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ABSTRACT: This work focused on microbial bioremediation as a sustainable approach for
improving soil and water quality affected by heavy metals, hydrocarbons, and other recalcitrant
pollutants. The primary goal was to assess the efficacy of microbial consortia compared with
single strains and to investigate ecological resilience and system-level dynamics that enabled
long-term remediation. Unlike conventional physical or chemical treatments, microbial
systems generated synergies of metabolic processes and ecological interactions that enhanced
pollutant degradation. This review integrated recent advances in genomics, systems modeling,
and ecological monitoring, and demonstrated how these tools were applied in biostimulation
and bioaugmentation strategies. The novelty of this work lay in combining fine-grained
microbial processes with system-level resilience thinking, providing new insights into the
scalability and sustainability of bioremediation. While microbial systems were highly
promising, challenges remained, including incomplete degradation, site heterogeneity, and
biosafety concerns. The paper concluded with recommendations for the robust design of
microbial consortia, the development of predictive ecological models, and the improvement of
policy frameworks to ensure safe, equitable, and long-term adoption of microbial
bioremediation.
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1. Introduction

Global warming, deforestation, soil degradation, and water scarcity became serious global
challenges, largely resulting from industrialization, intensive farming, mining, and
urbanization. These activities were sources of heavy metals, hydrocarbons, nitrates, and
emerging contaminants that had detrimental effects on ecological integrity and human health
[1-2]. Heavy metals altered microbial diversity, reduced crop productivity, and disrupted
biogeochemical cycles, while oil spills and organic pollutants degraded water quality and
aquatic ecosystems [3]. Bioremediation attracted much attention as one of the more
economical, sustainable, and environmentally friendly approaches to cleanup because these
techniques did not produce secondary pollutants. This nature-based, cost-effective process used
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microorganisms to degrade or detoxify contaminants [4], and recent progress in metagenomics,
functional genomics, and systems modeling enhanced knowledge of microbial pathways for
the development of targeted strategies such as biostimulation and bioaugmentation [5,7].
Although endeavors still faced numerous challenges, including site heterogeneity, nutrient
imbalance, and microbial competition, microbial consortia proved effective for the remediation
of complex contaminant mixtures and for the restoration of ecosystem functions [8]. In addition
to technical performance, bioremediation also had political, ethical, and social implications,
and actor-network theory (ANT) positioned microbes as actors in governance systems,
highlighting the need to integrate ecological science, systems dynamics, policy, and
community involvement in remediation strategies [9,10]. Accordingly, the objectives of the
present study were to test the efficiency of microbial strains and consortia in pollutant
degradation, determine ecological stability and resilience of microbial communities following
bioremediation, and address long-term sustainability issues, including ecological monitoring
[11-13].

2. Concept and Principles of Bioremediation

Bioremediation was a sustainable technology that used microorganisms such as bacteria, fungi,
algae, and microbial consortia to detoxify contaminants from soils, water, and sediments [1,
2]. It was carried out either in situ directly at the contaminated site or ex situ, where
contaminated material was excavated and treated elsewhere [5]. In situ approaches, such as
bioventing and biosparging, were less invasive and more cost-effective but required careful
monitoring, whereas ex situ strategies such as landfarming and biopile treatment offered greater
control but were more expensive and labor intensive [6]. Microbial processes including natural
attenuation, biostimulation, and bioaugmentation relied on microbial degradation pathways to
break down pollutants [3, 9]. Advances in genomics and metagenomics identified new key
enzymes, including oxygenases and reductases, which catalyzed contaminant degradation even
under extreme or anaerobic conditions. Moreover, microbial consortia, by virtue of their
complementary metabolic pathways, provided more efficient and robust degradation than
single strains [4, 7, 11, 12]. Compared with traditional remediation methods such as excavation,
burning, and chemical neutralization, microbial remediation was less energy-intensive, more
environmentally friendly, and capable of restoring ecosystem functions [18, 20]. However, its
efficiency remained site-specific and was influenced by pH, temperature, pollutant
concentration, and microbial activity [6, 21]. Challenges also included incomplete degradation,
the formation of toxic intermediates, and sensitivity to environmental changes [21]. Recent
studies conceptualized bioremediation as a complex adaptive system, emphasizing the role of
community dynamics, feedbacks, and ecological resilience as essential components of long-
term recovery [13, 17]. Beyond its technical dimension, bioremediation was also regarded as a
socio-political and ethical process in which microbes were positioned as actors within
governance and decision-making systems, as highlighted by political ecology and actor-
network theory [22, 23]. Figure 1 summarized the concept and principles of bioremediation.

