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and microbial biomass. Typically, the enzymes oxygenases, peroxidases, and
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increase enzyme activity. The build-up of oxygenated polyaromatic
hydrocarbons may hinder decomposition and present environmental hazards.
Currently bioaugmentation techniques and consortia of microbes have been
suggested to improve degradation efficiency, observed in deep-sea and marine
environments. Two innovative techniques that have advanced our
understanding of microbial interactions and dynamics are the "Oil-spill
snorkel" and meta-omics. The consortia of Fungal-bacterial strains of Indian
origin are typical examples of regional adaptation promising an efficient and
targeted clean-up of complex hydrocarbon contaminants using BRM.
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Introduction ecological hazards due to unintentional or intentional leaks.
Crude oil and its derivatives, typically petroleum It is a complex combination that includes asphaltenes,
hydrocarbons, are organic pollutants that have greater resins, aromatic HCs, and alkanes. These are difficult to
persistence and pose a serious environmental threat, break down and it build up in both terrestrial and marine
persisting for a long time, causing significant health and environments. The Polycyclic aromatic hydrocarbons
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(PAHs) are carcinogenic; they get into the food chain due
to oil spills. This disturbs the aquatic life and soil
microbiota (Yuniati 2018). The conventional methods of
clean up include chemical dispersants, skimming, and
incineration, these are ineffective and lead to secondary
contamination. On the other hand, microbial BRM offers a
scalable, economical, and ecologically friendly alternative
that uses microbes' natural metabolic capacity to change or
mineralize dangerous substances into less harmful forms
(Tak et al. 2013).

The two main categories of BRM mechanisms are
immobilization and mobilization processes. Through
enzymatic  oxidation or  biosurfactant  activity,
microorganisms mobilize contaminants into forms that are
bioavailable. On the other hand, immobilization
techniques include the entrapment, biosorption, and
bioaccumulation of contaminants inside microbial
biomass (Pratush et al. 2018, Matilda & Samuel 2024).
These mechanisms are strengthened by the synergistic
interactions of microbial consortia, which are made up of
bacteria, fungi, yeasts, or actinomycetes. The species like
Pseudomonas, Alcanivorax, Bacillus, Acinetobacter,
Candida, and Aspergillus degrade HCs effectively. The
white-rot fungi, such as P. chrysosporium can degrade
High-molecular-weight PAHs and resistant lignin-like
structures using oxidative enzymes (Wang & Shao 2013)
such as laccases and peroxidases (Martin et al. 2015,
Jafarinejad 2017). These microbes are metabolically
versatile and tolerate various environmental conditions,
making BRM an effective approach for both in-situ and
ex-situ applications adaptation.

The developments in genetic engineering and systems
biology have enhanced the effectiveness of BRM.
Identifying key microbial pathways involved in
hydrocarbon breakdown and manipulation using
techniques such as flux balance modelling, proteomics,
and metagenomics, the BRM can be further enhanced.
With an effective site-specific cleanup technique, it has
become possible to develop a bioelectrochemical system
such as "Oil-spill snorkel;” in this technique stress-tolerant
microbial strains obtained from coastal habitats (like
Indian coastal waters) are applied. Therefore, BRM has the
potential to treat oil pills and serve as a foundation to
control pollution using sustainable methods (Bovio et al.
2017).

The objective of this review is to explore the
effectiveness of microbial bioremediation (BRM), its
governing parameters, and advanced techniques for the
sustainable removal of toxic hydrocarbon contaminants
from ecosystems.
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Mechanism of Microbial Bioremediation

A biological process known as BRM uses living
things, including bacteria, fungi, plants, and algae, to
break down or change dangerous environmental
contaminants into less dangerous forms. End products
such as CO:, H:0, microbial biomass, and other
metabolic byproducts are usually produced by these
transformations and are much less harmful than the
initial pollutants. Figure 1 shows the mechanism of
bioremediation. Either native to the contaminated site or
brought in from outside ecosystems especially for
cleanup, the microorganisms used in this method can be
either. These bacteria break down pollutants by using
them as growth substrates or energy sources through a
variety of metabolic processes. However, several
parameters, including the pollutants' chemical makeup,
solubility, and bioavailability, as well as environmental
factors like pH, temperature, and nutrition levels (Tak et
al. 2013).

The two main methods by which microorganisms
remove contaminants are immobilisation and
mobilisation. Bioleaching, bioaugmentation,
biostimulation, enzymatic oxidation, and enzymatic
reduction are examples of mobilization techniques.
These tactics encourage contaminants to change into less
harmful or bioavailable forms. By capturing or
stabilising  pollutants, immobilisation processes,
including biosorption, bioaccumulation, complexation,
and precipitation, on the other hand, frequently prevent
them from interacting with the environment in the future
(Pratush et al. 2018, Matilda & Samuel 2024).

