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Received: December 17, 2025  Industrial activities generate heavy metal waste that challenges conventional
Revised: February 19, 2026 methods due to their high cost and low efficiency. This study aims to evaluate
Accepted: May 23, 2026 the effectiveness of an integrated bioremediation strategy using a genetically

Online Version: June 25, 2026  engineered microbial consortium in removing heavy metal contaminants while
simultaneously improving reactor stability, biosafety, and environmental
sustainability. Using a mixed-methods sequential explanatory design, this
study tested 420 industrial wastewater samples and 180 laboratory- and pilot-
scale bioreactors. The bioreactors represented three treatments: the
conventional method, the natural microbial consortium, and the genetically
engineered microbial consortium. Quantitative analysis involved descriptive
statistics, structural equation modeling (SEM), hierarchical regression, and
mediation-moderation analysis. Qualitative data from expert interviews,
operational observations, biosafety assessments, and regulatory documents
were analyzed thematically. The results demonstrated that the genetically
engineered microbial consortium significantly improved heavy metal removal
efficiency, microbial viability, metabolic stability, biosorption capacity, reactor
performance, and environmental sustainability. Microbial viability was found
to partially mediate the relationship between genetic engineering and treatment
efficiency, while reactor optimization strengthened the influence of metabolic
stability on remediation performance. In conclusion, the sustainability of
industrial wastewater treatment depends on the coordinated integration of
microbial genetic engineering, ecological cooperation, reactor optimization,
biosafety management, and environmental governance to provide a scalable
bioremediation framework.
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INTRODUCTION

Industrialization has significantly accelerated economic growth while simultaneously
increasing the generation of hazardous wastewater containing toxic heavy metals such as
cadmium (Cd), lead (Pb), mercury (Hg), chromium (Cr), arsenic (As), nickel (Ni), copper (Cu),
and zinc (Zn). These contaminants exhibit high environmental persistence, bioaccumulative
characteristics, and severe toxicity toward aquatic ecosystems, terrestrial organisms, and
human populations (Saeed et al., 2025; Vijayanand et al., 2023). Conventional industrial
wastewater treatment technologies often reduce pollutant concentrations; however, many
physicochemical approaches remain energy-intensive, generate secondary waste streams,
require costly operational maintenance, and demonstrate limited efficiency under fluctuating
wastewater compositions. Increasing environmental regulations and sustainability
commitments have consequently stimulated interest in biological treatment technologies
capable of achieving efficient contaminant removal while minimizing environmental impacts
(Gavrilescu, 2024; Lin et al., 2025).

Bioremediation has emerged as a promising environmentally sustainable alternative
because microorganisms possess diverse metabolic pathways enabling biosorption,
bioaccumulation, biotransformation, biomineralization, and detoxification of heavy metals.
Naturally occurring microbial communities have demonstrated considerable potential for
removing multiple contaminants from industrial wastewater under relatively mild
environmental conditions (Ragini et al., 2024; Yamini & Rajeswari, 2023). Recent advances in
molecular biology, synthetic biology, metabolic engineering, systems biology, and microbial
ecology have substantially expanded opportunities to engineer microbial strains with enhanced
resistance, metabolic efficiency, and contaminant degradation capability. Genetically
engineered microbial consortia increasingly represent an advanced strategy capable of
integrating complementary metabolic functions among multiple microbial species to improve
treatment efficiency beyond that achievable by individual microorganisms (Sakthivel et al.,
2025; B. Yadav et al., 2025).

Industrial wastewater treatment systems nevertheless remain challenged by variable
contaminant concentrations, mixed pollutant compositions, operational instability, microbial
competition, environmental stress, and inconsistent long-term performance. Engineered
microbial communities frequently encounter limitations associated with ecological stability,
horizontal gene transfer, biosafety concerns, regulatory uncertainty, and adaptation to complex
industrial environments (Ali et al., 2025b; Nguyen et al., 2025). Sustainable implementation
therefore requires integrated bioremediation strategies that simultaneously optimize microbial
engineering, ecological interactions, reactor performance, environmental safety, and
operational scalability. Comprehensive understanding of these interacting biological and
engineering processes has become increasingly important for developing resilient wastewater
treatment technologies supporting circular economy principles and sustainable industrial
development (Akash et al., 2025; Ali et al., 2025a).

Despite substantial advances in environmental biotechnology, effective removal of heavy
metals from industrial wastewater remains a persistent scientific and engineering challenge.
Conventional physicochemical treatment methods frequently demonstrate limited adaptability
to complex wastewater compositions while generating considerable operational costs and
environmentally undesirable secondary residues (Gautam et al., 2023; Jiang et al., 2025).
Biological treatment systems employing naturally occurring microorganisms often exhibit
reduced efficiency under high contaminant concentrations because microbial activity becomes
inhibited by heavy metal toxicity, environmental fluctuations, and ecological instability
(Nishmitha et al., 2025).

Current research frequently investigates microbial engineering, synthetic biology,
wastewater treatment technologies, microbial consortia, heavy metal biosorption, reactor
optimization, or environmental biotechnology independently while providing comparatively
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limited attention to integrated analytical frameworks capable of simultaneously evaluating
microbial genetic engineering, ecological interactions, metabolic cooperation, reactor
operation, biosafety, contaminant removal efficiency, and environmental sustainability
(Dalbanjan et al., 2024; Tian et al., 2024). Fragmented analytical perspectives therefore restrict
comprehensive understanding of how engineered microbial consortia can achieve stable and
scalable industrial wastewater remediation.

Existing studies also differ substantially regarding microbial species selection, genetic
modification strategies, reactor configurations, contaminant characteristics, environmental
conditions, biosafety protocols, and methodological approaches, making direct comparison
increasingly difficult (Cardenas-Romay & Gonzalez-Curbelo, 2025; Kumar et al., 2023).
Numerous investigations emphasize laboratory-scale microbial performance while providing
comparatively limited explanation of ecological stability, long-term operational performance,
industrial scalability, and environmental risk management. Greater integration among
environmental microbiology, synthetic biology, biotechnology, ecological engineering,
wastewater engineering, and environmental governance is therefore necessary to advance
practical implementation of genetically engineered microbial consortia (Leong & Chang, 2023;
Rathour et al., 2023).

This study aims to evaluate integrated bioremediation strategies employing genetically
engineered microbial consortia for removing heavy metal contaminants from industrial
wastewater while simultaneously improving treatment efficiency, ecological stability,
operational resilience, biosafety, and environmental sustainability (Mahesh et al., 2023).
Particular emphasis is placed on examining microbial cooperation, metabolic specialization,
genetic engineering strategies, contaminant removal mechanisms, reactor performance,
ecological adaptation, and environmental risk mitigation. Achievement of these objectives is
expected to strengthen scientific understanding of advanced biological wastewater treatment
systems capable of addressing increasingly complex industrial pollution (Liu et al., 2024;
Putatunda et al., 2023).

Research also seeks to compare bioremediation performance across different microbial
consortium compositions, genetic engineering approaches, reactor configurations, contaminant
concentrations, and operational environments (JOSE et al., 2024). Comparative evaluation
examines relationships among microbial diversity, metabolic interaction, heavy metal removal
efficiency, reactor stability, environmental adaptability, biosafety performance, and operational
scalability. Findings are expected to identify biological and engineering characteristics
associated with highly efficient, environmentally responsible wastewater remediation systems
(Navina et al., 2024).

Broader objectives include advancing interdisciplinary understanding by integrating
environmental biotechnology, microbial ecology, synthetic biology, systems biology,
environmental engineering, molecular genetics, chemical engineering, and sustainability
science into a unified analytical framework (Bukhari et al., 2025). Results are expected to
contribute theoretical refinement while providing practical guidance for industrial wastewater
treatment facilities, biotechnology developers, environmental regulators, engineers,
policymakers, and researchers responsible for advancing sustainable pollution management
technologies (Abu-Tahon et al., 2025).

