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Mycelial frontiers: harnessing
fungal morphological superiority
and enzymatic versatility for
deep-soil crude oil restoration in
the Niger Delta
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The extensive environmental degradation resulting from decades of crude
oil contamination in the Niger Delta necessitates a critical re-evaluation of
current restoration strategies. This crisis has persistently impacted soil and
water resources, decimated mangrove forests, and undermined the socio-
economic stability of local communities. An appraisal of current remediation
efforts reveals a significant performance gap, with conventional techniques
proving inadequate for the region’s unique environmental conditions and the
sheer depth of contamination. This review critically assesses the potential of
mycoremediation in aerated environments as a superior, ecologically congruent
alternative. We explore the distinct morphological and metabolic advantages
of fungi over bacteria, particularly the ability of filamentous mycelial networks
to penetrate and colonize deep soil matrices, thereby overcoming the critical
depth limitations of existing methods. The paper investigates dual mechanisms
of fungal action: potent enzymatic degradation via non-specific extracellular
enzymes and non-enzymatic biosorption of pollutants. Furthermore, it analyzes
how key environmental modulators in the Niger Delta, specifically acidic pH,
mesophilic temperatures, and fluctuating water potential naturally select for
fungal dominance. The review concludes by advocating for a paradigm shift
away from generic microbial solutions toward bioprospecting and cultivating
potent, indigenous fungal strains pre-adapted to local contaminants. Ultimately,
this paper frames mycoremediation as a low-cost, decentralized technology
capable of empowering communities, restoring livelihoods, and advancing
environmental justice in this critically polluted region.

KEYWORDS
bioprospecting, crude oil, Lignin-Modifying Enzymes (LMEs), mycoremediation, Niger
Delta

1 Introduction

While crude oil remains the main energy resource driving global economic
development and societal growth, its extraction and transport have resulted in persistent
environmental contamination. This global pollution legacy specifically threatens the
integrity of sensitive water and soil matrices, with disproportionate impacts on
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high-biodiversity coastal ecosystems, including saltmarshes, coral
reefs, and mangrove forests. For decades, intensive and often
poorly regulated oil exploitation has resulted in a legacy of
severe environmental degradation, with chronic pollution affecting
communities across the region (Sam et al., 2024). The scale of this
contamination is exemplified by areas such as Ogoniland, which
has been identified as one of the most severely polluted zones
on the planet (UNEP, 2011). The geographic distribution of this
contamination is vast, which maps the widespread nature of oil spill
sites throughout the region (Figure 1).

The consequences of oil spillage pollution are multifaceted and
with important social, economic and environmental consequences.
The environmental burden is not static but continues to escalate,
with aged contamination presenting a particularly formidable
challenge. According to the Nigerian Upstream Petroleum
Regulatory Commission (NUPRC), 732 oil spill incidents were
reported in 2024, of which 59.01% were attributed to sabotage
(NUPRGC, 2024). Oil spillage can lead to fire breaks, deteriorate
air and water quality, destroy non-renewable resources, and
threaten the safety of seafood intended for human consumption
(Okeke et al., 2022). The chemical composition of crude oil,
particularly its content of toxic, mutagenic, and carcinogenic
compounds like polycyclic aromatic hydrocarbons (PAHs), poses a
direct toxicological risk (Okeke et al., 2022). PAHs are of particular
concern due to their potential to damage DNA, and these lipophilic

10.3389/fmicb.2026.1809066

compounds can bioaccumulate in food chains, leading to long-
term health issues (Okeke et al., 2022; Lawniczak et al., 2020). The
ecotoxicological impacts of these spills are profound, threatening
the entire ecosystem and human health through multiple pathways.
The toxic aromatic hydrocarbons within crude oil pollute water
bodies and infiltrate the food chain, posing a direct risk to human
populations that rely on these resources (Okeke et al., 2022). The
persistence of these pollutants in soil and sediment creates toxic
“dead zones,” particularly damaging to mangrove forests, which are
critical carbon sinks. The ecological devastation in the Niger Delta
translates directly into a profound human crisis, systematically
undermining the traditional livelihoods of local communities.

In recent years, various methods, such as physical, chemical,
or a combination of both, have been used to address pollution
from oil spills. These methods include excavation, incineration,
landfarming, and the addition of chemicals like hydrogen peroxide.
However, with chemical methods, the issues persist and could
even worsen due to incomplete degradation (Shietal., 2023),
the production of harmful by-products, and the accumulation of
greenhouse gases. For instance, the ozonation product 2-anilino-
5-[(4-methylpentan-2-yl)amino]cyclohexa-2,5-diene-1,4-dione
(6PPD-quinone), which is produced from the widely used
N-(1,3-dimethylbutyl)-N-phenyl-p-
phenylenediamine (6PPD), has the potential to harm marine

tire rubber antioxidant

life (Wangand Wang, 2021). Additionally, these processes are

FIGURE 1

Map of the Niger Delta showing the extensive distribution of oil spill areas. The image has been adapted from Wekpe et al. (2024).
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expensive, require high-maintenance equipment, and are not
environmentally sustainable. In recognition of these problems with
physical and chemical remediation techniques, current interests
have adopted biological techniques over the past decades.