99



Sustainable Environmental Insight 2(2), 2025, 98-112

l

Bioremediation
(Use of microbes/plants to clean poliutants)

)

Microbial §
Use poidita
Asrobic & A

L

etaboism
15 AS energy
rabit pathway

J

Environment
-~ Nutrisnts, pH

[

pl Conditions
XYQen, Mmeistur

]

IMmnsic vs.
- Natural o
Blosugmentatd

:

tnginoered
k\‘ommhul\
T Deastirmulstion

Famsfarmat
- Maner
Comed

po Pathways
\ization
s bariism

Seque

Btration

Figure 1. Concept and principles of bioremediation.
3. Microbial Agents Used in Bioremediation

Bioremediation was based on the fundamental goals of microbial degradation agents due
to their metabolic potential to detoxify, degrade, or immobilize environmental pollutants
in soil and water environments. The most well-studied and applied groups of
microorganisms were bacteria, fungi, microalgae, and microbial consortia, each with
distinct ecological and functional attributes. Bacterial species extensively recognized for
their effectiveness in hydrocarbon degradation, heavy metal reduction, and nitrate
conversion included Pseudomonas spp., Bacillus spp., and Geobacter spp. These bacteria
were well-adapted to diverse environmental conditions and exhibited a wide range of
metabolic mechanisms that degraded pollutants under both aerobic and anaerobic
conditions [1, 3]. For instance, Geobacter species harbored strong metal-reducing
abilities, particularly in redox-sensitive and anoxic environments [8].

White-rot fungi were noted for producing extracellular ligninolytic enzymes, which
made them highly effective in the degradation of persistent organic pollutants. In addition
to enzymatic degradation, these fungi exhibited high biosorption capacity, rendering them
viable organisms for the removal of heavy metals in acidic and nutrient-scarce soils [6,
14]. In contrast, microalgae such as Chlorella vulgaris and Scenedesmus obliquus played
a dual role in bioremediation through bioaccumulation and biosorption of nutrients and
heavy metals. These photosynthetic microbes also produced oxygen during growth, which
enhanced the activity of aerobic microbial communities, particularly in mixed cultures,
wastewater treatment systems, and eutrophic waters [17, 18].

Microbial consortia, composed of a broad range of taxa, were advantageous
compared with monocultures because the organisms exhibited complementary and
mutually beneficial metabolic capacities necessary for degrading complex pollutant
mixtures. It was shown that hydrocarbon-degrading and denitrifying microorganisms,
when combined, enhanced remediation processes, especially in oxygen-limited
environments [1, 7]. Bioaugmentation (the addition of selected microbial strains) and

biostimulation (the stimulation of indigenous microbial growth through nutrient addition)
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also supported the efficacy of microbial remediation in both laboratory and field studies
[3].

Metagenomic and functional genomic studies identified several key genes and
degradative pathways, which facilitated more targeted bioremediation strategies. These
advances allowed for selective release of microbes aimed at degrading pollutants more
efficiently and effectively [2, 5]. Beyond efficiency, microbial agents were required to
demonstrate ecological resilience. Long-term studies emphasized the ability of microbial
communities to persist and adapt under constantly changing or perturbed conditions [4,
12]. Microbial feedback mechanisms, stability, and resilience in contaminated sites were
also better understood within the frameworks of complex systems theory and ecological
modeling [10, 13]. Ultimately, bio-design-oriented strategies, integrating ecological
principles with biotechnology, became central to the sustainable and efficient development
of microbial agents for bioremediation (Table 1).

Table 1. Comparison of microbial consortia and pollutant removal efficiencies.