One of the most desired outcomes of mobilization
is mineralization, where microbes degrade complex
compounds into inorganic end products like CO: and
H.O. Alternatively, immobilization may involve
converting soluble pollutants into stable, less mobile
forms—for example, the transformation of nitrate into
organic nitrogen. This approach is particularly effective
for BRM heavy metals in severely contaminated areas
(Ayangbenro & Babalola 2017). As per the system
followed, the BRM techniques are divided into in-situ
and ex-situ methods (Pratush et al. 2018). In ex-situ
method the metal ions are immobilized by excavating the
contaminated soil and treated to a different site using
microbial techniques (Ayangbenro et al. 2019). In
comparison the in-situ method does not alter the soil
structure and problems related to hazardous waste
handling and transport is avoided (Patel et al. 2020).



Subramanian et al. 2025

Main Products:
(C0;, H:0, Biomass, Byproducts

Microorganisms:
Baeteria, Fungi, Algae, Plants

Factors Influencing:
pH, nutrients, bioavailability,

Bioleaching
Bicaugmentation
imulation
Enzymatic Oxidation /

reduction

Mineralization:

€0z and Hz0

Using erganisms te degrade pollutants

Microbial Biosystems 10(4)-2025

Bisremediation

Microbes:
Pseudomonas, Bacillus,
Aleanivorax,
Cycloclasticus,
Funyi, Aspergillus,
Penicillium,
Yeasts; Candrda
Yarrowla

Mobhilization @

Biosorption
Bioaccumulation
Complexation
Preeipitation

Bicaugmentation:
Native/specialized
Microbes
Microhial consotria

Mechanisms:
Biosurfactants
Efflux Pumps

Nitrate te
arganic N

Fig 1. Illustration of mechanisms of microbial bioremediation.

The heavy metal immobilization in polluted
environments is carried out using microbes, such as
Enterobacter asburiae and Bacillus cereus. The BRM
process involves application of survival mechanisms
such as formation of hydrophobic barriers or activation
of solvent efflux pumps that expel toxic compounds and
protect the cell membranes integrity (Al-Hawash et al.
2018). At this stage there is the identification of more
than 200 microbial species belonging to bacteria, fungi,
yeasts, and algae, that break down petroleum
hydrocarbons (HCs) from basic molecules like methane
to complex C40 HCs. These organisms have been found
in Freshwater, marine, and terrestrial habitats. An
estimated 56 yeasts, 103 fungi, 14 algae, 79 bacterial
species, and 9 cyanobacteria are known to break down
HCs (Martin et al. 2015, Zafra et al. 2015). There is
numerous soil bacteria found at contaminated sites that
can perform BRM. One example is the degradation of
polycyclic aromatic HCs (PAHs) by Pseudomonas
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strains that have been isolated from soil and aquifers.
Bacillus, Dietzia, Gordonia, Micrococcus, Alcaligenes,
Alcanivorax, Sphingomonas, and Acinetobacter are
some of the other bacteria that break down HCs (Yuniati
2018).

Particularly efficient species are Cycloclasticus and
Alcanivorax, which use aromatic and aliphatic HCs as
carbon sources, respectively. Additionally, many of
these microorganisms generate biosurfactants, which
improve oil absorption and reduce surface tension.
However, nutrient availability and oil composition have
an impact on degrading efficiency (Jafarinejad 2017).
Although usually at slower rates, fungi, including
Aspergillus, Penicillium, Fusarium, and white rot fungi,
can also break down HCs. The ability of white rot fungus
to break down persistent substances like PCBs and PAHs
is especially noteworthy. Candida, Pichia, and Yarrowia
are among the yeasts that have demonstrated promise
(Yuniati 2018); nonetheless, fungal BRM in marine
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environments is still not well understood (Jafarinejad

2017).
After a 2014 oil spill, researchers found that the
Shela  River  had  beneficial oil-degrading

