification and protein 

expression analysis. 

 

3.4 Consortium Development 

We prepared microbial consortia by mixing selected bacterial as well as yeast strains in customized proportions 

according to their growth suitability and detoxification efficiency. The consortium cultures have been treated at 30°C 

alongside continuous shaking according to controlled pH (pH 6.5–7.5). The synergistic interactions within microbial 

members were studied by monitoring biomass production as well as metal removal efficiency. 

 

3.5 Testing for Heavy Metals 

The concentrations of heavy metals prior to and following treatment were determined by Atomic Absorption 

Spectroscopy (AAS), Inductively Coupled Plasma Mass Spectrometry (ICP-MS) and UV-Visible Spectrophotometry. 
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Standard calibration curves had been created for each metal for analytical accuracy. The removal efficiency had been 

determined by percentage reduction equations [21] . 

 

3.6 Statistical Analysis 

All experiments were performed in triplicate as well as the data obtained were analysed statistically by Analysis of 

Variance (ANOVA) as well as regression analysis. Statistical significance was assessed using the SPSS and OriginPro 

software packages at p < 0.05. 

 

4. Dataset and parameters  

The experimental data presented in Table 2 were generated from physicochemical as well as biological parameters 

obtained during studies on heavy metal detoxification employing engineered microbial consortia. Parameters such as 

pH, Temperature, Microbial biomass, Metal concentration and removal efficiency was tracked under the controlled 

laboratory conditions. The data set was employed for evaluating the performance of microbial growth and 

detoxification performance against specified heavy metals involving Pb, Cd, Cr, Hg and As. ANOVA analysis was 

conducted for statistical validation to ensure the reliability as well as importance of the data [7][10]. 

 

Table 2. Experimental Dataset Parameters 

Parameter Unit Purpose 

pH — Growth optimization 

Temperature °C Microbial activity analysis 

Metal Concentration mg/L Contamination assessment 

Biomass Density OD600 Microbial growth monitoring 

Removal Efficiency % Detoxification performance 

Incubation Time Hours Reaction kinetics analysis 

 

5. RESULTS & DISCUSSION 

The results gathered from this study showed the performance of genetically modified microbial populations in heavy 

metal elimination under regulated laboratory conditions. The engineered consortium demonstrated high removal 

efficiency against multiple hazardous metals and showed stable growth under stressful environmental conditions. The 

experimental results showed that the remediation performance significantly improved compared to the individual 

microbial strains through the synergistic microbe interactions, improved biosorption capacity, and altered genetic 

detoxification pathways. Results obtained confirm the potential utilization of engineered microbial blends for 

sustainable remediation of the environment and standard sewage treatment in industries. 

 

5.1 Heavy Metal Elimination Efficiency 

The developed microbial consortium showed high removal efficiency of all determined heavy metals. Among the 

tested substances, lead (Pb) displayed the highest efficiency of removal (88%) subsequent to mercury (Hg) (85.7%). 

Chromium (Cr) had a relatively lower removal efficiency owing to complex oxidation states along with higher toxicity. 

 

Table 3. Heavy Metal Removal Efficiency by Engineered Consortium 

Heavy Metal Initial Concentration (mg/L) Final Concentration (mg/L) Removal Efficiency (%) 

Lead (Pb) 100 12 88.0 

Cadmium (Cd) 80 14 82.5 

Chromium (Cr) 90 18 80.0 

Mercury (Hg) 70 10 85.7 

Arsenic (As) 60 11 81.6 

 

Table 3 data showed the efficacy of the engineered bacterial consortium reducing levels of heavy metals in the 

contaminated samples. The improved detoxification efficiency might be assigned to the expression of 

metallothioneins, biologically absorbed proteins and enzymatic reduction pathways introduced by genetic engineering 

. The microbial consortium showed the ability to detoxify a wide range of metals and therefore it may be suitable for 

multi-metal polluted settings. 
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Figure 2. Heavy Metal Removal Efficiency of Engineered Consortium 

 

Figure 2: Comparative analysis of removal effectiveness of the engineered microbial collaborations on various heavy 

metals. As it is well reflected from the graph , the highest detoxification rates were obtained for lead and mercury; 

however, chromium showed relatively lower removal effectiveness. The difference in elimination performance may 

be due to variation in metallic toxicity, solubility, and microorganism uptake mechanisms. 