Bioremediation strategies have been adopted on a small and
large scale to break down hydrocarbons via in-situ or ex-situ
methods (Akpasi et al., 2023). Bioremediation techniques reported
in the region include biostimulation and bioaugmentation,
remediation by enhanced natural attenuation (RENA), and the
use of biosurfactants. Biostimulation involves the introduction
of nutrients to stimulate the activities of natural microorganisms
at any stage of the treatment process. This includes methods
like RENA, biocell, and Landfarming. RENA improves several
environmental and chemical factors to optimize the activities
of local microorganisms that break down hydrocarbons. This
process involves regular tilling, diluting the pollutant with
less contaminated soil, and adding fertilizers, enzymes, and
biosurfactants. UNEP (2011), reported that RENA proved
ineffective where contaminants are at depths beyond 1 m. Also, the
contaminants have gone beyond 5 m deep as found on many sites in
the Niger Delta area (Adesipo et al., 2020). Fungi have a remarkable
capacity to metabolize diverse hazardous chemicals, which has
prompted consideration for their application in bioremediation.
Mushroom-forming fungi, primarily basidiomycetes, stand out
as potent natural decomposers due to their vigorous growth
and substantial biomass yield, they secrete robust extracellular
enzymes. Notably, these enzymes encompass lignin peroxidases
(LiP), manganese peroxidase (MnP) and laccase capable of
degrading PAHs contaminations (Magan et al., 2022). The Niger
Delta exhibits physical and microbiological attributes that are
conducive to natural and biological remediation. Furthermore, the
Niger delta is an area characterized by high rainfall and sufficient
moisture, mesophilic temperatures (25-32 °C) which are suitable
for fungal growth and proliferation of microorganisms.

In this the viability of
mycoremediation as a sustainable and socially equitable strategy

review, we critically assess
for addressing crude oil contamination in the Niger Delta. We
synthesize the mechanistic advantages of fungal-based systems
over conventional remediation technologies and evaluate the
ecological compatibility of native fungal species with the region’s
environmental conditions. Finally, we examine evidence from field
applications and bioprospecting studies and propose a practical
framework to support future community-driven implementation.

2 The case for mycoremediation in
the Niger Delta: a critical analysis

2.1 The failure of current remediation
paradigms in the Niger Delta

The Niger Delta region of Nigeria is a vast coastal region
defined by a unique hydro-geography, spanning approximately
70,000 square kilometers and supporting a dense population of
around 31 million people (UNPO, 2026). The region’s soil, a
complex matrix of sand and clay, combined with a perpetually
humid climate, sustains one of the world’s most critical wetland
ecosystems (Azuazu et al., 2023). This environmental context is
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of global significance, as the Niger Delta contains the largest
mangrove forest in Africa and is recognized for its exceptional
biodiversity, leading the International Union for Conservation
of Nature (IUCN) to designate it as a high conservation
priority (Onyena and Sam, 2020). Among the species it harbors
are Avicennia sp., Rhizophora sp., and Laguncularia racemosa,
which play crucial roles in carbon storage, nutrient cycling,
and shoreline protection (Aransiola etal., 2024). For the local
inhabitants, these ecosystems are the foundation of socio-economic
stability, providing essential resources for fuel, medicine, and
artisanal fisheries, which are a primary source of protein and
income (Barenblitt et al., 2024). This intimate connection between
the people and their environment renders the population acutely
vulnerable to ecological disruption, making the ongoing pollution
crisis a direct threat to both a global ecological treasure and
the communities it sustains (Ordinioha and Brisibe, 2013). The
mangrove ecosystem of the Niger Delta provides indispensable
goods and ecological services, forming the bedrock of the regional
environment and economy. These services include shoreline
protection, carbon sequestration, and the provision of habitats for
numerous fish species, which in turn supports local livelihoods
(Aransiola et al., 2024). The complex network of rivers, streams,
and creeks flowing into the Atlantic Ocean creates a brackish
water environment that hosts a rich biodiversity, including multiple
species of mangrove trees, shellfish, and finfish (Aransiola et al.,
2024). This natural infrastructure not only stabilizes the coastline
against erosion but also enhances water quality and provides a
variety of plant products used for medicine and fuel, highlighting
its critical role in both environmental health and human
wellbeing (Aransiola et al., 2024). This systemic failure, where
the economic driver of the problem also inhibits its solution,
demonstrates that the environmental crisis is not merely a technical
challenge of pollution but a deeply entrenched socio-ecological
catastrophe requiring a fundamentally new approach. This crisis
is compounded by a significant governance failure, which has
left communities with little recourse for the damage they have
suffered. Under Nigerian law, oil companies are required to pay
compensation unless spills are caused by sabotage, an argument
frequently used to deny responsibility (Climate Diplomacy, 2026).
The judiciary has often been slow and costly for communities
to access, and there is a widespread lack of trust in both
corporate and governmental oversight (Climate Diplomacy, 2026).
This has forced affected populations, such as those in Bodo,
to seek justice in international courts, highlighting the systemic
impediments to achieving environmental justice within the
national framework (Climate Diplomacy, 2026). The outcome is
persistent environmental degradation driven by recurring oil spills
and the weak enforcement of regulatory policies.

2.2 The case for mycoremediation:
mechanisms and advantages

2.2.1 Morphological superiority: mycelial
networks as ecological engineers

One key reason for the effectiveness of fungi in soil remediation
lies in their distinctive physical structure. Fungi possess a significant
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morphological advantage over bacteria for soil bioremediation,
primarily due to their filamentous growth form, which directly
addresses the critical “depth mismatch” plaguing conventional
methods (Benguenab and Chibani, 2021). The fungal mycelium,
a vast and interconnected network of hyphae, functions as an
“ecological engineer” by actively exploring and penetrating the soil
matrix far more efficiently than single-celled bacteria (Dacco et al.,
2020). This invasive growth allows fungi to bridge air-filled
gaps between soil particles and reach pockets of contamination
deep within the soil profile, a capability that bacteria lack
(Benguenab and Chibani, 2021; Covino et al., 2016). This unique
physical attribute is a primary reason why fungi are exceptionally
well-suited for remediating the complex, deep soil contamination
characteristic of the Niger Delta.