Microbial Consortia Type Target Pollutants Reported Efficiency References

Hydrocarbon-degrading consortia Petroleum hydrocarbons (TPH, 60—75% reduction within 90 [2-5]
PAHs) days

Heavy metal-reducing consortia Cd, Pb, As >50% reduction in 12 weeks [1-6]

(Pseudomonas, Bacillus)

Nitrate-reducing consortia Nitrate in agricultural runoff ~85% nitrate removal [7]

Mixed hydrocarbon—nitrate consortia Hydrocarbons + nitrates 70% COD + 85% nitrate [7]

reduction
Fungal-bacterial consortia Persistent organic pollutants 50-70% degradation [14-22]

(pesticides, dyes)

4. Soil Quality Improvement via Microbial Bioremediation

The present study demonstrated that microbial bioremediation was a sustainable and
ecologically safe solution for soil remediation through the exploitation of the metabolic
potential of both naturally occurring and artificially created organisms. Numerous studies
showed that soils inoculated with microbes improved physicochemical properties such as
pH, organic matter content, and nutrient equilibrium. A microbial consortium was reported
to ameliorate acidic soils while simultaneously solubilizing nutrients through enzymatic
release mechanisms [1]. Long-term improvements in soil stability were demonstrated [4],
and enhancements in soil texture and fertility were attributed to redox-induced
transformations [8]. Microbial remediation was also applied to reduce the toxicity of heavy
metals and organic contaminants by lowering their bioavailability. Petroleum hydrocarbon
degradation and arsenic or cadmium immobilization through consortia-based treatments
were reported [2, 3]. The importance of species tolerance and enzymatic potential for
microbe-mediated detoxification was emphasized [6]. Moreover, mixed microbial systems
were found to be more effective than single strains in nitrate and hydrocarbon removal [7].

Key parameters of soil ecological restoration included increased microbial biomass
and enzyme activity following treatment (Table 2). Analyses of gene expression under
anaerobic conditions correlated with efficient hydrocarbon degradation [5], and the
recovery of diverse microbial communities and enzymatic functions was also documented
[13]. The role of feedback mechanisms supporting the self-organization of microbial
systems and ecosystem functioning was highlighted [11, 12]. Bioremediation enhanced
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soil resistance to ecological perturbations by restoring feedback loops, biogeochemical
cycles, and microbial interactions. In wetland soils, restored ecosystems regained crucial
processes such as carbon sequestration and nutrient cycling [17]. Resilience was further
characterized by complex microbial networks that were able to withstand environmental
stressors [10, 14].

In addition, biostimulation and bioaugmentation ensured the sustainability of
microbial processes. Biostimulation, in particular, was responsible for nutrient supply that
prolonged microbial activity in contaminated soils. Dynamic modeling provided greater
confidence in these approaches by simulating microbial performance over time [16, 20].
Finally, the large-scale implementation of microbial technologies in environmental
governance carried important socio-political implications [15, 22].

Table 2: Effects of microbial bioremediation on soil quality parameters.

Soil Quality Component Key Improvements References
Physicochemical Properties Restoration of pH, increased organic matter, and improved nutrient (N, P, [1,8, 4]
K) content
Toxic Compound Reduction Decrease in heavy metals (Pb, Cd, As) and organic pollutants (PAHs, [2,3,6,7]
pesticides, hydrocarbons)
Microbial Biomass & Increase in microbial diversity, biomass, and enzymatic activities (e.g., [5,13,12,11]
Activity dehydrogenase, urease)
Soil Ecosystem Resilience  Enhanced resilience through microbial interactions and feedback loops [4,17,12, 10, 14]
Sustainability & Long-Term Persistent soil function recovery through biostimulation and [1, 3,15, 16, 20,
Use bioaugmentation strategies 22]

5. Water Quality Enhancement through Microbial Action

Microbial bioremediation played an important role in enhancing water quality by breaking
down pollutants and converting or immobilizing them through the metabolic potential of
diverse microbial communities. This represented a biological and eco-friendly solution
with lower environmental impact compared to chemical and physical remediation methods
[1,2].