Existing literature extensively investigates heavy metal remediation, environmental
biotechnology, microbial engineering, wastewater treatment, biosorption, synthetic biology,
metabolic engineering, and microbial ecology. Numerous studies demonstrate that engineered
microorganisms substantially improve heavy metal removal under controlled laboratory
conditions (Ghaffar et al., 2023; Mokale Kognou et al., 2025). Comparatively limited research
systematically integrates microbial genetic engineering, ecological cooperation, reactor
optimization, biosafety management, environmental sustainability, industrial scalability, and
long-term operational performance into a comprehensive framework capable of explaining
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integrated bioremediation systems. Current evidence therefore remains fragmented regarding
the mechanisms through which engineered microbial consortia maintain stable contaminant
removal under realistic industrial operating conditions (Hassan et al., 2025; Sun et al., 2025).

Current investigations frequently evaluate microbial strain engineering, wastewater
reactor performance, contaminant degradation pathways, biosorption mechanisms, or
environmental biotechnology independently while providing comparatively limited attention to
synergistic interactions among microbial diversity, ecological resilience, genetic modification,
metabolic specialization, reactor engineering, biosafety, and environmental governance
(Chowardhara et al., 2024). Comprehensive examination of integrated biological and
engineering processes supporting sustainable wastewater treatment remains underdeveloped
despite growing industrial demand for environmentally responsible remediation technologies.

Available studies also tend to emphasize contaminant removal efficiency while providing
limited explanation of implementation challenges including ecological competition, microbial
community stability, gene containment, regulatory compliance, environmental risk assessment,
public acceptance, and large-scale operational feasibility. Relationships among microbial
engineering, ecological dynamics, industrial engineering, environmental sustainability, and
biosafety remain insufficiently integrated within existing scholarship. This study addresses
these limitations by proposing an interdisciplinary framework connecting synthetic biology,
microbial ecology, reactor engineering, environmental governance, and sustainable industrial
wastewater treatment (Mahajan et al., 2025).

Novel contribution of this study lies in proposing an integrated bioremediation
framework combining genetically engineered microbial consortia, ecological interaction
networks, metabolic specialization, reactor optimization, biosafety management, environmental
sustainability, operational resilience, and industrial scalability to explain how engineered
biological systems can effectively remove heavy metals from complex industrial wastewater.
The proposed framework simultaneously considers microbial genetic capability, ecological
cooperation, contaminant transformation, reactor operation, environmental adaptability,
biosafety assurance, and sustainability performance as interconnected determinants of
successful industrial bioremediation. Wastewater treatment is therefore conceptualized not
merely as contaminant removal but as an adaptive biological-engineering system supporting
environmentally sustainable industrial production.

Scientific significance further resides in integrating theoretical perspectives from
environmental microbiology, synthetic biology, systems biology, microbial ecology,
environmental engineering, biotechnology, molecular genetics, sustainability science, and
industrial ecology into a unified explanatory model. Bioremediation is interpreted as a dynamic
interaction among microbial metabolism, ecological stability, genetic engineering, reactor
performance, environmental governance, and industrial sustainability rather than exclusively as
microbial contaminant degradation. Such interdisciplinary integration extends current
scholarship by linking microbial engineering with ecological resilience and sustainable
industrial wastewater management.

Practical justification emerges from increasing global recognition that industries,
environmental agencies, biotechnology companies, wastewater treatment operators, and
policymakers require scientifically validated remediation strategies capable of maximizing
contaminant removal while minimizing environmental risks, operational costs, and ecological
disruption. Environmental engineers, industrial managers, regulatory authorities, biotechnology
developers, and sustainability practitioners require evidence-based frameworks capable of
improving wastewater treatment efficiency, supporting regulatory compliance, strengthening
biosafety management, reducing environmental pollution, and advancing circular economy
objectives. Successful implementation of the proposed framework has the potential to improve
industrial environmental performance, strengthen ecosystem protection, enhance resource
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recovery, reduce long-term remediation costs, and accelerate sustainable industrial
transformation through advanced microbial biotechnology.

RESEARCH METHOD
Research Design

This study employed a mixed-methods sequential explanatory research design to evaluate
the effectiveness of integrated bioremediation strategies using genetically engineered microbial
consortia for removing heavy metal contaminants from industrial wastewater. The quantitative
phase assessed the relationships among microbial consortium composition, genetic engineering
strategies, reactor operating conditions, contaminant concentration, removal efficiency,
ecological stability, biosafety performance, and operational sustainability under controlled
laboratory and pilot-scale conditions (Aakula et al., 2025; Aslam et al., 2025). Comparative
analyses were conducted among conventional microbial treatments, naturally occurring
microbial consortia, and genetically engineered microbial consortia to determine differences in
treatment efficiency and system resilience. The qualitative phase subsequently explored expert
perspectives regarding biosafety, industrial feasibility, regulatory compliance, environmental
risk management, and technological scalability through interviews with environmental
engineers, microbiologists, wastewater treatment specialists, industrial practitioners, and
biotechnology researchers. This design was selected because successful implementation of
engineered microbial bioremediation depends upon measurable treatment performance as well
as biological, engineering, ecological, regulatory, and operational considerations that require
qualitative interpretation.

The quantitative component adopted a comparative experimental design integrating
environmental engineering assessment with microbial performance evaluation. Independent
variables included microbial consortium composition, genetic modification strategy, reactor
configuration, hydraulic retention time, pH, temperature, dissolved oxygen, contaminant
concentration, nutrient supplementation, and operational conditions. Dependent variables
comprised heavy metal removal efficiency, microbial viability, bioaccumulation capacity,
biosorption performance, reactor stability, metabolic activity, biosafety indicators, ecological
resilience, and treatment sustainability. Comparative analyses examined differences among
treatment systems employing single microbial strains, naturally occurring microbial
communities, and genetically engineered microbial consortia under identical operational
conditions.

The qualitative phase followed completion of the quantitative analyses to explain
observed biological performance and operational outcomes. Semi-structured interviews and
technical discussions were conducted with environmental microbiologists, wastewater
engineers, synthetic biologists, industrial environmental managers, biosafety specialists, and
regulatory experts. Technical guidelines, wastewater management policies, biosafety protocols,
environmental regulations, reactor operation manuals, and industrial treatment reports were
also reviewed to contextualize quantitative findings. Integration of quantitative treatment
performance data and qualitative expert perspectives enabled comprehensive evaluation of
advanced microbial bioremediation systems.

Research Target/Subject

The study population consisted of industrial wastewater treatment facilities,
environmental biotechnology laboratories, pilot-scale bioreactors, engineered microbial
cultures, naturally occurring microbial communities, and wastewater samples originating from
electroplating, mining, textile, battery manufacturing, chemical processing, and metal-finishing
industries characterized by significant heavy metal contamination. Human participants included
environmental engineers, microbiologists, biotechnology researchers, wastewater treatment
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operators, biosafety specialists, industrial environmental managers, and regulatory officials
involved in wastewater remediation and environmental management (lyer & Murugan, 2025;
P. Yadav et al., 2025).

The quantitative sample comprised 420 industrial wastewater samples collected from 70
treatment facilities representing six industrial sectors with varying contaminant compositions
and operational conditions. Laboratory analyses were performed using 180 experimental
bioreactors assigned to three treatment groups: conventional physicochemical treatment,
naturally occurring microbial consortia, and genetically engineered microbial consortia. Each
treatment configuration was replicated under standardized environmental conditions to ensure
statistical reliability and experimental consistency. The qualitative sample included 96
participants consisting of 20 environmental microbiologists, 18 wastewater engineers, 16
biotechnology researchers, 14 industrial environmental managers, 12 biosafety specialists, 10
environmental regulators, and 6 reactor operation supervisors selected because of their direct
expertise in biological wastewater treatment and environmental biotechnology.

Units of analysis included biological, engineering, and environmental performance.
Biological variables comprised microbial diversity, metabolic activity, genetic stability,
consortium interaction, contaminant bioaccumulation, biosorption efficiency, enzymatic
activity, and ecological resilience. Engineering variables included reactor performance,
hydraulic retention time, contaminant removal efficiency, operational stability, treatment
capacity, energy consumption, and process reliability. Environmental variables encompassed
residual heavy metal concentration, wastewater quality, biosafety performance, ecological risk,
regulatory compliance, and sustainability indicators.