This morphological superiority provides fungi with a distinct
advantage in water-unsaturated environments where bacterial
motility is severely restricted (Dacco et al., 2020). Unlike bacteria,
which depend on continuous water-filled pathways for movement,
filamentous fungi can translocate resources efficiently through
their mycelial network, allowing them to grow across air-water
interfaces and connect fragmented soil habitats (Dacco et al., 2020;
Khanafer et al., 2025). This ability to navigate dry or partially
saturated soil pores gives fungi unparalleled access to pollutants
that are physically inaccessible to bacteria, making them more
resilient and effective remediation agents in the fluctuating
moisture conditions typical of the Niger Delta (Khanafer etal.,
2025). However, fungi do not only rely on morphological
structures, but there are also other factors such as enzymes which
significantly play a central role in degradation of pollutants like
crude oil and affects the outcome of remediation.

2.2.2 Metabolic powerhouse: the non-specific
enzymatic arsenal of fungi

In addition to their physical reach, fungi are metabolically
adapted for the decomposition of highly recalcitrant organic
matter, possessing a formidable arsenal of non-specific extracellular
enzymes (da Rocha et al., 2023). As natural decomposers of durable
biopolymers like lignin, fungi have evolved to secrete potent
enzymes, such as peroxidases and laccases, that can fortuitously
attack the structurally similar aromatic rings of pollutants like
PAHs (da Rocha et al., 2023; Navina et al., 2024). This non-specific
enzymatic machinery is a key advantage, as it allows fungi to
degrade a wide range of complex organic contaminants without
requiring prior adaptation or genetic modification (Navina et al.,
2024). A valuable source of these enzymes is SMS, the residual
material from mushroom cultivation, which can be repurposed as
a low-cost, nutrient-rich amendment to enhance bioremediation
(Gupta et al., 2024; Mayans et al., 2024). This combination of deep
physical penetration and powerful, broad-spectrum biochemistry
makes fungi ideal candidates for a new remediation paradigm.
This enzymatic system includes both intracellular mechanisms,
such as the cytochrome P450 system, and a suite of extracellular
enzymes, with the latter being primarily responsible for breaking
down large, complex pollutants (Dacco et al.,, 2020). The most
critical of these are the Lignin-Modifying Enzymes (LMEs), which
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evolved to decompose lignin but exhibit low substrate specificity,
allowing them to oxidize a wide array of structurally similar
pollutants (da Rocha et al., 2023). This process is oxidative rather
than hydrolytic, involving the withdrawal of electrons to destabilize
and break down complex aromatic structures, a mechanism that
is highly effective against the recalcitrant components of crude
oil (da Rocha etal., 2023). Fungi employ both intracellular and
extracellular enzymes to metabolize hydrocarbons, though the
latter are primarily responsible for degrading the large, complex
molecules found in crude oil (Sar et al., 2024). While intracellular
systems like the cytochrome P450 monooxygenase (CYP) are linked
to alkane metabolism, the primary strength of fungi lies in their
secretion of a powerful suite of non-specific extracellular enzymes
(Dacco etal., 2020). The most critical of these are the Lignin-
Modifying Enzymes (LMEs), including laccases and peroxidases,
which evolved to break down the highly durable biopolymer
lignin (da Rocha et al., 2023). Because these enzymes exhibit low
substrate specificity, they can fortuitously attack and oxidize a
wide range of structurally similar pollutants like PAHs, initiating
their breakdown into less complex and more bioavailable forms
(AbuQamar et al., 2023). This non-specific oxidative power is
the key biochemical mechanism that enables fungi to degrade
the recalcitrant aromatic fractions of crude oil (da Rocha et al.,
2023; Navina et al., 2024). The LME family includes several key
enzymes, such as lignin peroxidase (LiP), manganese peroxidase
(MnP), versatile peroxidase (VP), and laccases, each with distinct
oxidative mechanisms (da Rocha et al., 2023). Peroxidases like LiP
and MnP utilize hydrogen peroxide to generate highly reactive
radicals that can attack and depolymerize complex aromatic
structures. Laccases, which are multicopper oxidases, use molecular
oxygen for oxidation and can act on a wide range of phenolic
compounds (da Rocha et al., 2023; Silva Monteiro et al., 2024). The
non-specific nature of these enzymes allows them to degrade a
broad spectrum of xenobiotics, making them highly effective tools
for breaking down the diverse mixture of compounds found in
crude oil. Collectively, this versatile and non-specific enzymatic
system enables fungi to efficiently transform and mineralize a wide
spectrum of recalcitrant hydrocarbons, reinforcing their central
role in effective mycoremediation strategies.