microorganisms, such as Pseudomonas aeruginosa,
Bacillus sp., and Serratia sp (Bovio et al. 2017).
Although some important degraders, such as Bacillus
subtilis or Pseudomonas aeruginosa, may not be
naturally present, it is generally beneficial to use native
microorganisms that have adapted to local conditions for
BRM (Kalantary et al. 2014). 84 fungal strains were
isolated from Mediterranean sediments and marine
waters. Their only carbon source was crude oil, and
major degradation efficiency was demonstrated by A.
terreus, T. harzianum, and P. citreonigrum (Jafarinejad
2017). By boosting the number of strains that break
down oil and enriching catabolic plasmids, microbial
communities can adjust to hydrocarbon pollution
(Kotoky et al. 2018). In oil-contaminated environments,
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for instance, populations of Cycloclasticus pugetii and
Alcanivorax sp. have been demonstrated to grow
(Kalantary et al. 2014). Bioaugmentation, or the
introduction of specialised oil-degrading
microorganisms, is used when local populations are
inadequate (Martin et al. 2015). Genetic engineering has
also been investigated recently to improve microbial
degrading capacities (Bovio et al. 2017). Table 1
presented types of microbial community interactions
with  description and relevant examples of
bioremediation. Microbial consortia (Silva Monteiro et
al. 2024) as opposed to single strains, are frequently
more effective when used in bioaugmentation. To cure
petroleum-contaminated  soil,  researchers  have
employed a  combination of  Micrococcus,
Flavobacterium, Corynebacterium, Bacillus, and
Pseudomonas, achieving a 78% breakdown rate in 20
days (Zu et al. 2018).

Table 1 Illustrates types of interactions involved in an efficient hydrocarbon breakdown process

Type Description Organism Ecological Outcome
Succession Temporal shits in community Alcanivorax spp. Cycloclasticus spp.  Sequential breakdown of
composition hydrocarbons
Syntrophy Cooperative metabolism under SRB (Sulfate Reducing Bacteria) Complete mineralisation
anaerobic conditions. For SRB - Desulfovibrio spp. Desulfotomaculum
electron acceptor is SO4>", using spp. Desulfobacter spp.
APS reductase, DsrAB, by Methanogens — Methane- Producing
anaerobic process produce H2S. Archaca
For  Methanogens  electron Methanobacterium spp.
acceptors are CO., acetate, Methanosaeta spp.
methyl compounds using Methanosarcina spp.
Methyl-CoM  reductase by
methanogenesis produce CHa.
Cometabolism Incidental degradation Pseudomonas spp. Expanded substrate range
Biofilm formation Structural microbial consortia Mixed species Enhanced degradation and
protection
Biosurfactant Emulsification and nutrient Bacillus spp, Rhodococcus spp. Improved hydrocarbon
cooperation cycling bioavailability

Microbial Community Interactions

Degradation of hydrocarbons in the environment
after an oil spill is never the work of a single species but,
rather, complex community-level interactions between a
variety of microorganisms, including bacteria, fungus,
archaea, and even microalgae (Abed & Al-Thukair 2015,
Crespo et al. 2014). It is these interactions which will
determine how effective the breakdown of hydrocarbons
will be and how well an ecosystem will recover. Figure
2 illustrated the representation mechanisms of
bioremediation of oil spills.
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The microbial succession is ascribed to early and
late responders based on the fast and slow growth of the
organisms, using biotic and abiotic environmental
factors such as temperature, salinity, nutrient levels, and
oxygen (Madigan et al. 2021, Zhang et al. 2017).
Degradation is influenced by environmental oxygen in
order to improve microbial interactions.

Further, the studies explored one organism may
partially oxidize certain hydrocarbons, producing
intermediates (such as fatty acids, alcohols, or organic
acids) that are substrates for other organisms. For
example, anaerobic consortia contain the methanogens
and SRB, which collaborate on the oxidation of
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hydrocarbons to CO. and H: that the methanogens
couple into CHa (Siegert et al. 2011). This cooperation,
under oxygen-limited conditions, favors complete
mineralization and maintains a good redox balance.
Figure 3 and Figure 4 illustrate the biochemical pathway
mechanisms of bioremediation of oil spills and the
microbial consortium involved in the degradations of
hydrocarbons.

Mechanism of Bioremediation
of Oil Spills

Petroleum oil spills:
« Alkanes
—> | - Branchingalkanes
= Aromatic hydroarbons (benzene,
polycyclic aramatics), and
 Halogenated/NSO (compounds)
(Thiophene, phenol)
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Fig 2. The representation mechanisms of bioremediation
of oil spills.

Mechanism of Bioremediation of Oil Spills

Over 17,000 chemical components, including
halogenated and nitrogen-sulfur-oxygen (NSO)
compounds like thiophene and phenol, as well as
aliphatic, branching, and aromatic HCs, are found in
petroleum oil spills, making them complicated (Yuniati
2018). BRM is challenging due to this diversity,
especially when methyl-branched or condensed aromatic
structures slow down breakdown and may cause the
accumulation of intermediate byproducts (Acosta &
Marqués 2016).
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Fig 3. Illustrates the biochemical pathway mechanisms of
bioremediation of oil spills
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Fig 4. Illustrates the microbial consortium involved in the
degradations of hydrocarbons.