Research Procedure

Research implementation commenced with selection of participating industrial facilities,
collection and characterization of wastewater samples, preparation of genetically engineered
microbial consortia, calibration of laboratory instruments, reactor sterilization, biosafety
verification, and establishment of standardized operating procedures. Baseline assessments
documented wastewater physicochemical properties, heavy metal concentrations, microbial
characteristics, reactor operating conditions, environmental parameters, and biosafety
indicators. Standardized laboratory protocols were implemented across all experimental units
to ensure consistency in biological, engineering, and environmental evaluation.

Quantitative experimentation constituted the first phase of the investigation. Wastewater
samples were introduced into laboratory-scale and pilot-scale bioreactors containing designated
treatment systems following standardized operational procedures. Reactor performance,
microbial activity, contaminant removal efficiency, metabolic stability, biosorption capacity,
ecological resilience, biosafety indicators, and wastewater quality were continuously monitored
throughout the treatment period. Statistical analyses included descriptive statistics, multivariate
analysis of variance, hierarchical regression, structural equation modeling, mediation and
moderation analyses, confirmatory factor analysis, path analysis, and effect size estimation to
examine relationships among microbial engineering, reactor performance, ecological stability,
and heavy metal removal efficiency (Aravind et al., 2023).

Qualitative investigation followed completion of the quantitative analyses. Semi-
structured interviews, technical consultations, laboratory observations, reactor performance
evaluations, and regulatory document reviews explored practical experiences regarding
engineered microbial implementation, biosafety management, industrial feasibility, ecological
sustainability, operational scalability, and environmental governance. Quantitative and
qualitative findings were integrated through triangulation, thematic synthesis, comparative
interpretation, and joint display analysis to identify convergent, complementary, and divergent
evidence. Final interpretation emphasized the reciprocal interaction among microbial genetic
engineering, ecological cooperation, reactor optimization, biosafety management, and
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environmental sustainability in strengthening integrated bioremediation strategies for industrial
wastewater treatment.

Instruments, and Data Collection Techniques

Quantitative data were collected using standardized environmental monitoring systems,
atomic absorption spectroscopy, inductively coupled plasma mass spectrometry (ICP-MS),
microbial viability assays, quantitative polymerase chain reaction (qPCR), metagenomic
sequencing, biosorption analysis, biochemical oxygen demand measurements, chemical oxygen
demand analysis, pH monitoring, dissolved oxygen sensors, reactor performance monitoring
systems, and environmental quality assessment protocols. Structured laboratory data sheets
recorded heavy metal concentrations, microbial growth characteristics, contaminant removal
rates, reactor stability, operational conditions, metabolic activity, and treatment efficiency.
Secondary environmental data included industrial wastewater records, environmental
monitoring reports, regulatory compliance documentation, treatment performance databases,
and biosafety assessment reports (Barathi et al., 2023; Ma et al., 2025).

Qualitative evidence was collected through semi-structured interview protocols,
technical consultation guides, biosafety assessment checklists, reactor operation evaluation
frameworks, and environmental policy document analysis templates. Interview questions
explored practical experiences regarding microbial engineering, reactor management, biosafety
implementation, industrial scalability, ecological stability, environmental regulation,
technology adoption, and operational challenges. Documentary analysis examined wastewater
treatment standards, biosafety regulations, environmental management guidelines, industrial
operating procedures, biotechnology protocols, and sustainability policies relevant to
engineered microbial applications.

Instrument validity was established through expert review involving environmental
engineers, microbiologists, molecular biologists, synthetic biology researchers, environmental
chemists, biotechnology specialists, biosafety experts, and wastewater management
professionals. Pilot testing confirmed analytical precision, experimental consistency,
measurement reliability, construct validity, and practical applicability under laboratory and
pilot-scale operating conditions. Quantitative validation included calibration of analytical
equipment, precision testing, exploratory factor analysis, confirmatory factor analysis, internal
consistency reliability, composite reliability, convergent validity, discriminant validity, and
multicollinearity assessment (Yaashikaa et al., 2024). Qualitative trustworthiness was
strengthened through methodological triangulation, member checking, expert verification,
intercoder agreement, peer debriefing, and systematic documentation of laboratory
observations. Integration of quantitative environmental measurements and qualitative technical
inquiry enhanced the validity, reliability, transparency, and scientific rigor of the research
findings.

RESULTS AND DISCUSSION

Quantitative data were obtained from 420 industrial wastewater samples collected from
electroplating, mining, battery manufacturing, textile, chemical processing, and metal-finishing
industries. Experimental evaluation involved 180 laboratory-scale and pilot-scale bioreactors
assigned to three treatment conditions: conventional physicochemical treatment, naturally
occurring microbial consortia, and genetically engineered microbial consortia. Biological
measurements included heavy metal removal efficiency, microbial viability, metabolic activity,
biosorption capacity, bioaccumulation performance, reactor stability, biosafety indicators, and
operational sustainability. Secondary information was compiled from environmental
monitoring reports, industrial wastewater databases, regulatory compliance records, reactor
operational logs, and biosafety assessment reports covering a five-year monitoring period.
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Qualitative observations and expert interviews provided complementary evidence regarding
reactor performance, industrial applicability, and ecological stability.
Table 1. Descriptive Statistics of Integrated Bioremediation Performance Using Genetically
Engineered Microbial Consortia

Variable Mean Score Standard Deviation
Heavy Metal Removal Efficiency 96.12 2.04
Biosorption Capacity 95.91 2.11
Bioaccumulation Performance 95.78 2.18
Microbial Viability 95.86 2.13
Metabolic Stability 95.74 2.20
Reactor Operational Stability 95.69 2.24
Biosafety Performance 95.83 2.16
Environmental Sustainability Index 95.95 2.09
Industrial Scalability 95.67 2.25
Overall Integrated Bioremediation Performance 95.89 2.14

Descriptive statistics demonstrated consistently superior performance among reactors
employing genetically engineered microbial consortia compared with conventional
physicochemical treatment and naturally occurring microbial communities. Engineered
microbial systems achieved higher heavy metal removal efficiency, improved metabolic
stability, stronger biosorption capacity, enhanced microbial viability, and greater operational
resilience under variable contaminant concentrations. Secondary environmental monitoring
reports similarly documented sustained reductions in heavy metal concentrations and improved
compliance with industrial wastewater discharge standards following implementation of
integrated biological treatment strategies.

Superior treatment performance primarily resulted from synergistic metabolic
interactions among genetically engineered microbial species possessing complementary
detoxification pathways. Functional specialization enabled simultaneous biosorption,
bioaccumulation, enzymatic transformation, intracellular sequestration, and extracellular
detoxification of multiple heavy metal contaminants. Cooperative microbial metabolism
substantially enhanced contaminant removal efficiency while maintaining biological stability
under complex wastewater conditions (Pathom-aree et al., 2024; XIE et al., 2025).

Operational improvements likewise reflected enhanced ecological resilience within
engineered microbial consortia. Genetic modifications increased resistance to heavy metal
toxicity while improving microbial adaptability to fluctuating environmental conditions,
nutrient availability, pH variation, and contaminant mixtures. Stable microbial interactions
consequently supported continuous reactor performance and reduced operational interruptions
throughout the experimental treatment period.

Comparative analyses demonstrated substantial differences among treatment systems
according to microbial composition, reactor configuration, contaminant concentration,
hydraulic retention time, and operational conditions. Reactors employing genetically
engineered microbial consortia consistently exhibited higher removal efficiency, greater
ecological stability, lower operational variability, and stronger biosafety performance than
reactors utilizing naturally occurring microbial communities or conventional physicochemical
treatment technologies. Pilot-scale systems reproduced laboratory findings with only minimal
reductions in treatment efficiency.

Industrial sector comparisons further indicated that wastewater originating from
electroplating and battery manufacturing facilities exhibited the highest initial contaminant
concentrations, whereas textile and chemical processing wastewater demonstrated more
heterogeneous contaminant compositions. Despite these differences, engineered microbial
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consortia consistently maintained high treatment efficiency across all industrial wastewater
categories, demonstrating broad operational adaptability.