5.1. Role of microorganisms in the degradation of waterborne pollutants.

Microorganisms were used to degrade a wide variety of contaminants, including
hydrocarbons, nitrates, phosphates, and even heavy metals in aquatic environments.
Bacterial species such as Pseudomonas, Bacillus, and Nitrosomonas were found to be
particularly efficient in hydrocarbon degradation and in reducing nitrates to nitrogen gas
through denitrification [3, 4]. These microorganisms utilized pollutants as substrates under
either aerobic or anaerobic conditions and thus considerably reduced contaminant levels.
Functional genomics studies revealed that some microbes up-regulated anaerobic
degradation pathways, enabling them to degrade hydrocarbons in oxygen-limited
environments [5]. Furthermore, synergistic microbial consortia were shown to be more
efficient in nitrate and hydrocarbon bioremediation compared to monocultures, due to
complementary metabolisms [6].

5.2. Applications for constructed wetlands, biofilters, and wastewater treatment.

Microbial processes constituted fundamental components of constructed wetlands,
biofilters, and wastewater treatment systems, where natural biofilms or microbial mats

102



Sustainable Environmental Insight 2(2), 2025, 98-112

developed on substrates played critical roles in pollutant degradation. Constructed
wetlands were based on natural processes, where rhizospheric microbial activity degraded
organic matter and nutrients [7, 8]. In biofilters, microbial communities immobilized and
decomposed volatile organic compounds and other contaminants [9]. Activated sludge was
one of the most widely adopted methods in wastewater treatment plants, where microbial
communities were responsible for removing organic pollutants as well as nitrogenous and
phosphorous compounds [10]. Field performance of microorganisms was further
optimized by biostimulation (nutrient enrichment) and bioaugmentation (microbial
inoculation) strategies [11].

5.3. Water quality improvement indicators.

The efficiency of microbial remediation was evaluated using water quality parameters.
Both Biochemical Oxygen Demand (BOD) and Chemical Oxygen Demand (COD),
indicators of organic loading, were significantly reduced following microbial treatment.
Turbidity was decreased through the fragmentation of suspended particulates and organic
colloids. Microbial load, particularly the presence and structure of beneficial degraders,
reflected an active bioremediation process [12, 13]. Experiments further demonstrated that
microbial systems not only reduced contaminant concentrations but also enhanced the
resilience of aquatic ecosystems, thereby improving their stability against dynamic
environmental changes [14, 15].

6. Mechanisms of Microbial Action

Microorganisms were shown to act as key agents of environmental bioremediation through
well-defined mechanisms, including degradation, transformation, and immobilization of
various contaminants. Biosorption, the passive adsorption of pollutants—particularly
heavy metals—on microbial cell surfaces via functional groups such as carboxyl,
hydroxyl, and phosphate, was one such mechanism. This was followed by
bioaccumulation, where microbes absorbed and retained contaminants within their cells.
Enzymatic degradation further enabled microbes to break down complex organic
pollutants such as hydrocarbons, pesticides, and industrial chemicals into simpler, less
toxic compounds. These processes improved the physicochemical conditions of
contaminated soil and water and provided the foundation for long-term detoxification [1,
2,5].

Another important mechanism was microbial redox activity, involving the oxidation
or decomposition of pollutants. Redox reactions were particularly significant in altering
the valence states of toxic metals, such as reducing highly mobile and toxic Cr(VI) to the
less soluble and less toxic Cr(III). Redox coupling in microbial consortia also facilitated
nitrate and hydrocarbon oxidation under anaerobic or microaerobic conditions, thereby
enhancing degradative activity in complex matrices [3, 7, 8]. Such biotransformations
often depended on metabolic cooperation within microbial communities, which provided
resilience and adaptability to environmental stressors [9].

In recent years, genetically engineered microbes (GEMs) were developed to expand
the capabilities of microbial remediation. GEMs were designed to encode specialized
degradative pathways, improve tolerance to hazardous environments, and target specific
pollutants resistant to natural biodegradation. For instance, engineered Pseudomonas
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strains demonstrated high efficiency in degrading hydrocarbons and nitrates in
contaminated environments [4, 10]. However, ecological and regulatory concerns were
raised regarding GEMs, including risks of horizontal gene transfer, unintended effects on
native microbial communities, and broader ecological impacts [6, 14]. Thus, GEMs were
considered most suitable under controlled conditions, where they offered effective
solutions for complex or highly polluted environments.