The structural type and solubility of petroleum HCs
have a major impact on their microbial degradation. Figure
5, illustrates the scientific process of oil spill associated
degradation process of hydrocarbons from an oil spill.
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While complex PAHs and asphaltenes are more
resilient, particularly in colder climates, linear alkanes
(Ci—Cx) and light aromatics, such as benzene, toluene,
and xylene, break down the quickest (Yang et al. 2009,
Varjani 2017). The following is the general order of
biodegradability: Asphaltenes > Resins > Cycloalkanes >
Light Alkyl Aromatics > Single Aromatics > Branched
Alkanes/Alkenes > Normal Alkanes. The microorganisms
involved are Pseudomonas, Rhodococcus, and Ralstonia
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for monoaromatics and Pseudomonas, Haemophilus, and
Mycobacterium for PAHs such as pyrene, benzo[a]pyrene,
and phenanthrene. It becomes more difficult to break down
the remaining heavier fractions as lighter HCs evaporate
or dissolve (Martin et al. 2015). Much of crude oil can
decompose in a matter of weeks, leaving behind asphaltic
residues that are non-toxic and environmentally inert, even
though it cannot be completely biodegraded (Das &
Chandran 2011)
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e {
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Fig 5. Illustrates the scientific process of oil spill associated degradation process of hydrocarbons from an oil spill.

Both anaerobic and aerobic environments can support
biodegradation. By adding O: atoms to HCs through
oxygenases, aerobic routes increase their polarity,
solubility, and vulnerability to microbial attack (Yuniati
2018). To improve contact with hydrophobic oil and
facilitate breakdown, microbes frequently generate
biosurfactants (Jafarinejad 2017). The general route
involves converting aliphatic HCs to alcohol. Alcohols
undergo oxidation to produce aldehydes and subsequently
carboxylic acids.
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These carboxylic acids undergo B-oxidation, which
results in the breakdown of fatty acids, acetyl-CoA, and
ultimately CO. and H:0. Dicarboxylic acids are formed
from more resilient branched HCs, such as pristane.
Aromatic compounds also go through ring hydroxylation
by mono- or dioxygenases, which is followed by ring
cleavage and full mineralization. Under ideal pH, nutrient,
and temperature circumstances, microbial consortia and
the use of biosurfactants considerably accelerate the pace
of oil decomposition despite the complexity (Yuniati
2018).
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Microbial Enzymatic Systems

The assembled table illustrates the variety and
specialization of fungi and microorganisms utilized in
the BRM of contaminants that are rich in lignin and
petroleum HCs. Strong ligninolytic enzymes like lignin
peroxidases, manganese peroxidases, and laccases are
used by fungi, particularly P. chrysosporium (Boeuf et
al. 2019, Jebbar et al. 2015), Trametes versicolor
(Sharma & Woodson 2020, Rahmati et al. 2020), and
Pleurotus ostreatus (Sorokin et al. 2021) to break down
complex pollutants like PAHs, chlorinated organics, and
industrial dyes. These enzymes start the oxidative
degradation of stubborn substances in paper mill
effluents and lignocellulosic biomass.

On the bacterial side, strains like Pseudomonas
aeruginosa, Acinetobacter baumannii, and Rhodococcus
indonesiensis exhibit strong activity against aliphatic
and aromatic HCs due to their production of
monooxygenases, dioxygenases, and biosurfactants,
which improve hydrocarbon solubility and uptake
(Espinola et al. 2018).

Novel entries such as Hoeflea olei (Scoma et al.
2019) and Massilia sp. (Kujawinski et al. 2020)
demonstrate metabolic specificity for diesel and
phenanthrene. While metagenomic and consortial
approaches introduce powerful enzyme systems such as
dioxygenases and peroxidases from unculturable
microbes, further broadening the degradative spectrum
(Viggi et al. 2015, Gittel et al. 2015).

The recent emergence of Indian-origin consortia
and isolates, as seen in studies involving fungal-bacterial
communities and soil-derived species, underscores the
global relevance of bioremediation, with regional
adaptations enhancing efficacy (Meng et al. 2018, Xu et
al. 2020, Harazono et al. 1996). Table 2 presents the
organisms, enzymes, substrates and process that
involved in bioremediation. This offers a good effective
solution for treating crude oil, diesel, and biodiesel-
blended spills in both lab and field conditions (Fujita et
al. 2000, Yadav et al. 2009a).