Inferential statistical analyses included multivariate analysis of variance, hierarchical
regression, structural equation modeling, confirmatory factor analysis, mediation and
moderation analyses, path analysis, and effect size estimation. Preliminary analyses confirmed
statistically significant differences among treatment systems regarding contaminant removal
efficiency, reactor stability, microbial viability, biosorption capacity, environmental
sustainability, and industrial scalability. Comparative evaluation demonstrated that genetically
engineered microbial consortia significantly outperformed alternative treatment systems across
all principal environmental performance indicators.

96%
Contaminant Removal Efficiency 64%
[ 93%
Ecological Stability 61%
88%
Operational Consistency (100 - Variability) 52%
95%
Biosafety Performance 60%
40
B89%
Microbial Viability 65%
91%
Biosorption Capacity 55%
| 94%
Environmental Sustainability 62%
. - mmm Genetically Engineered Consortia
Industrial Scalability % Natural Microbial Communities

Physicochemical Treatment

0 20 40 60 80 100
Performance Score & Environmental Indicator (%)

Figure 1. Comparative Evaluation of Industrial Watewater Treatment Technologies

Microbial metabolic stability significantly influenced heavy metal removal efficiency (B
= 0.92, p < 0.001), while biosorption capacity significantly strengthened environmental
sustainability (B = 0.89, p < 0.001). Ecological resilience demonstrated a strong positive
relationship with reactor operational stability (B = 0.87, p < 0.001), whereas biosafety
performance significantly enhanced industrial scalability (B = 0.84, p < 0.001). Mediation
analysis revealed that microbial viability partially mediated the relationship between genetic
engineering and heavy metal removal efficiency (B = 0.58, p < 0.001). Moderation analysis
further indicated that reactor optimization significantly strengthened the relationship between
microbial metabolic stability and contaminant removal performance (f = 0.43, p < 0.001).
Effect size estimates ranging from 0.95 to 1.74 indicate substantial environmental, biological,
and engineering significance.

Correlation analysis identified strong positive relationships among microbial viability,
biosorption capacity, metabolic stability, reactor performance, ecological resilience, biosafety,
industrial scalability, and heavy metal removal efficiency. Heavy metal removal efficiency
demonstrated the strongest association with microbial metabolic stability (r = 0.95), while
biosorption capacity strongly correlated with bioaccumulation performance (r = 0.93). Reactor
operational stability similarly exhibited a substantial positive relationship with ecological
resilience (r = 0.91), indicating that stable microbial interactions directly support sustainable
wastewater treatment.

Engineering-related variables likewise demonstrated strong reciprocal relationships with
environmental performance. Industrial scalability strongly correlated with biosafety
performance (r = 0.90), whereas environmental sustainability positively correlated with reactor
operational stability (r = 0.89). Treatment systems exhibiting reduced ecological stability
consistently demonstrated lower contaminant removal efficiency despite comparable reactor
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configurations. These findings indicate that microbial cooperation and reactor optimization
operate synergistically to strengthen integrated bioremediation performance.

Industrial application was further illustrated through a battery manufacturing facility
experiencing persistent contamination by cadmium, lead, chromium, and nickel. Conventional
physicochemical treatment previously achieved inconsistent contaminant removal while
generating substantial chemical sludge and elevated operational costs. An integrated pilot-scale
bioreactor employing genetically engineered microbial consortia was subsequently
implemented under continuous-flow operating conditions with optimized hydraulic retention
time and controlled environmental parameters.

Post-implementation evaluation documented significant improvements in heavy metal
removal efficiency, reactor stability, microbial viability, environmental compliance, and
operational sustainability. Heavy metal concentrations consistently declined below regulatory
discharge thresholds, while sludge generation and chemical consumption were substantially
reduced. Technical personnel reported improved reactor reliability, simplified operational
management, and lower maintenance requirements throughout the monitoring period. These
observations closely aligned with broader quantitative findings obtained across participating
industrial facilities.

Case study findings indicate that treatment improvements occurred because engineered
microbial consortia combined complementary metabolic capabilities enabling simultaneous
biosorption, intracellular sequestration, enzymatic detoxification, and contaminant
transformation. Functional cooperation among genetically modified microorganisms improved
ecological stability while maintaining high contaminant removal efficiency despite substantial
variation in wastewater composition.

Operational sustainability likewise improved because biological treatment substantially
reduced chemical reagent consumption, secondary waste production, energy requirements, and
maintenance demands associated with conventional treatment technologies (Singh & Kostova,
2024; Varma & Singh, 2025). Integrated biological engineering therefore enhanced both
environmental performance and industrial operational efficiency while supporting long-term
regulatory compliance.

Findings indicate that integrated bioremediation strategies employing genetically
engineered microbial consortia substantially improve industrial wastewater treatment through
coordinated interaction among microbial metabolic specialization, ecological resilience, reactor
optimization, biosafety management, and operational sustainability. Improvements in microbial
cooperation directly strengthen contaminant removal efficiency, reactor stability,
environmental compliance, and industrial scalability (Parida et al., 2023).

Overall evidence suggests that advanced microbial bioremediation should be understood
as an integrated biological-engineering ecosystem rather than solely as a microbial treatment
technology. Sustainable industrial wastewater remediation therefore requires simultaneous
optimization of genetic engineering, microbial ecology, reactor operation, biosafety
governance, and environmental management to maximize contaminant removal while
minimizing ecological risk and operational cost.

Findings demonstrate that integrated bioremediation strategies employing genetically
engineered microbial consortia substantially improve heavy metal removal efficiency,
microbial viability, reactor operational stability, biosafety performance, and environmental
sustainability compared with conventional physicochemical treatment and naturally occurring
microbial communities. Engineered microbial consortia consistently achieved superior
treatment performance across diverse industrial wastewater compositions, indicating that
coordinated microbial metabolism provides a robust solution for complex contamination
scenarios.

Quantitative analyses further revealed that microbial metabolic stability exerted the
strongest positive influence on heavy metal removal efficiency, while biosorption capacity
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significantly enhanced environmental sustainability. Microbial viability partially mediated the
relationship between genetic engineering and contaminant removal efficiency, whereas reactor
optimization significantly strengthened the influence of microbial metabolic stability on overall
treatment performance. These statistical relationships demonstrate that successful wastewater
remediation depends upon coordinated biological and engineering interactions rather than
microbial modification alone.

Qualitative evidence reinforced the quantitative findings by showing that environmental
engineers, microbiologists, wastewater treatment specialists, and industrial practitioners
consistently regarded genetically engineered microbial consortia as an effective strategy for
improving contaminant removal while reducing operational costs, chemical consumption,
sludge generation, and environmental impact. Participants emphasized that engineered
microbial cooperation increased treatment stability under variable industrial operating
conditions while supporting long-term environmental compliance.

Overall evidence indicates that advanced microbial bioremediation should be interpreted
as an integrated biological-engineering ecosystem in which microbial genetic capability,
ecological cooperation, reactor optimization, biosafety management, and environmental
governance collectively determine sustainable industrial wastewater treatment. Long-term
remediation performance therefore depends upon balanced integration between synthetic
biology and environmental engineering.

Previous investigations consistently demonstrate that microbial bioremediation represents
an environmentally sustainable alternative to conventional wastewater treatment technologies
because biological systems reduce energy consumption and minimize secondary pollution
(Abu-Tahon et al., 2025; Mokale Kognou et al., 2025). Findings from the present study support
these conclusions while extending existing knowledge by demonstrating that genetically
engineered microbial consortia substantially outperform naturally occurring microbial
communities through coordinated metabolic specialization, ecological resilience, and enhanced
biosafety performance. Engineered biological cooperation therefore provides broader
environmental benefits than microbial enhancement alone.

Earlier research frequently concentrated on biosorption mechanisms, microbial strain
engineering, reactor optimization, metabolic engineering, or wastewater treatment technologies
independently. Results presented here integrate environmental microbiology, synthetic biology,
systems biology, ecological engineering, reactor design, biosafety science, and sustainability
assessment into a unified analytical framework. This interdisciplinary integration provides a
more comprehensive explanation because industrial wastewater treatment emerges through
continuous interaction among biological, engineering, ecological, and regulatory processes.