2.2.3 Non-enzymatic mechanisms: biosorption
and bioavailability enhancement

Although numerous studies have reported the efficacy
of bacterial biosorption (Sanchesetal., 2017), the process
is mechanistically complex and involves more than simple
physicochemical adsorption (Xuetal., 2013). Bacteria play an
active role in waste sequestration through metabolism-dependent
bioaccumulation and the secretion of extracellular polymeric
substances (EPS) and enzymes that facilitate the capture and
transformation of contaminants (Sunetal, 2026; Ali Redha,
2020; De Santis et al., 2026). However, fungal biosorption offers
distinct advantages in complex environmental matrices such as
soil. Unlike unicellular bacteria, the filamentous growth of fungal
hyphae provides a superior surface area to quantity ratio, allowing
for deeper penetration and more extensive physical contact
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with contaminants (Dinakarkumar et al., 2024). Furthermore,
while bacterial activity can be sensitive to fluctuating pH and
nutrient scarcity, many fungi, particularly white-rot species,
maintain high biosorption capacities and metabolic activity
under acidic or nutrient-poor conditions, often outperforming
bacterial systems in the remediation of recalcitrant pollutants
(Sanches et al., 2017). This physicochemical process involves the
passive adsorption of pollutants onto the surface of the fungal
mycelium, which is rich in functional groups capable of binding
with contaminants through mechanisms such as complexation
and adhesion (Dinakarkumar etal., 2024). This process works
in powerful synergy with enzymatic degradation by overcoming
the critical limitations of pollutant bioavailability (Dacco et al.,
2020). The vast surface area of the mycelial network first acts as a
passive filter to trap and concentrate hydrophobic hydrocarbons,
after which the secreted extracellular enzymes can attack the
concentrated substrate with maximum efficiency, creating a
highly effective “one-two punch” of capture and degradation.
This integrated system is far more efficient than relying on
random molecular encounters in a heterogeneous soil matrix.
Biosorption is a critical first step that addresses the challenge of
bioavailability, which is a major limiting factor in the remediation
of aged, soil-bound hydrocarbons (Dacco etal, 2020). This
process can be either metabolism-dependent (bioaccumulation)
or metabolism-independent (mycosorption), with the latter
relying on the physicochemical properties of the fungal cell
wall (Dinakarkumar etal., 2024). Functional groups such as
carboxyl, hydroxyl, and amine on the mycelial surface attract and
bind pollutants, effectively concentrating them for subsequent
enzymatic attack (Dinakarkumar etal.,, 2024). This mechanism
is particularly important for hydrophobic compounds that are
otherwise poorly accessible to microbial action, demonstrating
a key advantage of mycoremediation over purely bacterial
approaches (Gupta et al., 2024). Additionally, many fungal species
produce biosurfactants, such as lipopeptides, which reduce surface
tension and emulsify hydrocarbons (Sonbhadra and Pandey, 2025),
further increasing their availability for microbial uptake. This
integrated combination of mechanisms highlights the distinct
advantage of fungi in overcoming bioavailability limitations,
thereby enabling more efficient and sustained remediation of
hydrocarbon-contaminated soils.

2.2.4 The fungal-bacterial consortium: mycelial
networks as microbial highways

The fungal advantage extends beyond their individual
capabilities to fostering powerful synergistic relationships with
bacteria, enhancing the overall efficacy of bioremediation
(Song et al., 2022). Fungal hyphae can serve as vectorial transport
providing continuous surfaces and channels that facilitate the
transport of pollutant-degrading bacteria into deeper soil regions
that they could not otherwise access (Song et al., 2022; Ossai et al.,
2022). This interaction reframes the remediation model from a
competition between microbial domains to a powerful consortium
to function more effectively (Weietal., 2024; Atakpaetal,
2022). Such synergistic cooperation is crucial for the complete
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mineralization of complex hydrocarbon mixtures found in
crude oil.

Beyond their physical role in microbial transport, fungal
mycelial networks also contribute chemically to pollutant
immobilization through the functional properties of the fungal cell
wall. Cell wall components such as chitin, glucans, and associated
proteins which could provide functional groups capable of binding
heavy metals and organic pollutants. Under acidic conditions,
partial deacetylation of chitin to chitosan increases the availability
of hydroxyl and amino groups, enhancing contaminant biosorption
onto fungal hyphae. This process concentrates pollutants along
the mycelial network, creating microenvironments that promote
subsequent microbial degradation (Geetha etal., 2021). In turn,
bacteria can assist in hyphal growth and protect fungi from
parasites (Weietal,, 2024). This co-metabolism, where fungi
initiate the breakdown of complex molecules and bacteria
mineralize the simpler intermediates, creates a more robust and
efficient degradation process, making fungal-bacterial consortia a
highly promising strategy for bioremediation (Silva Monteiro et al.,
2024; Atakpaetal., 2022). Studies have shown that mixed
consortia can achieve significantly higher degradation of TPH and
recalcitrant PAHSs than pure cultures, with some reporting removal
rates exceeding 93% (Silva Monteiro et al., 2024). However, these
interactions are not universally synergistic. In soil environments,
competition for nutrients, oxygen, and space, as well as antagonistic
metabolite production, may suppress key degraders and reduce
remediation efficiency. Community instability under fluctuating
environmental conditions can further disrupt cooperative
networks. Therefore, while fungal-bacterial consortia are highly
promising, their performance depends on ecological compatibility
and environmental optimisation.