 

5.2 Growth Performance of Microbial Consortium  

Stable development cycle of microbial consortium was observed at varied pH, temperature and typical stress from 

heavy metals conditions. The engineered strains showed increased adaptability and survivability due to the elevated 

resistance genes alongside cooperative metabolic interactions. 

 

Table 4. Growth Performance of Engineered Consortium Under Heavy Metal Stress 

Incubation Time (Hours) Biomass Density (OD600) Growth Observation 

0 0.12 Initial inoculation 

12 0.35 Lag phase 

24 0.68 Exponential growth 

36 1.02 Maximum growth 

48 0.97 Stable phase 

 

Table 4 Growth kinetics of designed microbial consortium upon exposure to heavy metals Biomass density boosted 

steadily with time and attained peak growth at 36 h. The stable expansion pattern indicates that the engineered 

consortium has strong environmental flexibility and resistance according to toxic metal stress conditions. 

 

 
Figure 3. Growth Curve of Engineered Microbial Consortium under Heavy Metal Stress 

Figure 3 is a growth curve of engineered bacterial consortium under stress of heavy metals. The consortium showed 

a small lag phase and then grew exponentially very fast, suggesting an efficient adaptation to the contaminated 

environment. The small dip after 36 hrs could be due to depletion of nutrients and accumulation of toxic metabolites. 
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5.3 DISCUSSION  

The enhanced elimination efficiency observed in this research is attributed to the synergistic interactions between 

consortium participants and genetically enhanced elimination pathways. The expression about metal-binding proteins, 

transporter systems and reductase enzymes enhanced microbial resistance and heavy metal acceptance capacity. The 

removal of contaminants was achieved by biosorption, bioaccumulation as well as enzymatic reduction. 

Engineered microbial consort have several advantages over traditional physicochemical remediation methods, such as 

low operating costs, environmentally friendly treatment, decreased secondary pollution, and better adaptability to 

various environmental conditions. The synergistic behavior of the bacterial as well as yeast strains also yielded 

enhancement in the metabolic stability and restoration efficiency. 

However, the environmental utilization of genetically engineered microorganisms demands a thorough assessment of 

biosafety risks, horizontal gene transfer and ecological consequences. Further study should focus on pilot-scale 

standardization, long-term field studies and the formulation of regulatory frameworks for the safe environmental 

execution of engineered microbial systems. 

 

6. CONCLUSION AND FUTURE SCOPE  

The present study revealed that genetically engineered microbial colonies offer an efficient, eco-friendly and 

sustainable method of heavy metal detoxification in toxic environments. The engineered consortium achieved high 

removal efficiencies for toxic metals (lead, cadmium, chromium, mercury and arsenic) by combined effects of 

microbial interactions, biosynthetic mechanisms and improved enzymatic detoxification pathways. The developed 

consortium further confirmed its adaptability and efficiency as evidenced by the stable microbial growth according to 

heavy metal stress conditions. Microbial-based detoxification has lower operational costs, less secondary pollution 

and higher environmental compatibility , compared to the conventional physicochemical remediation methods . Yet, 

biosafety, stability in the environment, and large scale implementation of microorganisms with genetic modifications 

are some of the challenges that need to be further addressed before they can be deployed in the field. 

Future research should be directed to the integration of artificial intelligence, CRISPR-based editing genes and 

nanobiotechnology for the enhancement of detoxification productivity and microbial reactivity. Pilot-scale field 

studies and real-time biosensor surveillance systems should also be developed to assess long-term environmental 

performance. Moreover, the establishment of regulatory guidelines as well as biosafety guidelines will be vital for the 

safe and sustainable use of engineered microbial assemblages in environmental remediation. 
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