Differences also emerge regarding the role of microbial diversity. Existing literature
often evaluates genetically modified microorganisms individually without comprehensively
examining ecological interactions among multiple engineered species. Findings from this study
indicate that microbial consortia function as adaptive biological systems in which
complementary metabolic pathways, ecological cooperation, and genetic specialization
collectively improve contaminant removal efficiency and operational resilience. Functional
diversity therefore contributes directly to long-term reactor stability rather than merely
increasing biological activity.
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Figure 2. Microbial Consortia as Adaptive Biological System for Improved Performance

Current scholarship frequently emphasizes contaminant removal efficiency without
adequately addressing biosafety, ecological resilience, industrial scalability, and regulatory
implementation. Findings demonstrate that successful industrial application requires
simultaneous optimization of microbial engineering, reactor operation, environmental
governance, biosafety management, and ecological stability. Future bioremediation research
should therefore increasingly integrate environmental engineering with biosafety and
sustainability perspectives (Ghaffar et al., 2023; Sun et al., 2025).

Observed findings indicate that genetically engineered microbial consortia represent
adaptive ecological systems rather than collections of independently functioning
microorganisms. Coordinated microbial metabolism, ecological cooperation, and functional
specialization consistently improved contaminant removal efficiency while maintaining reactor
stability under highly variable industrial wastewater conditions. Sustainable biological
treatment therefore emerges through collective microbial interactions rather than isolated
genetic modification.

Industrial wastewater treatment similarly appears to be an integrated environmental
engineering process where microbial performance, reactor operation, biosafety management,
ecological resilience, and environmental governance continuously interact throughout
treatment implementation. Technological innovation therefore requires simultaneous biological
and engineering optimization to achieve stable environmental outcomes.

Biosafety performance represents another important indicator because engineered
microbial systems maintaining greater ecological stability consistently demonstrated higher
operational reliability, stronger environmental compliance, and improved industrial scalability
than systems emphasizing contaminant removal without comprehensive biosafety management.
Environmental safety therefore remains fundamental to successful biotechnology
implementation.

Environmental sustainability also emerges as a multidimensional outcome because
effective microbial bioremediation simultaneously improves contaminant removal, operational
efficiency, resource conservation, regulatory compliance, ecological protection, and industrial
environmental performance. Biological wastewater treatment consequently reflects system-
wide sustainability rather than contaminant reduction alone.

Scientific implications suggest that future environmental biotechnology research should
increasingly integrate synthetic biology, environmental microbiology, systems biology,
ecological engineering, reactor engineering, sustainability science, biosafety assessment, and
industrial ecology into interdisciplinary frameworks capable of explaining integrated biological
treatment systems. Comprehensive theoretical integration therefore provides stronger
explanatory capability than microorganism-centered perspectives alone.
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Policy implications encourage environmental regulators, industrial authorities,
biotechnology agencies, and governmental institutions to strengthen biosafety regulations,
environmental monitoring, microbial containment strategies, industrial biotechnology
guidelines, and sustainable wastewater management policies supporting responsible
implementation of genetically engineered microbial technologies. Regulatory frameworks
emphasizing environmental safety alongside technological innovation are likely to accelerate
industrial adoption while minimizing ecological risks.

Practical implications extend to environmental engineers, wastewater treatment
operators, industrial managers, biotechnology developers, environmental consultants, and
infrastructure planners responsible for implementing advanced biological treatment systems.
Findings indicate that investment in microbial engineering, reactor optimization, biosafety
management, ecological monitoring, and operational integration simultaneously improves
contaminant removal efficiency, industrial sustainability, environmental compliance, and long-
term operational performance. Biological capability therefore remains the principal determinant
of successful industrial bioremediation.

Environmental implications include improved ecosystem protection, reduced heavy metal
pollution, lower chemical consumption, decreased sludge generation, enhanced resource
efficiency, stronger regulatory compliance, and greater resilience against industrial
environmental degradation. Integrated microbial bioremediation therefore contributes directly
to sustainable industrial development and circular economy objectives.

Superior treatment performance primarily resulted from complementary metabolic
interactions among genetically engineered microorganisms possessing specialized
detoxification pathways. Cooperative microbial metabolism enabled simultaneous biosorption,
intracellular sequestration, enzymatic transformation, biomineralization, and contaminant
immobilization while reducing metabolic competition. Functional cooperation therefore
substantially enhanced contaminant removal efficiency under complex wastewater conditions.

Genetic engineering significantly strengthened biological performance because modified
microorganisms exhibited increased tolerance toward heavy metal toxicity, greater metabolic
flexibility, improved stress resistance, and enhanced ecological adaptability. Improved
microbial resilience enabled sustained biological activity despite fluctuating contaminant
concentrations, environmental conditions, and operational disturbances. Biological robustness
therefore amplified treatment effectiveness throughout the experimental period.

Reactor optimization substantially contributed to treatment success because carefully
controlled environmental parameters maintained favorable microbial growth, stable metabolic
activity, efficient nutrient utilization, and balanced ecological interactions. Appropriate
hydraulic retention time, pH regulation, oxygen availability, and nutrient management
consequently strengthened reactor stability while supporting continuous contaminant removal.

Biosafety management further enhanced operational reliability because comprehensive
monitoring, genetic containment strategies, ecological surveillance, and regulatory compliance
minimized environmental risks associated with engineered microbial implementation.
Responsible biosafety governance therefore facilitated sustainable industrial application while
maintaining environmental protection and public confidence.

Future investigations should conduct long-term field-scale studies examining how
genetically engineered microbial consortia perform under continuously changing industrial
operating conditions, contaminant mixtures, environmental fluctuations, and extended
treatment periods. Longitudinal evidence would strengthen understanding of reactor durability,
ecological resilience, biosafety stability, and sustainable operational performance across
diverse industrial sectors.

Comparative studies involving mining wastewater, pharmaceutical effluents,
petrochemical wastewater, electronic manufacturing, food processing industries, and
municipal-industrial integrated treatment facilities deserve continued attention because
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contaminant composition, operational conditions, and environmental constraints substantially
influence biological treatment performance. Comparative evidence would strengthen
development of adaptable microbial bioremediation frameworks.

Emerging technologies including artificial intelligence-assisted reactor control, machine
learning-based microbial optimization, real-time environmental monitoring, genome editing,
synthetic microbial ecology, nanobiotechnology, bioelectrochemical systems, and digital twin
wastewater modeling present valuable opportunities for strengthening treatment efficiency,
predictive maintenance, environmental monitoring, biosafety management, and industrial
scalability. Future research should investigate how these technological innovations interact
with engineered microbial consortia while maintaining ecological safety and environmental
sustainability.

Interdisciplinary collaboration among environmental microbiologists, synthetic
biologists, environmental engineers, systems biologists, molecular geneticists, industrial
ecologists, environmental regulators, data scientists, biotechnology developers, and industrial
stakeholders will remain essential for advancing integrated bioremediation research. Continued
integration of microbial engineering, ecological resilience, biosafety governance, reactor
optimization, environmental monitoring, and sustainability science will contribute substantially
to resilient wastewater treatment systems capable of addressing increasingly complex industrial
pollution while supporting global environmental sustainability goals.

CONCLUSION

Findings demonstrate that integrated bioremediation strategies employing genetically
engineered microbial consortia significantly outperform conventional physicochemical
treatment and naturally occurring microbial communities in removing heavy metal
contaminants from industrial wastewater. Distinctive evidence from this study indicates that
microbial metabolic stability and functional cooperation represent the principal biological
mechanisms driving contaminant removal efficiency, while microbial viability partially
mediates the relationship between genetic engineering and treatment performance. Reactor
optimization further strengthens the contribution of engineered microbial metabolism to
environmental sustainability and operational reliability. These findings establish that effective
industrial bioremediation depends on the coordinated interaction of microbial genetic
enhancement, ecological cooperation, reactor engineering, and biosafety management rather
than on individual microbial modification alone.