Environmental Determinants

The microbial breakdown of HCs is dependent on
the environmental variables that affect the microbial
physiology, community dynamics, enzyme activity, and
metabolic pathways. To determine whether aerobic or
anaerobic decomposition predominates, the O>
bioavailability is a major deciding factor. The enzymes
alkane hydroxylases encoded by alma, almB and p450
under aerobic conditions breakdown HCs via oxidation
process into alcohols and carboxylic acids (Sharma et al.
2011, Yadav et al. 2009b). Under anaerobic conditions
the alkanes undergo fumarate addition degradation to
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yield alkyl succinates. Further, study intended to mine
metagenomic data for novel sequences of enzymes (not
only microbial isolates) that may degrade PAHs, clone
these genes, express, purify, and check the functionality
in microcosm experiments. PAHs are persistent, toxic,
and often carcinogenic environmental pollutants. In
practice, microbial bioremediation is often limited by
several factors: low bioavailability, environmental
constraints, and recalcitrance of high-molecular-weight
PAHs (Nagy et al. 2024). The utilization of
bioelectrochemical ~ systems, "Oil-spill  snorkel"
technique improves the electron flow in sediment—water
interfaces by facilitating oxidative degradation by
moving electrons from contaminants to oxygen at the
cathode (Silva Monteiro et al. 2024).

In deep sea settings the Hydrostatic pressure (HP)
is a critical component. The HP increases with depth and
adversely affects the membrane transport and microbial
enzymatic activity. While Alcanivorax was prevalent in
coastline zones and surface oil patches, studies
conducted after the Deepwater Horizon oil leak revealed
that oceanospirillales predominated in deep samples
(Wang et al. 2016, Rahul et al. 2015). Further, a study
revealed the soil contamination with petroleum
hydrocarbons in an oil-polluted area and searches for
affordable, long-term  bioremediation  solutions
employing local microbes. Separate and identify in the
contaminated soil those bacterial strains that can produce
biosurfactants and degrade hydrocarbons. Determine the
biosurfactant and hydrocarbon degradation metrics of
such strains, including emulsification index, reduction of
surface tension, percent biodegradation, substrate
specificity (Zaman et al. 2025). Alcanivorax strains
stopped growing at 10 MPa, because of switching from
cytochrome oxidase to reductase systems and having to
produce expensive ectoine (Kang et al. 1993). Protein
synthesis is stopped by ribosomal rupture at severe HP
(50 MPa), and membrane damage and enzyme
denaturation take place (Maijala 2000; Paice et al. 1993).

Through pressure-regulated genes (ompH) and
alternative respiratory systems, microorganisms such as
Photobacterium profundum and Shewanella piezophila
reduce HP stress by building up osmolytes such ectoine
and TMAO (Bumpus & Aust 1987, Andrawis et al.
1988). Temperature also critically influences microbial
degradation by affecting oil chemistry, microbial
community dynamics, and enzymatic rates. Optimal
biodegradation is observed between 15-20 °C in marine
settings, while lower temperatures increase oil viscosity
and reduce HC volatility and bioavailability (Helmy et
al.  2015). Similarly, community composition
significantly shapes degradation potential. Chronic
pollution promotes microbial consortia with diverse
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catabolic capacities, including both aerobic and
anaerobic degraders (Yang et al. 2009a, Atlas 1995). The
Metagenomics data obtained from different oceanic
regions point to the fact that the sediment temperature

Microbial Biosystems 10(4)-2025

has an impact on the metabolic pathways, and it is
proved using isotope probing, confirming that it is vital
for PAH degradation (Singh et al. 2012, Lahel et al.
2016).

Table 2. Illustrates the organisms, enzymes, substrates and process that are involved in the bioremediation

Strain Enzyme(s) Substrate(s) Reference
Phanerochaete Lignin  peroxidase (LiP), Mn Lignin; PAHs (benzo[a]pyrene, Bumpus & Aust 1987,
chrysosporium peroxidase (MnP), Laccase phenanthrene, pyrene); chlorinated Andrawis, et al. 1988

aromatics; TNT

Trametes versicolor Lignin peroxidase, Laccase, Mn Kraft pulp effluent; lignocellulosic Paice et al. 1993,

peroxidase biomass Maijala 2000
Pleurotus ostreatus Lignin peroxidase, Laccase Dyes, lignocellulosic biomass Kang et al. 1993
Phanerochaete sordida Manganese peroxidase Kraft pulp bleaching Harazono et al. 1996
Aspergillus terreus, Lignin peroxidase PAHs Yadav et al. 2002
Fusarium oxysporum
Loweporus lividus, Lignin peroxidase, Versatile Aromatic dyes; soil pollutants Yadav et al. (2009a,
Lenzitus sepiaria peroxidase 2009b)
Hexagona tenuis, Lignin peroxidase, Laccase Humic substances, phenols Yadav et al. (2010)
Gleophyllum striatum
Pycnoporus sanguineus Lignin peroxidase, Laccase Dyes; recalcitrant aromatics Sharma et al. (2011)
Coriolus hirsutus Laccase Heat-treated sludge; paper effluents Fujita et al. 2000
Hoeflea olei Diesel-degrading oxygenases; Diesel fuel (hydrocarbons) Rahul et al. 2015