2.2.5 A comparative analysis of microbial
degradation efficiencies

The biodegradability of hydrocarbons generally follows a
hierarchy based on molecular complexity, with simpler molecules
like linear alkanes being degraded more readily than complex,
high-molecular-weight compounds such as asphaltenes. Within
this framework, quantitative evidence demonstrates that fungi are
highly effective agents for hydrocarbon removal, with degradation
efficiencies often comparable or superior to their bacterial
counterparts (Dacco et al., 2020). Studies have consistently shown
that different fungal species exhibit varying capabilities for
degrading specific hydrocarbon fractions. one study found that
Aspergillus niger achieved 58% biodegradation of crude oil,
outperforming Aspergillus polyporicola (47%) and Aspergillus
spelaeus (51%) (Al-Dhabaan, 2021). Another study demonstrated
that while Aspergillus oryzae could degrade all hydrocarbon
components in used engine oil, Mucor irregularis was only
effective against long-chain hydrocarbons and BTEX compounds
(Asemoloye et al., 2017). This specificity highlights the importance
of selecting the appropriate fungal strains or, more effectively, using
a consortium of different species to ensure the comprehensive
degradation of the complex mixture of pollutants found in crude
oil spills. Table1 summarizes reported degradation efficiencies
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for various microbial genera against different hydrocarbon
classes. Fungal species, such as Penicillium javanicum and
Purpureocillium lilacinum, demonstrate high efficacy (>90%) for
alkane degradation. This quantitative comparison supports the
strong potential of mycoremediation relative to other microbial
strategies for hydrocarbon cleanup.

3 Ecological congruence: why
mycoremediation is inherently suited
to the Niger Delta?

3.1 Soil chemistry: advantage in acidic pH
and high salinity

An additional advantage of fungi lies in their strong alignment
with the native physicochemical conditions of the Niger Delta.
The specific environmental profile of the Niger Delta creates
conditions that naturally select for the dominance of fungi, a
pattern that can be described as “ecological congruence.” The
region’s predominantly acidic soils, with a typical pH range of 5.7
to 5.9, confer a significant competitive advantage to fungi, which
are generally more tolerant of acidic conditions than many bacteria
(Benguenab and Chibani, 2021; Dinakarkumar et al., 2024). In fact,
fungi can contribute to further acidification through the secretion
of organic acids, reinforcing their dominance in this environment
(Dacco etal., 2020). Furthermore, fungi demonstrate superior
resilience to the high salinity found in the coastal and mangrove
zones of the delta; by accumulating internal compatible solutes,
fungi can counteract the significant osmotic stress imposed by
high external salt concentrations, a physiological mechanism that is
less common in many bacterial species (Fontana et al., 2024). This
inherent tolerance for both acidic and saline conditions make fungi
robust and pre-adapted candidates for remediation in the native
soils of the region (Dinakarkumar et al., 2024). These attributes
demonstrate that fungi are not only well-suited but inherently
pre-adapted to the prevailing environmental conditions of the
Niger Delta, reinforcing their effectiveness as reliable agents for in
situ bioremediation.

This competitive advantage is further reinforced by the broad
physiological resilience of fungi to multiple environmental stresses
commonly associated with contaminated sites. Fungi are known to
have a higher potential to survive harsh environmental conditions,
such as extreme pH and poor nutrient status, compared to other
microorganisms (Dinakarkumar et al., 2024). This adaptability
makes them particularly well-suited for contaminated sites
where conditions may be unfavorable for bacterial growth
(Dinakarkumar et al., 2024). Studies on fungi isolated from extreme
environments, such as hydrothermal vents, confirm their capacity
to withstand high salinity and degrade complex hydrocarbons,
suggesting that similar adaptations exist in fungi from the
saline, hydrocarbon-impacted environments of the Niger Delta
(Stanley et al., 2022). Research on Pleurotus ostreatus has shown
that its mycelium can tolerate estuarine salinities, with maximum
growth observed between 5 and 15%, conditions that are
representative of the delta’s brackish waters (Covino et al., 2016).
Together, this ecological congruence and physiological resilience
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highlight the strong potential of fungi as naturally adapted,
efficient, and sustainable agents for bioremediation in the complex
environmental conditions of the Niger Delta.

3.2 Thermal profile: dominance in
mesophilic conditions

The efficacy of microbial degradation is strongly influenced
by temperature, which affects metabolic rates and enzyme activity
(Asemoloye et al., 2017). The Niger Delta’s warm, tropical climate
provides mesophilic conditions year-round, which aligns with the
optimal temperature range for the growth and enzymatic activity of
many potent hydrocarbon-degrading fungi (Asemoloye et al., 2017;
Ahmad et al,, 2024). This constant warmth favors sustained fungal
activity, avoiding the significant slowdown in biodegradation rates
that occurs at lower temperatures. This thermal profile ensures
that mycoremediation processes can operate at high efficiency
throughout the year, a distinct advantage over regions with
temperate climates where remediation may be seasonally limited.

The consistently warm temperatures in the tropics are known
to enhance microbial activity and, consequently, bioremediation
rates (Ahmad et al., 2024). Studies have shown that the degradation
of organic contaminants is significantly higher in tropical soils
compared to those from temperate regions, as temperature affects
the half-life of pollutants (Asemoloye etal., 2017). The optimal
temperature range for mycoremediation is generally between
25 and 30 °C, which aligns perfectly with the climate of the
Niger Delta (Asemoloye etal,, 2017). This thermal advantage
suggests that mycoremediation approaches will be particularly
effective and can be sustained year-round without the need for
costly heating or insulation measures that might be required in
cooler climates (Ahmad et al., 2024). Overall, the favorable thermal
regime of the Niger Delta provides an inherent and sustained
advantage for fungal activity, thereby enhancing the efficiency,
consistency, and cost-effectiveness of mycoremediation processes
in the region.