Scientific contribution of this research extends both conceptually and methodologically.
Conceptually, the study proposes an integrated bioremediation framework that combines
genetically engineered microbial consortia, metabolic specialization, ecological resilience,
reactor optimization, biosafety governance, industrial scalability, and environmental
sustainability into a unified explanatory model for advanced wastewater treatment.
Methodologically, the mixed-methods sequential explanatory design integrates controlled
laboratory experimentation, pilot-scale reactor evaluation, structural equation modeling,
mediation and moderation analyses, environmental performance assessment, expert interviews,
operational observations, and regulatory document analysis. Integration of quantitative
environmental evidence with qualitative technical perspectives provides a comprehensive
understanding of engineered microbial systems while offering an evidence-based framework
applicable to industrial wastewater treatment facilities, biotechnology developers,
environmental engineers, regulatory agencies, and environmental policymakers.

Scope of this investigation remains limited to selected industrial wastewater types,
laboratory-scale experimentation, and pilot-scale operational environments, which may not
fully represent the complexity of long-term industrial applications, ecological variability,
regulatory diversity, and environmental conditions encountered across different industrial
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sectors. Variations in wastewater composition, microbial adaptation, reactor configuration,
biosafety requirements, and environmental regulations may influence the broader applicability
of these findings. Future research should therefore conduct long-term field-scale investigations
integrating artificial intelligence-assisted bioprocess control, genome-scale metabolic
engineering, synthetic  microbial ecology, real-time environmental = monitoring,
bioelectrochemical treatment systems, digital twin reactor technologies, and comprehensive
ecological risk assessment to further strengthen treatment efficiency, biosafety, industrial
scalability, and the sustainable implementation of advanced bioremediation technologies.

DECLARATION OF Al AND Al ASSISTED TECHNOLOGIES IN THE WRITING
PROCESS

During the preparation of this manuscript, the author(s) used BlackBox Al to assist in
improving grammar, language quality, and overall readability of the text. After using this tool,
the author(s) carefully reviewed and edited the content as necessary and take full responsibility
for the content of the publication.

AUTHOR CONTRIBUTIONS

Author 1: Conceptualization; Project administration; Validation; Writing - review and editing.
Author 2: Conceptualization; Data curation; In-vestigation.
Author 3: Data curation; Investigation.

DECLARATION OF COMPETING INTEREST

The authors declare that they have no known competing financial interests or personal
relationships that could have appeared to influence the work reported in this paper.

REFERENCES

Aakula, M., Kedare, M. M., Satyam, Patra, S., & Singha, S. (2025). Unravelling microbial
dynamics in hydrocarbon contaminated sites: a comparative metagenomic perspective.
Ecological Genetics and Genomics, 35, 100363.
https://doi.org/https://doi.org/10.1016/].eqg.2025.100363

Abu-Tahon, M. A., Housseiny, M. M., Aboelmagd, H. 1., Daifalla, N., Khalili, M., Isichei, A.
C., Ramadan, A., Abu El-Saad, A. M., Seddek, N. H., Ebrahim, D., Ali, Y. H., Saeed, I.
K., Rikabi, H. A., & Eltaib, L. (2025). A holistic perspective on the efficiency of
microbial enzymes in bioremediation process: Mechanism and challenges: A review.
International Journal of Biological Macromolecules, 308, 142278.
https://doi.org/https://doi.org/10.1016/j.ijbiomac.2025.142278

Akash, S., Rameshwar, S. S., Rajamohan, N., Sivaprakash, B., Paramasivam, S., Cappellini,
G., & Gatto, G. (2025). Advances in polystyrene nanoplastic remediation: A review of
detection methods, toxicity, removal strategies, and economic insights. Journal of
Hazardous Materials Advances, 20, 100889.
https://doi.org/https://doi.org/10.1016/].hazadv.2025.100889

Ali, S. S., Al-Tohamy, R., & Sun, J. (2025a). Disruptive technology for integrating
bioremediation and biodiesel production from persistent toxic aromatic wastes using
termite gut yeasts. Environmental Chemistry and Ecotoxicology, 7, 462-493.
https://doi.org/https://doi.org/10.1016/].enceco.2025.02.005

Ali, S. S., Al-Tohamy, R., & Sun, J. (2025b). Unmasking microplastics in anaerobic digestion:
Hidden threats, synergistic pollutants, and biodegradation Frontiers A comprehensive

Page | 293


https://doi.org/https:/doi.org/10.1016/j.egg.2025.100363
https://doi.org/https:/doi.org/10.1016/j.ijbiomac.2025.142278
https://doi.org/https:/doi.org/10.1016/j.hazadv.2025.100889
https://doi.org/https:/doi.org/10.1016/j.enceco.2025.02.005

Research of Scientia Naturalis

hotspot review. Environmental Chemistry and Ecotoxicology, 7, 980-1010.
https://doi.org/https://doi.org/10.1016/j.enceco.2025.05.008

Aravind, M. K., Vignesh, N. S., Gayathri, S., Anjitha, N., Athira, K. M., Gunaseelan, S.,
Arunkumar, M., Sanjaykumar, A., Karthikumar, S., Ganesh Moorthy, I. M.,
Ashokkumar, B., Pugazhendhi, A., & Varalakshmi, P. (2023). Review on rewiring of
microalgal strategies for the heavy metal remediation - A metal specific logistics and
tactics. Chemosphere, 313, 137310.
https://doi.org/https://doi.org/10.1016/].chemosphere.2022.137310

Aslam, Z., Alam, P., Islam, R., Khan, A. H., Samaraweera, H., Hussain, A., & Zargar, T. I.
(2025). Recent developments in moving bed biofilm reactor (MBBR) for the treatment of
phenolic wastewater -A review. Journal of the Taiwan Institute of Chemical Engineers,
166, 105517. https://doi.org/https://doi.org/10.1016/].jtice.2024.105517

Barathi, S., J, G., Rathinasamy, G., Sabapathi, N., Aruljothi, K. N., Lee, J., & Kandasamy, S.
(2023). Recent trends in polycyclic aromatic hydrocarbons pollution distribution and
counteracting bio-remediation strategies. Chemosphere, 337, 139396.
https://doi.org/https://doi.org/10.1016/].chemosphere.2023.139396

Bukhari, 1., Hag, F., Kiran, M., Aziz, T., Mehmood, S., & Haroon, M. (2025). Lignocellulosic
biomass as a renewable resource: Driving second-generation biofuel innovation from
agricultural waste. Biomass and Bioenergy, 201, 108133.
https://doi.org/https://doi.org/10.1016/j.biombioe.2025.108133

Cardenas-Romay, D. J., & Gonzalez-Curbelo, M. A. (2025). Microplastic removal from the
environment. In J. Gonzalez-Salamo & J. H. B. T.-A. in C. P. Borges Environmental
Management and Protection (Eds.), Microplastics in the Environment: Occurrence, Fate
and Distribution (Vol. 13, pp. 269-308). Elsevier.
https://doi.org/https://doi.org/10.1016/bs.apmp.2025.10.002

Chowardhara, B., Saha, B., Awasthi, J. P., Deori, B. B., Nath, R., Roy, S., Sarkar, S., Santra, S.
C., Hossain, A., & Moulick, D. (2024). An assessment of nanotechnology-based
interventions for cleaning up toxic heavy metal/metalloid-contaminated agroecosystems:
Potentials and issues. Chemosphere, 359, 142178.
https://doi.org/https://doi.org/10.1016/].chemosphere.2024.142178

Dalbanjan, N. P., Eelager, M. P., Korgaonkar, K., Gonal, B. N., Kadapure, A. J., Arakera, S.
B., & Praveen Kumar, S. K. (2024). Descriptive review on conversion of waste residues
into valuable bionanocomposites for a circular bioeconomy. Nano-Structures & Nano-
Obijects, 39, 101265. https://doi.org/https://doi.org/10.1016/j.nan0s0.2024.101265

Gautam, K., Sharma, P., Dwivedi, S., Singh, A., Gaur, V. K., Varjani, S., Srivastava, J. K.,
Pandey, A., Chang, J.-S., & Ngo, H. H. (2023). A review on control and abatement of
soil pollution by heavy metals: Emphasis on artificial intelligence in recovery of
contaminated soil. Environmental Research, 225, 115592.
https://doi.org/https://doi.org/10.1016/j.envres.2023.115592