Massilia sp.
Fungal-bacterial
consortium
Metagenomic consortium
Pseudomonas aeruginosa

Acinetobacter baumannii

biosurfactant activity
Phenanthrene dioxygenase
Oxygenases, biosurfactant producers

Dioxygenases, peroxidase
Biosurfactant, Monooxygenase,
Hydroxylase

Hydrocarbon-degrading enzymes +
biosurfactant

Phenanthrene (PAH)
Diesel + biodiesel blend

Naphthalene, phenanthrene, pyrene
Crude oil

Crude petroleum

Wang et al. 2016

Silva Monteiro et al.
2024

Nagy et al. 2024
Zaman et al. 2025

Zaman et al. 2025

Rhodococcus Alkane-degrading enzymes + C18-C24 n-alkanes, crude oil Zaman et al. 2025
indonesiensis biosurfactant

Category Description Examples
Bioremediation Use of organisms to degrade or Bacteria degrading oil, plants absorbing heavy metals

Main Products
Microorganisms
Factors Influencing

Mechanisms
Mobilization

Immobilization
Outcomes

Strategies

Advanced Techniques

Consortia Use

transform pollutants

End-products of biodegradation
Organisms involved in bioremediation
Conditions affecting bioremediation
efficiency

Two main strategies microbes use
Converts pollutants to
bioavailable/less toxic forms
Traps/stabilizes pollutants to prevent
further spread
End-point
microbes
Site-based bioremediation approaches

transformations by

Enhanced remediation approaches

Mixed microbial populations for more
effective degradation

COz, H20, microbial biomass, organic acids
Pseudomonas, Bacillus, Aspergillus, Candida, Alcanivorax
pH, temperature, nutrient levels, pollutant solubility

Mobilization and Immobilization

Bioleaching (Thiobacillus), Biostimulation (nutrient addition)

Biosorption (Bacillus cereus), Precipitation of metals

Mineralization of hydrocarbons; nitrate — organic nitrogen

In-situ:  On-site  (e.g., oil spill in Shela River)
Ex-situ: Off-site treatment in bioreactors
Bioaugmentation: Adding Pseudomonas aeruginosa

Genetic Engineering for enzyme upregulation

Micrococcus, Flavobacterium,
Pseudomonas (Singh et al. 2012)

Corynebacterium, Bacillus,
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The breakdown of HCs is complicated due to the
formation of toxic metabolic intermediates in particular
oxygenated-PAHs (oxy-PAHs). These substances alter
the microbial membrane structure endangering aquatic
environments (Macaulay & Rees 2014, Baniasadi &
Mousavi 2019). The In-situ biodegradation using
customised microbial consortia is enhanced by using
biostimulation, bioaugmentation, and surfactants; this
provides an alternative for a sustainable alternative to ex-
situ bioreactors, currently in use for oxy-PAH
remediation (Fashola et al. 2020, Cao et al., 2020).

Remediation of oil spills may be performed either
ex situ (after contaminated material is removed for
treatment elsewhere) or in situ (directly at the
contaminated site). Although less disruptive and often
less costly than ex situ remediation, these in situ
remediation techniques-bioremediation, natural
attenuation, biosparging, and nutrient amendment-are
highly dependent on environmental factors such as
temperature, oxygen, and nutrient availability (Wang et
al. 2021, Romantschuk et al. 2023). While ex situ
remediation methods, such as landfarming, composting,
and bioreactors may provide better control over these
factors, thus enhancing degradation rates, the process is
more expensive and also more cumbersome logistically
because it requires excavation and transportation of
contaminated material. In both approaches, pollutant
bioavailability, or the extent to which microbes can
access hydrocarbons, is an important limitation.

Oil molecules often form hydrophobic films,
emulsions, or strong bonds with the soil particles,
reducing microbial accessibility to those, thereby
hindering biodegradation (Wang et al. 2021). Low
solubility, limited oxygen diffusion, and nutritional
imbalance are some other factors that contribute to low
bioavailability, hence challenging complete cleanup.
Increasing the rate of bioavailability-using surfactants,
biosurfactants, or soil amendments-is vital for
remediation efficiency, even though both in situ and ex
situ bioremediation seem efficient for cleaning up oil
spills.

Hazards to the Environment during remediation
revealed that secondary pollution due to surfactants or
chemical dispersants, mobilization of contamination
during water treatment (in ex situ procedures) or
excavation of soil, changes in soil microbiota due to
oxygenation or fertilizer additions (Rahmati et al. 2022,
Simpanen et al. 2016). Further, results of incomplete
degradation are toxic intermediates. Further, the risk
assessment consideration includes quantification results
of residual toxicity of intermediate products, evaluating
biodegradation kinetics associated half-life of TPHs and
PAHs and natural attenuation attributed endpoint
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decisions related to reducing the toxicity of >90% to
oceanic environment.