3.3 Water potential: resilience to
fluctuating moisture

Water availability, or water potential, is a critical master
variable governing microbial activity and competition in soil
ecosystems (Khanafer et al., 2025). Fungi can remain metabolically
active at much lower water potentials, that is, in much
drier conditions than most bacteria, a crucial advantage in
environments with fluctuating moisture levels (Dacco et al., 2020).
This resilience stems from their filamentous growth form; unlike
bacteria, which rely on continuous water-filled pathways for
movement, fungal hyphal networks can grow across air-filled
pores, allowing them to continue exploring the soil matrix and
accessing isolated pockets of water and nutrients as the soil dries
(Dacco et al., 2020; Covino et al., 2016). Despite its importance,
the differential effects of matric potential (water adhesion to soil
particles) vs. solute potential (osmotic stress from dissolved salts)
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TABLE 1 Hydrocarbon degradation efficiencies of selected microorganisms under varying experimental conditions.

Degradation medium

Employed

Experimental conditions

References

Yarowia lipolytica, n-Hexadecane (75%) SC medium (without glucose) supplemented with Batch degradation 30 °C, 220 rpm, 96 h Shang et al. (2024)
Candida bombicola n-hexadecane (10 g/L or 20 g/L) experiment
Candida Complete metabolize of n-alkanes, Mineral medium (MM) supplemented with Batch biodegradation 30 °C, 180 rpm; incubation period up to Gargouri et al. (2015)
Anthracene (51%), hydrocarbons (e.g., n-alkanes, petroleum assays 12 days; inoculum ~10% (v/v)
Fluoranthene (74%) compounds, 1% hydrocarbons as sole carbon
source); working volume: 50 mL
Trichosporon Phenanthrene (47%),
Anthracene (73%),
Fluoranthene (31.4%)
Candida digboiensis Total Petroleum Hydrocarbons (73%) Minimal salts medium (MSM, pH 3) Batch biodegradation 30 °C, 180 rpm; incubation period ~7 Sood and Lal (2009)
supplemented with petroleum hydrocarbons/oily assays days; inoculum 5% (v/v
sludge (0.1-1% w/v) as sole carbon source;
working volume: 50 mL
Alternaria tenuissima Long-chain hydrocarbons including C8-C16 Bushnell-Haas medium supplemented with Batch biodegradation 26 °C, 180 rpm; incubation up to 47 Fallahi et al. (2023)
5c-12 and Epicoccum alkanes, C36 n-alkane and Pristane (70%) petroleum (1%) or PAHs (0.2 g/L total), DCPIP assays days (liquid assay); soil assay up to 60

nigrum 3b-1 (2%), Tween 80 (0.1%); working volume: 50 mL days with 10% (v/w) petroleum and
inoculum
Penicillium javanicum Pristane (>95%) Mineral salt medium (pH 5.4) supplemented with Batch biotransformation 30 °C, 130 rpm (shaking) or static; Gaid et al. (2023)
substrates (as sole carbon source); working assays incubation period 7 days
volume ~100 mL
Purpureocillium Pristane (>90%)
lilacinum
Mucor circinelloides Aliphatic hydrocarbons in 25 g L™! NaCl Mineral salts medium (MSM) supplemented with Batch biodegradation 28 °C, 170 rpm; incubation up to 12 Azin et al. (2022)
(87%) crude oil (10 g/L or 50 g/L) as sole carbon source, assays days (liquid) and 105 days (soil);
with NaCl (0-100 g/L); soil microcosm with 10-50 inoculum ~5 X 105 spores/mL (liquid)
g/kg crude oil or 5% spore suspension (soil)
Embellisia sp. KJ59 and Petroleum (81.3 to 95.1%) and Pyrene Minimal salt medium (MSM) or Potato Dextrose Batch biodegradation 28 °C, 170 rpm; incubation up to 14 Jenab et al. (2023)
Alternaria sp. KJ66 (>88.3%) Broth (PDB) supplemented with crude oil (1% assays days; inoculum ~5 x 10° spores/mL

v/v) or pyrene (100 mg/L) as sole carbon source,

with NaCl (0-5% w/v); Working volume: 10 mL

(5% v/v)

Burkholderia sp.

Total petroleum hydrocarbons (46.7%)

Petroleum-contaminated soil (28,360 mg/kg TPH)
containing macro alkanes (C16-C30); nutrient
amendments (glucose, acetic acid, trace elements);

pre-oxidation with H,O, and novel iron

Combined pre-oxidation
(Fenton-like process)

and bio-stimulation

Pre-oxidation: 450 mM H,O0,, ~2 g
iron, 24 h, pH adjusted to 6.5-7.5;
Bio-stimulation: up to 80 days,
intermittent shaking at 200 rpm,

periodic aeration

Xu et al. (2023)

(Continued)
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Experimental conditions
Temperature: 37 °C; aeration.
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Short-chain (C5-C10) (91.9%), Long-chain

Hydrocarbons degradation
(C10-C40) (86%)

efficiency (%) *

Increased the removal from 55.3% (C5-C10)

to 65% (C10-C40)

Microorganisms
Pseudomonas aeruginosa

TABLE 1 (Continued)

Actinobacteria
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*Degradation efficiencies are not directly comparable across microorganisms due to differences in hydrocarbon substrates, initial concentrations, incubation periods, and experimental conditions reported in the respective studies.