Overall, microbial action functioned as an integrated and dynamic approach to
environmental cleanup, involving biosorption, bioaccumulation, enzymatic degradation,
redox-driven transformations, and genetic engineering (Table 3). By treating these
processes as integral components of remediation, more sustainable, cost-effective, and
adaptive strategies for managing soil and water pollution were developed, as demonstrated
by interdisciplinary studies [1, 14].

Table 3. Mechanisms of microbial bioremediation and example microorganisms.

Mechanism Description Representative Microorganisms  References
Biosorption Passive binding of metals to cell surfaces Fungi (Aspergillus, White-rot fungi) [6, 14]
Bioaccumulation Active uptake and storage of pollutants Microalgae (Chlo_rella vulgaris, [17,21]

Scenedesmus obliquus)
Enzymatic Breakdown of complex organics via .
degradation extracellular/intracellular enzymes Pseudomonas spp., Bacillus spp. [1, 3]
Redox Conversion of pollutants via oxidation— Geobacter spp. (metal reduction),
. . . . . [8, 13]
transformations reduction Nitrosomonas (nitrate reduction)
Genetic engineering  Enhanced pollutant degradation via inserted Engincered Pseudomonas strains 4, 10]

(GEMs) metabolic pathways

7. Environmental and Contextual Factors Affecting Microbial Bioremediation

The application of microbial bioremediation is largely dependent on environmental and
contextual conditions that influence the activity, survival, and performance of microbial
communities at contaminated sites. Biodegradation is affected by several abiotic factors
such as temperature, pH, oxygen availability, and nutrient supply, which directly
determine microbial metabolism and the activity of enzymes required for contaminant
degradation (Table 4). For instance, moderate to high temperatures are generally favorable
for microbial operations [1, 2], whereas extreme pH values can adversely impact microbial
growth and enzyme activity. Oxygen availability is particularly critical in hydrocarbon
degradation since most microbial pathways require oxygen; under oxygen-limited
conditions, anaerobic pathways may be induced, but these are often less efficient [5]. Soil
characteristics also play an important role in remediation outcomes. Fine soil textures may
restrict oxygen diffusion, while low moisture content can hinder microbial mobility and
substrate accessibility [1, 3]. Similarly, soil biogeochemical properties, such as redox
potential and organic matter content, strongly influence microbial community dynamics
and decomposition processes [9].

In bioremediation design, the selection between indigenous and introduced microbial
strains is a key consideration. Bioaugmentation, which involves adding specialized
microbial strains, can be effective when native populations lack the necessary metabolic
capacity. However, the success of bioaugmentation depends on the survival and
integration of the introduced strains within the indigenous community, which is often
challenged by environmental stressors and microbial competition [3, 4]. In contrast,
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biostimulation—enhancing intrinsic microbial activity through nutrient supplementation
or substrate addition—Ileverages the natural resilience and adaptive capacity of native
microbial communities, making it a widely applied strategy [3].

Moreover, ecological resilience and microbial community organization play a vital
role in long-term remediation outcomes. Feedback loops and emergent behaviors within
microbial communities can enhance system stability and degradation efficiency [11, 12].
Numerous studies have shown that microbial consortia, rather than individual strains,
often exhibit synergistic effects, greater degradation capacity, and improved ecosystem
stability [7, 10]. This ability of microbial communities to withstand environmental
perturbations while maintaining functionality is essential for sustainable remediation [4,
14]. Microbial bioremediation is a multidimensional process governed by a network of
interactions among environmental factors, soil characteristics, and microbial community
architectures. Understanding and optimizing these variables through adaptive system
modeling, responsive management, and site-specific remedial actions are fundamental to
enhancing the success and sustainability of bioremediation under diverse environmental
conditions [8, 13, 15].

Table 4: Environmental and contextual factors influencing microbial bioremediation.