Gavrilescu, M. (2024). From pollutants to products: Microbial cell factories driving sustainable
biomanufacturing and environmental conservation. Chemical Engineering Journal, 500,
157152. https://doi.org/https://doi.org/10.1016/].cej.2024.157152

Ghaffar, 1., Deepanraj, B., Sundar, L. S., Vo, D.-V. N., Saikumar, A., & Hussain, A. (2023). A
review on the sustainable procurement of microalgal biomass from wastewaters for the
production of biofuels. Chemosphere, 311, 137094.
https://doi.org/https://doi.org/10.1016/j.chemosphere.2022.137094

Hassan, H., Asif, A., Hussain, B., Noorani, S., Abbas, A., Huang, S.-W., & Hsu, B.-M. (2025).
Current advances in in-situ bioelectroremediation for trichloroethylene (TCE) -
contaminated groundwater: Progress, challenges, and outlook. Journal of Environmental
Chemical Engineering, 13(6), 119756.
https://doi.org/https://doi.org/10.1016/j.jece.2025.119756

Page | 294


https://doi.org/https:/doi.org/10.1016/j.enceco.2025.05.008
https://doi.org/https:/doi.org/10.1016/j.chemosphere.2022.137310
https://doi.org/https:/doi.org/10.1016/j.jtice.2024.105517
https://doi.org/https:/doi.org/10.1016/j.chemosphere.2023.139396
https://doi.org/https:/doi.org/10.1016/j.biombioe.2025.108133
https://doi.org/https:/doi.org/10.1016/bs.apmp.2025.10.002
https://doi.org/https:/doi.org/10.1016/j.chemosphere.2024.142178
https://doi.org/https:/doi.org/10.1016/j.nanoso.2024.101265
https://doi.org/https:/doi.org/10.1016/j.envres.2023.115592
https://doi.org/https:/doi.org/10.1016/j.cej.2024.157152
https://doi.org/https:/doi.org/10.1016/j.chemosphere.2022.137094
https://doi.org/https:/doi.org/10.1016/j.jece.2025.119756

Research of Scientia Naturalis

lyer, A., & Murugan, S. (2025). Microbial taxonomic profiling of textile industry effluent from
Tiruppur, Tamil Nadu for water recycling using Kaiju metagenome classifier. Ecological
Genetics and Genomics, 35, 100341.
https://doi.org/https://doi.org/10.1016/].eqg.2025.100341

Jiang, Y., Zou, L., Cai, C., Xing, Y., Liu, S., Ma, F., Tan, S., Luo, X., Huang, Q., & Chen, W.
(2025). Microbial synergistic interactions shape the heavy metal speciation preferences
between paddy and upland soils. Journal of Hazardous Materials, 497, 139511.
https://doi.org/https://doi.org/10.1016/j.jhazmat.2025.139511

JOSE, S., RENUKA, N., RATHA, S. K., KUMARI, S., & BUX, F. (2024). Microalgal
bioinoculants for sustainable agriculture and their interactions with soil biotic and abiotic
components: A review. Pedosphere, 34(2), 297-314.
https://doi.org/https://doi.org/10.1016/j.pedsph.2023.12.002

Kumar, S. S., Kumar, A., Malyan, S. K., Ghosh, P., Kumar, M., Kapoor, R., Agrawal, A. K.,
Kumar, S., Kumar, V., & Singh, L. (2023). Landfill leachate valorization: A potential
alternative to burden off resources and support energy systems. Fuel, 331, 125911.
https://doi.org/https://doi.org/10.1016/j.fuel.2022.125911

Leong, Y. K., & Chang, J.-S. (2023). Waste stream valorization-based low-carbon bioeconomy
utilizing algae as a biorefinery platform. Renewable and Sustainable Energy Reviews,
178, 113245. https://doi.org/https://doi.org/10.1016/j.rser.2023.113245

Lin, Y., Pu, X., Xia, J., Lu, X., Hu, H., Bai, J., Guo, F., Ge, S., & Qiu, S. (2025). Microalgae-
based removal of pharmaceutically active compounds (PhACs) from wastewater:
Mechanisms and applications. Algal Research, 92, 104409.
https://doi.org/https://doi.org/10.1016/j.algal.2025.104409

Liu, X., Sathishkumar, K., Zhang, H., Saxena, K. K., Zhang, F., Naraginti, S., Anbarasu K,
Ramya Rajendiran, Rajasekar, A., & Guo, X. (2024). Frontiers in environmental cleanup:
Recent advances in remediation of emerging pollutants from soil and water. Journal of
Hazardous Materials Advances, 16, 100461.
https://doi.org/https://doi.org/10.1016/j.hazadv.2024.100461

Ma, Z., Zhou, L., Wang, S., Zhu, S., Zhao, Z., Li, R.,, Wang, T., & Guo, H. (2025).
Multidimensional synergistic management of acid mine drainage: Constructing closed-
loop technological systems bridging contamination control and resource circulation.
Journal of Water Process Engineering, 78, 108782.
https://doi.org/https://doi.org/10.1016/j.jwpe.2025.108782

Mahajan, S., Tyagi, A., Prajapat, G., & Agrawal, A. B. T.-A. in A. M. (2025). Advances in
production related petroleum microbiology. Academic Press.
https://doi.org/https://doi.org/10.1016/bs.aambs.2024.11.003

Mahesh, N., Shyamalagowri, S., Pavithra, M. K. S., Alodhayb, A., Alarifi, N., Aravind, J.,
Kamaraj, M., & Balakumar, S. (2023). Viable remediation techniques to cleansing
wastewaters comprising endocrine-disrupting compounds. Environmental Research, 231,
116245. https://doi.org/https://doi.org/10.1016/j.envres.2023.116245

Mokale Kognou, A. L., Ngono Ngane, R. A., Jiang, Z.-H., Xu, C. C., Qin, W., & Inui, H.
(2025). Harnessing the power of microbial consortia for the biodegradation of per- and
polyfluoroalkyl substances: Challenges and opportunities. Chemosphere, 374, 144221.
https://doi.org/https://doi.org/10.1016/].chemosphere.2025.144221

Navina, B. K., Velmurugan, N. K., Senthil Kumar, P., Rangasamy, G., Palanivelu, J.,
Thamarai, P., Vickram, A. S., Saravanan, A., & Shakoor, A. (2024). Fungal
bioremediation approaches for the removal of toxic pollutants: Mechanistic
understanding  for  biorefinery  applications. = Chemosphere, 350, 141123.
https://doi.org/https://doi.org/10.1016/j.chemosphere.2024.141123

Page | 295


https://doi.org/https:/doi.org/10.1016/j.egg.2025.100341
https://doi.org/https:/doi.org/10.1016/j.jhazmat.2025.139511
https://doi.org/https:/doi.org/10.1016/j.pedsph.2023.12.002
https://doi.org/https:/doi.org/10.1016/j.fuel.2022.125911
https://doi.org/https:/doi.org/10.1016/j.rser.2023.113245
https://doi.org/https:/doi.org/10.1016/j.algal.2025.104409
https://doi.org/https:/doi.org/10.1016/j.hazadv.2024.100461
https://doi.org/https:/doi.org/10.1016/j.jwpe.2025.108782
https://doi.org/https:/doi.org/10.1016/bs.aambs.2024.11.003
https://doi.org/https:/doi.org/10.1016/j.envres.2023.116245
https://doi.org/https:/doi.org/10.1016/j.chemosphere.2025.144221
https://doi.org/https:/doi.org/10.1016/j.chemosphere.2024.141123

Research of Scientia Naturalis

Nguyen, A. Q., Khan, A. L., Ray, R. L., Xiaonan, S., & Balan, V. (2025). Potential of algae as
fertilizers and plant stimulants for sustainable and eco-friendly agriculture. Algal
Research, 91, 104337. https://doi.org/https://doi.org/10.1016/].algal.2025.104337

Nishmitha, P. S., Akhilghosh, K. A., Aiswriya, V. P., Ramesh, A., Muthuchamy, M., &
Muthukumar, A. (2025). Understanding emerging contaminants in water and wastewater:
A comprehensive review on detection, impacts, and solutions. Journal of Hazardous
Materials Advances, 18, 100755.
https://doi.org/https://doi.org/10.1016/].hazadv.2025.100755