10.3389/fmicb.2026.1809066

on mycoremediation efficacy remain a significant and under-
researched knowledge gap critical for optimizing field applications.
Figure 2 shows the ranges of water potentials/water activities over
which different groups of microorganisms can effectively grow;
bacterial activity predominates under relatively wet soil conditions
where continuous water films facilitate nutrient diffusion and
motility. In contrast, filamentous fungi and actinomycetes tolerate
much lower water potentials due to their hyphal growth and
osmotic stress tolerance, allowing them to remain metabolically
active in drier soils. This is important if an individual or
mixed inoculum will be introduced into the soil for remedial
purposes. Without water films between the soil particles, bacteria
are relatively inactive. In contrast, mycelial actinomycetes and
filamentous fungi can grow via hyphal extension and colonize
more expansive areas of the soil, enhancing the opportunity
for degrading the xenobiotic compounds. Surprisingly, very few
studies have examined the effect of matric vs. solute potential
on the remediation of xenobiotic compounds such as crude
oil. In addition, interactions with temperature and pH have
received very little attention, if any. Furthermore, the combined
effects of water potential, temperature, and pH remain poorly
understood, constraining the translation of laboratory findings to
field-scale applications.

The water potential relations of microbes in soil are essential.
Under relatively wet conditions, bacterial activity is favored,
while under drier conditions close to the wilting point of plants
or much direr conditions, filamentous fungi and stress-tolerant
actinomycetes activity is predominant.

The ability of fungi to thrive under varying moisture conditions
is a key advantage for bioremediation (Dinakarkumar et al.,
2024). The efficiency of mycoremediation is influenced by a
range of environmental factors, including humidity, oxygen, and
temperature (Sar et al., 2024). Figure 3 shows how fungal factors,
environmental and contaminant factors drive Mycoremediation
efficiency, hydrocarbon degradation is strongly influenced by
environmental variables including temperature, oxygen availability,
nutrient concentration, and water potential. These factors regulate
microbial metabolic activity and therefore determine the efficiency
of bioremediation processes, and this can vary between fungal
species. Table 2 shows the key environmental parameters in the
Niger Delta that influence microbial tolerance and hydrocarbon
degradation. Environmental parameters such as pH, temperature,
salinity, water availability, and oxygen levels collectively shape the
relative dominance of fungi and bacteria, with fungi generally
exhibiting higher tolerance to acidic and saline conditions.

4 Bioprospecting for potent
indigenous fungi: a targeted approach

4.1 Key fungal taxa in hydrocarbon
degradation

The field of mycoremediation gained significant momentum
with the landmark discovery that Basidiomycota, particularly
“white-rot fungi® like Phanerochaete chrysosporium, could
degrade highly recalcitrant molecules previously considered
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FIGURE 2

Conceptual diagram illustrating the distinct ecological niches of different microbial groups based on water availability. This figure was adapted from
Magan (2007). The shaded areas represent relative dominance zones based on microbial tolerance to water potential rather than strict growth
boundaries. The X-axis show soil water potential (¥) expressed in megapascals (MPa), which describe the energy status of water in soil systems.

FIGURE 3
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Schematic representation of the factors influencing mycoremediation efficiency. The image represents various fungal, contaminant and
environmental factors that govern the success of mycoremediation. The interaction among these factors collectively determines fungal growth,
pollutant accessibility, and the overall efficiency of the mycoremediation process.

Temperature

Nature of contaminant

non-biodegradable (Alietal., 2017). The phylum Ascomycota
also contains numerous species with powerful bioremediation
capabilities that are naturally present in the Niger Delta;
genera such as Penicillium, Trichoderma, and Aspergillus
are known to effectively degrade a wide range of PAHs
and have been successfully isolated from contaminated
sites in the region (Aranda, 2016; Ezekoyeetal., 2018). The
confirmed presence of these pre-adapted local strains provides
a rich and highly relevant resource for developing targeted

mycoremediation strategies.

Frontiers in Microbiology

A wide diversity of fungal genera has been identified
for their ability to decontaminate petroleum hydrocarbons,
including Rhizopus, Candida, Syncephalastrum, Paecilomyces,
Mucor, Yarrowia, Fusarium, Amorphoteca, Pichia, Graphium,
Neosartorya, and Talaromyces (Dacco et al., 2020; Song et al., 2022,
2024). In-situ studies of bioremediation sites in the Niger Delta
have revealed a succession of fungal communities, with genera
such as Candida, Geotrichum, Sepedonium, Aspergillus, Phoma,
Cladosporium, Scopulariopsis, Bipolaris, Gliocladium, Paecilomyces,
and Trichophyton being prominent (Ezekoye etal., 2018). This
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TABLE 2 Fungal vs. bacterial responses to key environmental factors in the Niger Delta.

Typical range Fungal

preference/tolerance

10.3389/fmicb.2026.1809066

Comparative microbial
tolerance (fungi vs.
bacteria)

Impact on hydrocarbon
degradation

pH 5.7-5.9 (acidic, shifts to Higher tolerance to acidic Fungi generally more tolerant to acidic Influences enzyme activity and
neutral with oil) conditions of pH< 4. pH than bacteria (Jumbo et al., 2022) nutrient availability
el (Korneykova et al., 2021)
Temperature 28 °C average, +2 °C Mesophilic (optimal Mesophilic bacteria/actinomycetes Increases degradation rate; reduces
during dry season 25-40°C) thrive 15-25 °C (Gross and Robbins, oil viscosity