Factor Description Implications for Bioremediation References
Temperature Affects microbial enzymatic activity Optimal temperatures enhance degradation; [1,2]
and metabolic rate. extreme conditions reduce microbial viability.
pH Influences microbial cell integrity Most microbes prefer neutral to slightly [1, 6]
and enzyme functionality. alkaline conditions; deviations may inhibit
biodegradation.
Oxygen Availability =~ Determines aerobic vs. anaerobic Oxygen-limited conditions restrict the [2, 5]
pathways in biodegradation. degradation of hydrocarbons; anaerobic
microbes may compensate but at lower rates.
Nutrient Availability =~ Essential elements (C, N, P) fuel Nutrient-deficient environments require [3,10]
microbial growth and activity. biostimulation to support microbial
metabolism.
Soil Type and Structure Includes texture, porosity, and Fine-textured soils may impede oxygen flow; [1, 8]
composition. organic content supports microbial growth.
Moisture Content Influences solute transport, microbial Adequate moisture is essential for active [1,9]
motility, and substrate diffusion. microbial metabolism and pollutant access.
Native vs. Introduced  Bioaugmentation adds new strains;  Introduced strains may struggle with [3,4,7]
Microbes biostimulation activates existing environmental stress; native consortia often
ones. more resilient.
Ecological Feedback  Dynamic responses within microbial Feedback loops and synergistic effects can 4,11, 12]
and Community communities to environmental stabilize or destabilize bioremediation
Resilience disturbances. outcomes.
Redox Conditions Influence the speciation of Redox fluctuations affect microbial community  [8, 14]
contaminants and microbial shifts and degradation efficiency.
metabolic pathways.
Systems Complexity  Includes political-ecological factors, Adaptive management and policy frameworks [13,15]
and Socio-Ecological ~ long-term sustainability, and human are critical for success in real-world
Context intervention. applications.

8. Case Studies and Empirical Evidence

Empirical evidence indicated that microbial reclamation was an effective process across
various environmental contexts, including oil spills, mining sites, and agricultural runoff.
These studies provided both quantitative evidence of pollutant reduction and qualitative
indicators of long-term ecological recovery (Table 3). In soils contaminated with
petroleum hydrocarbons, metagenomic analyses revealed an enrichment of taxa involved
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in hydrocarbon degradation, with significant increases in genes associated with alkane
metabolism. This resulted in a 75% reduction in total petroleum hydrocarbons (TPH)
within 90 days [2] (Table 3). Under oxygen-limited conditions, anaerobic microbial
enrichment in hydrocarbon-degrading pathways achieved a 60-80% reduction of
polycyclic aromatic hydrocarbons (PAHs) in microcosms [5], demonstrating the
adaptability of microbial strategies under different oxygen regimes. Similarly,
bioaugmentation of mining soils contaminated with heavy metals using Pseudomonas and
Bacillus species reduced metal accumulation by more than 50% within 12 weeks [1],
accompanied by stabilization of soil pH and an increase in enzymatic activity (Table 3).
However, the success of these approaches was constrained in acidic soils due to increased
metal bioavailability, which has been recognized as a limitation of microbial remediation
[6].

In constructed wetlands, the water quality of agricultural runoff was enhanced
through the synergistic action of nitrate-reducing and hydrocarbon-degrading bacteria,
achieving 85% nitrate removal and 70% reduction in chemical oxygen demand (COD)
(Table 3; [7]). Field-scale comparative studies that evaluated biostimulation and
bioaugmentation across multiple sites reported that bioaugmentation resulted in faster
pollutant reduction (less than 30 days), whereas biostimulation promoted long-term
microbial resilience and sustainability [3]. These findings suggested that while targeted
inoculation accelerated short-term pollutant removal, nutrient availability and ecological
feedbacks were critical for sustaining ecosystem stability.

Long-term monitoring further emphasized the importance of ecological resilience.
Decade-long datasets revealed that indices of microbial diversity and enzyme activities
stabilized within 2—3 years after remediation, signaling ecosystem recovery [4] (Table 5).
Similarly, microbial treatments in post-industrial wetlands supported soil recovery and
facilitated the restoration of plant and bird habitats [17], underscoring the broad
ecosystem-level benefits of microbial reclamation. Complementing these empirical
results, recent advances in modeling provided additional insights. System dynamics
modeling of PAH-contaminated soils identified optimal oxygen and moisture conditions
for degradation [16], while ecological systems modeling enabled the design of optimized
remediation strategies [12] (Figure 2).