Recent advancement

While restoration efforts regarding oil spills do
show some promising development, there are still
significant hurdles that must be crossed to achieve field
deployment and scale-up. Most research involving
nanomaterials and biology is still conducted in the
laboratory. Translation is further hindered by the
environment, such as temperature, salinity, wave
movement, and topography. Further, growing lifetime
ecotoxicity of new materials, degradation products, and
possible toxicity to marine organisms, especially in the
case of nanomaterials should be studied in detail.

Most importantly, spill heterogeneity attributed to
no single solution fits for all types of oil (crude, heavy,
refined), all different habitats (open sea, mangrove,
coast), and weather/sea conditions. Figure 6 illustrates
types of remediation from different habitats for oil spill.
In essence, regulatory acceptance associated to new
methods, like the release of microorganisms or
nanomaterials, face regulatory hurdles especially in
sensitive coastal areas. Furthermore, the cost and
logistics constrains enormously grow while technologies
like graphene separation are still in their promising
stages with expensive cost for scaling up for
manufacturing. One of the recommended approaches is
monitoring and verification through an appropriate
measurement systems, procedures, and documentation
to support emphasis on compliance to assure success on
remediation efforts. However, long-term ecological
restoration entails more than just oil removal; habitat
restoration, management of long-term effects, and
sustainability of ecosystem recovery are other longer-
term tasks. Some of the recent advancements are
deliberated are metagenomic, transcriptomic profiling,
synthetic biology techniques and CRISPR/Cas mediated
genome editing methods.

Metagenomic profiling enables in-depth analysis of
microbial communities in hydrocarbon-contaminated
environments by finding important taxa and functional
genes, such as alkB, CYP153, nah, and cat, involved in
hydrocarbon breakdown pathways. It discloses the
metabolic potential, community structure, and horizontal
gene transfer events that influence degradation
efficiency (Vigneron et al. 2024, Li et al. 2023).

Transcriptomic profiling enhances the constitutive
and inducible degradation pathways; pinpoints regulatory
networks, including stress response genes important for
adaptability and resilience; and captures active gene
expression under hydrocarbon stress by transcriptomic
profiling.
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Fig 6. Illustrates types of remediation from different

habitats for oil spill

However, in both metagenomic and transcriptomic
profiling has revealed inherent constraints that
sequencing itself does not ensure poor performance in
the field; it can be data-rich but action-poor, requires
knowledge and a robust bioinformatics infrastructure.
Until today, it is still case-by-case to translate "omics
insights" into practical bioremediation techniques, such
as bioaugmentation (Vigneron et al. 2023, Mu et al.
2025).

Synthetic biology techniques make use of these
findings in order to design microbial strains or consortia
tuned for improved degradation. Strategies involve
metabolic channeling, route remodeling, and promoter
engineering to increase substrate range, tolerance to
hazardous intermediates, and biofilm development.
However, engineered strains in dynamic natural settings
often display metabolic burden and instability. Besides,
field release is limited by the threats of horizontal gene
transfer and ecological safety. In addition, most nations
have small regulatory frameworks concerning the use of
GMOs in bioremediation (Jiménez-Diaz et al. 2022).
CRISPR/Cas-mediated  genome  editing  further
accelerates strain progress by the careful addition,
deletion, or modification of key catabolic genes and
regulatory elements. Whereas multiplex editing allows
the reliable creation of high-performing degraders for the
mineralization of complex hydrocarbon mixtures,
CRISPRi and CRISPRa enable precise on/off regulation

128

Microbial Biosystems 10(4)-2025

of gene expression. However, delivery methodologies
such as plasmids, phagemids, and electroporation are
often poorly suited for environmental isolates. CRISPR-
modified strains are subject to the same biosafety and
containment issues as other GMOs. Public acceptance
and environmental releases approval is not yet viewed in
regulatory aspects (Salazar-Garcia et al. 2025).

Discussion

The Environmental parameters that control the microbial
metabolism, community makeup, and enzymatic activity
have a bearing on the effectiveness of bioremediation
with oxygen availability as one of the major factors. The
enzymes such as alkane hydroxylases, encoded by alkB,
almA, and p450 genes, are responsible for aerobic
oxidation of the hydrocarbons into acids and alcohols;
accelerating the mineralization of these substances
(Sharma et al. 2011, Yadav et al. 2009b). In Anaerobic
degradation, alkyl succinates are generated through
fumarate addition (Nagy et al. 2024). The instruments
namely bioelectrochemical “Oil-spill Snorkel” helps in
the movement of electrons from contaminants to oxygen
across sediment-water interfaces, encouraging in-situ
oxidative degradation (Silva Monteiro et al. 2024).