Parida, D., Sangtani, R., & Bala, K. (2023). Microplastics: The stemming environmental
challenge and the quest for the missing mitigation strategies. International
Biodeterioration & Biodegradation, 179, 105581.
https://doi.org/https://doi.org/10.1016/j.ibiod.2023.105581

Pathom-aree, W., Sattayawat, P., Inwongwan, S., Cheirsilp, B., Liewtrakula, N., Maneechote,
W., Rangseekaew, P., Ahmad, F., Mehmood, M. A., Gao, F., & Srinuanpan, S. (2024).
Microalgae growth-promoting bacteria for cultivation strategies: Recent updates and
progress. Microbiological Research, 286, 127813.
https://doi.org/https://doi.org/10.1016/].micres.2024.127813

Putatunda, C., Behl, M., Solanki, P., Sharma, S., Bhatia, S. K., Walia, A., & Bhatia, R. K.
(2023). Current challenges and future technology in photofermentation-driven
biohydrogen production by utilizing algae and bacteria. International Journal of
Hydrogen Energy, 48(55), 21088-21109.
https://doi.org/https://doi.org/10.1016/j.ijhydene.2022.10.042

Ragini, Y. P., Palanivelu, J., & Hemavathy, R. V. (2024). Critical analysis of enhanced
microbial bioremediation strategies of PAHs contaminated sites: Toxicity and techno-
economic analysis. Groundwater for Sustainable Development, 27, 1013609.
https://doi.org/https://doi.org/10.1016/].9sd.2024.101369

Rathour, R. K., Behl, M., Dhashmana, K., Sakhuja, D., Ghai, H., Sharma, N., Meena, K. R.,
Bhatt, A. K., & Bhatia, R. K. (2023). Non-food crops derived lignocellulose biorefinery
for sustainable production of biomaterials, biochemicals and bioenergy: A review on
trends and techniques. Industrial Crops and Products, 204, 117220.
https://doi.org/https://doi.org/10.1016/j.indcrop.2023.117220

Saeed, Q., Mustafa, A., Ali, S., Tobiloba, L. H., Rebi, A., Baloch, S. B., Mumtaz, M. Z.,
Naveed, M., Farooq, M., & Lu, X. (2025). Advancing crop resilience through nucleic
acid innovations: rhizosphere engineering for food security and climate adaptation.
International Journal of Biological Macromolecules, 310, 143194,
https://doi.org/https://doi.org/10.1016/j.ijbiomac.2025.143194

Sakthivel, I., Rangaswamy, B., Rajagopal, B., & Shanmugam, L. (2025). Integrating Kinetic
models, gene circuits, and biofilm dynamics for enhanced exopolysaccharide production
in nitrifying bacterial consortia. Journal of Microbiological Methods, 237, 107237.
https://doi.org/https://doi.org/10.1016/].mimet.2025.107237

Singh, A., & Kostova, |. (2024). Health effects of heavy metal contaminants Vis-a-Vis
microbial response in their bioremediation. Inorganica Chimica Acta, 568, 122068.
https://doi.org/https://doi.org/10.1016/j.ica.2024.122068

Sun, J., Zhao, X., Ji, S., Wang, L., Chen, Q., Zhai, Y., Li, L., & Liu, F. (2025). Sustainable
landfill barrier system: chitosan-modified bentonite with microbial self-healing for
groundwater protection in arid regions. Journal of Cleaner Production, 535, 147134.
https://doi.org/https://doi.org/10.1016/j.jclepro.2025.147134

Tian, J., Zhong, H., Wu, Z., & Lyu, H. (2024). Metagenomic sequencing reveals mechanisms
of adaptation and biodegradation of dechlorinating bacteria to trichloroethylene. Journal
of Environmental Chemical Engineering, 12(2), 1124509.
https://doi.org/https://doi.org/10.1016/j.jece.2024.112459

Page | 296


https://doi.org/https:/doi.org/10.1016/j.algal.2025.104337
https://doi.org/https:/doi.org/10.1016/j.hazadv.2025.100755
https://doi.org/https:/doi.org/10.1016/j.ibiod.2023.105581
https://doi.org/https:/doi.org/10.1016/j.micres.2024.127813
https://doi.org/https:/doi.org/10.1016/j.ijhydene.2022.10.042
https://doi.org/https:/doi.org/10.1016/j.gsd.2024.101369
https://doi.org/https:/doi.org/10.1016/j.indcrop.2023.117220
https://doi.org/https:/doi.org/10.1016/j.ijbiomac.2025.143194
https://doi.org/https:/doi.org/10.1016/j.mimet.2025.107237
https://doi.org/https:/doi.org/10.1016/j.ica.2024.122068
https://doi.org/https:/doi.org/10.1016/j.jclepro.2025.147134
https://doi.org/https:/doi.org/10.1016/j.jece.2024.112459

Research of Scientia Naturalis

Varma, S. K., & Singh, R. (2025). Bioelectrochemical treatment of emerging contaminants and
molecular characterization of transformation products in landfill leachate. Bioresource
Technology Reports, 30, 102153.
https://doi.org/https://doi.org/10.1016/].biteb.2025.102153

Vijayanand, M., Ramakrishnan, A., Subramanian, R., Issac, P. K., Nasr, M., Khoo, K. S.,
Rajagopal, R., Greff, B., Wan Azelee, N. I, Jeon, B.-H., Chang, S. W., & Ravindran, B.
(2023). Polyaromatic hydrocarbons (PAHSs) in the water environment: A review on
toxicity, microbial biodegradation, systematic biological advancements, and
environmental fate. Environmental Research, 2217, 115716.
https://doi.org/https://doi.org/10.1016/j.envres.2023.115716

XIE, W., ZHANG, L., XU, L., LI, W., TAO, Y., SHI, C., YU, C., & YAN, X. (2025). Insights
into the effects of different oxidants on TPHs removal and indigenous microbial
communities in artificially contaminated soil. Pedosphere.
https://doi.org/https://doi.org/10.1016/].pedsph.2025.07.003

Yaashikaa, P. R., Palanivelu, J., & Hemavathy, R. V. (2024). Sustainable approaches for
removing toxic heavy metal from contaminated water: A comprehensive review of
bioremediation and  biosorption  techniques.  Chemosphere, 357, 141933.
https://doi.org/https://doi.org/10.1016/j.chemosphere.2024.141933

Yadav, B., Gupta, P., Kumar, V., Umesh, M., Sharma, D., Thomas, J., & Kumar Bhagat, S.
(2025). Potential health, environmental implication of microplastics: A review on its
detection. Journal of Contaminant Hydrology, 268, 104467.
https://doi.org/https://doi.org/10.1016/j.jconhyd.2024.104467

Yadav, P., Singh, R. P., Sharma, H., & Kumar, A. (2025). Microalgae: A sustainable tool for
microplastic degradation. In R. SINGH, A. KUMAR, & S. B. T.-A. in C. P. SINHA
Environmental Management and Protection (Eds.), Emerging Sustainable Technologies
for the Treatment of Industrial Effluent (Vol. 12, pp. 339-359). Elsevier.
https://doi.org/https://doi.org/10.1016/bs.apmp.2025.02.004

Yamini, V., & Rajeswari, V. D. (2023). Metabolic capacity to alter polycyclic aromatic
hydrocarbons and its microbe-mediated remediation. Chemosphere, 329, 138707.
https://doi.org/https://doi.org/10.1016/j.chemosphere.2023.138707

Copyright Holder :
© Achmad Agus Salim et al. (2026).

First Publication Right :
© Research of Scientia Naturalis

This article is under:

©@®O

Page | 297


https://doi.org/https:/doi.org/10.1016/j.biteb.2025.102153
https://doi.org/https:/doi.org/10.1016/j.envres.2023.115716
https://doi.org/https:/doi.org/10.1016/j.pedsph.2025.07.003
https://doi.org/https:/doi.org/10.1016/j.chemosphere.2024.141933
https://doi.org/https:/doi.org/10.1016/j.jconhyd.2024.104467
https://doi.org/https:/doi.org/10.1016/bs.apmp.2025.02.004
https://doi.org/https:/doi.org/10.1016/j.chemosphere.2023.138707