Comparative Performance of Microbial Remediation Strategies
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Figure 2. Comparison of microbial remediation strategies across efficiency, timeframe, and sustainability
dimensions.

Table 5. Case studies demonstrate microbial bioremediation effectiveness in various environments.

Environmental Context Microbial Strategy Key Outcomes Reference

Oil-contaminated soils Indigenous hydrocarbon-degrading 75% reduction in TPH in 90 days [2]
consortia (via metagenomics)

Heavy metal-contaminated Bioaugmentation with >50% metal reduction; improved pH and [1]

mining soil Pseudomonas, Bacillus spp. enzymatic activity

Hydrocarbon pollution Anaerobic microbial pathways 60—-80% PAH reduction in microcosms [5]

under low oxygen

Multiple contaminated field Comparison: biostimulation vs. Faster initial reductions with [3]

sites bioaugmentation bioaugmentation; long-term resilience with

biostimulation

Agricultural runoff (nitrates Synergistic microbial consortiain ~ 85% nitrate, 70% COD reduction [7]

+ hydrocarbons) constructed wetlands

Long-term monitoring of ~ Natural microbial succession post- Ecosystem recovery after 2—3 years; [4]

remediation sites treatment biodiversity restoration

Post-industrial wetlands Ecological restoration with native  Soil recovery and wildlife habitat restoration [17]
microbes

PAH-contaminated soils ~ System dynamics modeling of Predictive modeling optimized oxygen and [16]
degradation moisture for remediation

General contaminated sites Ecological system modeling Tailored designs for enhanced bioremediation ~ [12]

efficiency

9. Challenges and Limitations

Although microbial bioremediation had the potential to serve as an environmentally
benign alternative for the cleanup of contaminated sites, several key issues and
shortcomings continued to hinder its widespread implementation (Table 6). One of the
most fundamental challenges was understanding how microbial communities survived and
adapted in hostile or variable environments. Stressors such as extreme pH, metal toxicity,
salinity, oxygen limitation, and temperature fundamentally affected microbial viability
and functional capacity [1, 2, 6, 12]. More specifically, bioaugmentation with non-native
strains often failed due to poor ecological compatibility or competition with indigenous
microbial communities [3, 13].

Another major concern was that pollutant degradation was not always complete,
which led to the accumulation of intermediate or transformation products that were
sometimes more toxic or more persistent than the original contaminants [2, 5, 6]. For
example, anaerobic microbial breakdown of polycyclic aromatic hydrocarbons (PAHs)
and hydrocarbons produced partially oxidized by-products with potentially new
environmental risks [5, 15]. Similarly, the application of genetically engineered
microorganisms (GEMs) raised regulatory, environmental, and ethical concerns. Although
GEMs demonstrated enhanced degradation pathways and resilience, risks of horizontal
gene transfer, unintended ecological disruption, and public opposition remained
unresolved [1, 4, 16, 17].

Scaling laboratory successes to field-level applications also proved to be a
significant challenge. Microbial treatments that performed effectively under controlled
conditions often showed variable or unpredictable outcomes in the field, where soil and
water matrices imposed physical constraints such as diffusion limitations, microbial
competition, and restricted substrate availability [3, 11, 14]. In addition, mechanisms for
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long-term monitoring, feedback, and adaptive control were often lacking, which
undermined ecological resilience and sustainable management [4, 10, 12].

Finally, system-level challenges were frequently overlooked. The integration of
microbial processes within broader environmental, social, and political contexts was
limited. Insights from actor-network theory (ANT) and system dynamics models
emphasized the importance of viewing microbes not only as biological agents but also as
components of socio-technical networks that shaped the outcomes of remediation efforts
and policy development [16, 18].

Table 6: Challenges and limitations of microbial bioremediation.

Category Description References
Microbial Survival & Difficulty of microbial survival in hostile environments (e.g., extreme pH, salinity, [1,2, 6, 12]
Adaptation oxygen limitation, heavy metal toxicity, temperature fluctuations).