In deep sea conditions the HP places physiological
restrictions to microbes by disrupting enzyme activity,
membrane transport, and protein folding. Example of
Alcanivorax strains that grow abundantly on the water
surface, but growth is inhibited beyond 10 MPa HP; due
to energy constraints related to ribosomal instability and
ectoine synthesis (Kang et al. 1993, Paice et al. 1993). In
deep sea bacteria like Photobacterium profundum and
Shewanella piezophile there is an adaptation wherein the
gene expression is regulated by pressure, and it builds up
suitable solutes such as TMAO and ecotone (Bumpus &
Aust 1987, Andrawis et al. 1988).

The temperature has a significant effect on
hydrocarbon decomposition with ideal rates between 15
and 20°C. the lower temperature results in reduced
enzymatic activity, decreased bioavailability, and
increased oil viscosity (Helmy et al. 2015). The success
of BRM also relies on the community. According to
researchers, a state of persistent pollution encourages
microbes to specialize and diversify and create a
consortium that can break down a variety of
hydrocarbons using both aerobic and anaerobic settings
(Atlas  1995). The metagenomic and isotope
investigations have supported the theory of synergistic
microbial interactions for the efficient degradation of
complex PAHs (Singh et al. 2012, Lahel et al. 2016).

Furthermore, the harmful oxy-PAHs weaken the
microbial cell membranes and decrease the effectiveness
of breakdown. To counteract these effects and improve
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in-sitt  BRM; it is coupled with biostimulation,
bioaugmentation, and application of surfactants (Fashola
et al. 2020, Cao et al. 2020).

Prospects for the Future

Oil spill reactions with adaptive management
frameworks will increasingly incorporate physical,
chemical, and biological remediation techniques.
Integrated  bioremediation  systems, such as
bioaugmentation + biosurfactant addition + nutrient
optimization, will be tailored using real-time site data.
Remedial actions will be optimized based on local
variables (temperature, salinity, oil type, microbiological
composition) by the use of machine learning and
predictive modelling-based decision support systems
(Romantschuk et al. 2023).

Synthetic biology and metabolic engineering have
made possible the development of microorganisms or
consortia with improved capabilities in hydrocarbon
degradation, tolerance to stresses, and production of
biosurfactants. An engineered microorganism could
express genes that break down resistant hydrocarbons
such as PAHs and asphaltenes. Engineered microbial
communities rather than single strains will become the
main emphasis, featuring properties of natural consortia
but with increased -efficiency and controllability
(Rahmati et al. 2022). The twin roles of NPs and
nanocomposites will be the acceleration of degradation
rates and assisting in the recovery of pollutants.
Examples include Magnetic nanoparticles for simple
separation and oil adsorption. Nanobiosurfactants with
low toxicity and enhanced hydrocarbon bioavailability.
Temperature, light, or pH sensitive smart materials could
potentially provide for in situ-controlled release of
nutrients or oxygen (Al-Majed et al. 2012).

Further, a move towards implementing
environmentally benign biosurfactants manufactured
from renewable substrates is under way in order to
reduce secondary contamination by  synthetic
dispersants. Further research will be directed at
Maximizing productivity by utilizing agricultural wastes
or waste biomass. Scale up with the use of continuous
fermentation systems and bioreactor engineering. The
toxicity  assessment and  biodegradability  of
biosurfactants will ensure environmental safety (Banat et
al. 2010, Silva et al. 2014).

Conclusion

The microbial BRM presents a viable and
environmentally friendly alternative for traditional
physicochemical techniques for cleaning oil spills and
oil-contaminated settings. The metabolic adaptability of
the HCs degrading microbial communities decides their
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application for BRM. The bacteria and fungi convert
toxic substances into innocuous substances via
enzymatic systems, example, ligninolytic enzymes,
monooxygenases, and dioxygenases. The other factors
governing degradation rates and pathways include
environmental  conditions namely  temperature,
hydrostatic  pressure, oxygen availability, and
community dynamics. The capabilities of BRM are
enhanced due to the recent developments in
metagenomic analysis, bioelectrochemical snorkels, and
utilization of microbial consortia. The adaptations that
are region specific improve the remediation capability
across a range of environments; systems using
microorganisms and consortia of Indian origin. Despite
the drawbacks of intermediate toxicity and
environmental variability the BRM is still an affordable
and sustainable alternative. To expand the horizon of
BRM technologies worldwide there is a need for more
research in the areas of genetic engineering, consortia
dynamics, and environmental modelling.
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