Bioaugmentation Failures Poor ecological compatibility of introduced microbes; competition with native [3,13]
microbiota limits survival and function.

Incomplete or Toxic By- Partial degradation of contaminants (e.g., PAHs) under suboptimal conditions [2,5,6,15]

products produces toxic or persistent intermediates.

GEMs and Biosafety Regulatory and ethical concerns about genetically engineered microorganisms, [1, 4,16,

Concerns including risks of gene transfer and ecological disruption. 17]

Scale-up and Field Lab-scale successes often fail in field conditions due to environmental [3, 11, 14]

Implementation heterogeneity, competition, and physical or chemical constraints.

Monitoring and Adaptive Lack of long-term performance monitoring and adaptive management strategies [4, 10, 12]

Feedback limits sustainable implementation.

Systems Integration & Limited consideration of socio-political and systemic interactions (e.g., policies, [16-18]

Governance public perception, actor-network theory) in remediation planning.

10. Future Directions and Innovations

Microbial bioremediation made significant progress through advances in molecular
biology, computational modeling, and cross-disciplinary studies. Recent developments,
particularly in metagenomics, functional genomics, and systems biology, transformed the
understanding and engineering of microbial communities for pollutant degradation [1, 2,
5]. These approaches enabled the discovery of key metabolic pathways, the design of
synthetic consortia, and the adaptation of microbes to extreme conditions, as demonstrated
in studies on hydrocarbon and metal degradation [2, 5]. Synthetic biology added another
layer of resilience by constructing robust composite microbial communities with enhanced
degradation capabilities, which were complemented by ecological modeling to predict
microbial interactions [7, 10, 11, 13, 16].

One of the most promising strategies in the remediation of heavy metals and organic
contaminants was the integration of phytoremediation with microbial processes. By
exploiting plant—microbe interactions, researchers demonstrated more cost-effective and
environmentally sustainable removal of pollutants [1, 18, 21]. Long-term studies
emphasized the importance of microbial community resilience, predictive ecological
models, and sustainability frameworks as critical components for robust remediation
outcomes [4, 10, 12, 14, 15].

The field was also shaped by socio-political dynamics. Participatory governance
frameworks highlighted the interconnectedness of microbes, humans, and institutions, and
supported the adoption of community-driven and integrative remediation strategies [17,
23, 24]. Furthermore, nanotechnology contributed to innovation through the development

of bio-nano hybrids, where microbes immobilized with nanoparticles enhanced pollutant
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binding and stability under harsh conditions [28, 33]. Despite these advances, the
deployment of genetically engineered microorganisms required careful policy attention to
address ethical, regulatory, and ecological concerns [13, 23, 24]. Microbial bioremediation
evolved into a transdisciplinary, systems-based practice that combined biotechnology,
ecology, governance, and community engagement to restore environmental health and
strengthen societal trust (Figure 3).

Long-Term Ecosystem Recovery Trends After Microbial Bioremediation
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Figure 3. Long-term trends in ecosystem recovery indicators following microbial bioremediation over 0—5
years.

11. Conclusion

Microbial bioremediation represented a potential eco-friendly strategy for the remediation
of soil and water contaminated by heavy metals, hydrocarbons, and nitrates. Case studies
demonstrated that microbial consortia provided greater advantages over single-strain
applications, as they maintained higher levels of pollutant removal, ecosystem recovery,
and stress resilience. Moreover, the integration of metagenomics, functional genomics,
and systems modeling facilitated more focused, effective, and flexible approaches such as
biostimulation and bioaugmentation. Nevertheless, challenges remained, including
incomplete degradation, variability in field performance, and biosafety concerns regarding
the use of microbiologically engineered microbes. Based on these findings, future research
directions were identified as: (i) the design of robust, environment-specific microbial
consortia, (ii) the development of predictive ecological models to enable adaptive site
management, (ii1) the integration of plant-based and nanotechnology-based approaches to
enhance remediation efficiency, and (iv) the formulation of safe and equitable policy
frameworks. By combining microbial innovation with systems ecology and societal
engagement, microbial bioremediation was positioned as a scalable and sustainable pillar
of environmental restoration.
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