2000) Filamentous fungi minimum,
optimal, and maximum temperatures at
approximately 5, 25, and 40 °C,

respectively (Hesnawi and Mogadami,

2013)
Salinity High salinity in Resist higher osmotic pressure | Fungi generally more tolerant than Can inhibit microbial activity;
coastal/estuarine areas via polyol production bacteria/actinomycetes (Gouma et al., certain fungi thrive
- 2014)
Water Availability High rainfall, varying Predominant in drier Bacteria favored in wet conditions; Essential for microbial activity;
Ysolute -+ matric soil types conditions via hyphal fungi/actinomycetes in drier (Magan, influences pollutant access
extension 2007)
Oxygen Aerobic conditions Varying requirements: some Aerobic degradation generally faster Crucial for oxidative reactions
06?2 common, but can vary tolerate low O, (less than (Azin et al., 2022)
o, 10%)

diverse pool of indigenous fungi represents a valuable genetic
resource for developing locally adapted and highly effective
mycoremediation solutions.

4.2 Evidence from the field: successful
trials with native fungi

Recent field trials in the Niger Delta have confirmed the
remarkable effectiveness of indigenous fungi, providing strong
evidence that a bioprospecting approach is superior to introducing
foreign organisms (Dickson et al., 2019). One study demonstrated
that the application of local mushroom species, including Pleurotus
pulmonarius, could achieve significant pollutant degradation in
contaminated soil (Njokuetal., 2017). An even more striking
result was observed in a recent field trial in Ogoniland that used
the native fungus Pleurotus ostreatus and fermented palm wine,
achieving over 98% TPH remediation across various local soil types
(Dickson et al., 2019). These successful, locally conducted trials
validate the high potential of fungi already adapted to the region’s
specific contaminants and environmental conditions.

A study using Pleurotus pulmonarius in Nigeria demonstrated
significant TPH degradation, with removal percentages of up to
52.6% in soil with moderate contamination levels (Njoku et al.,
2017). The same study also found a significant reduction in the
concentration of heavy metals, including manganese, copper, and
zing, after 62 days of incubation (Njoku et al., 2017). These findings
not only confirm the efficacy of locally sourced fungi but also
highlight their potential for addressing the co-contamination of
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hydrocarbons and heavy metals, which is a common problem in
the Niger Delta.

4.3 The case for locally adapted strains

The success of native fungi in field trials supports a
paradigm shift away from implanting generic, lab-cultured
toward a
2021).
from oil-polluted soils provides strains that are more adapted to

microbial solutions strategy of bioprospecting

(Benguenab and Chibani, Isolating cultivable fungi
the polluted conditions and more capable of competing with the
native microbiome than strains obtained from culture collections
(Benguenab and Chibani, 2021). The principle of natural selection
dictates that in a chronically polluted environment, organisms
with traits that allow them to tolerate or metabolize the pollutant
will have a competitive advantage. The isolation of potent native
degraders like Aspergillus polyporicola and Purpureocillium
lilacinum from contaminated sites confirms their adaptation to
local conditions (Benguenab and Chibani, 2021; Al-Dhabaan,
2021). Therefore, the most logical and ecologically sound strategy
is to identify indigenous fungi that can accelerate the natural
remediation process. The rationale for using indigenous strains
is further supported by studies showing that fungi isolated from
contaminated sites are more effective degraders than those from
2021). The

chronic exposure to hydrocarbons in polluted soils selects for

pristine environments (Benguenab and Chibani,

fungal populations with enhanced metabolic capabilities for

these compounds (Benguenab and Chibani, 2021). For example,
studies in Nigeria have successfully isolated and identified potent
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hydrocarbon-degrading fungi such as Aspergillus oryzae and Mucor
irregularis directly from contaminated fields, confirming their
adaptation and efficacy (Asemoloye et al., 2017). Focusing on these
pre-adapted, native fungi avoids the ecological risks associated with
introducing non-native species and leverages the power of natural
selection to find the most effective agents for bioremediation.

5 A framework for future research and
sustainable implementation

5.1 Key research imperatives

To translate the promise of mycoremediation into a robust,
field-ready technology for the Niger Delta, a targeted research
agenda is required. A primary imperative is the development
of synergistic fungal-bacterial consortia specifically tailored
to the region’s contaminants and environmental conditions,
moving beyond single-organism approaches to harness the power
of microbial teamwork (Weietal., 2024; Atakpaetal, 2022).
Concurrently, research must address the critical knowledge gap
concerning the interactive effects of matric and solute water
potential on remediation efficacy, as understanding this master
variable is key to optimizing performance in a fluctuating
climate. Finally, a shift in monitoring is needed, integrating
advanced tools such as metagenomic sequencing to track microbial
community dynamics and functional gene expression, rather
than relying solely on the decline of TPH (Khanafer etal,
2025; Songetal.,, 2022). Recent research has underscored the
superior performance of mixed microbial communities over
pure cultures for degrading complex hydrocarbon mixtures
(Wei et al., 2024). Fungal-bacterial consortia have demonstrated
significantly higher degradation capacity for both TPH and
recalcitrant PAHs, with some studies reporting over 93% removal
(Silva Monteiro et al., 2024). Future research should focus on
identifying and constructing optimal consortia from indigenous
Niger Delta microbes (Khanafer et al., 2025; Atakpa et al., 2022),
exploring the synergistic mechanisms at play, and using advanced
tools like metagenomics to understand community dynamics and
optimize performance for field applications.

5.2 Implementation strategy for
community-based mycoremediation

A practical pathway for implementation should follow a
phased approach, beginning with comprehensive bioprospecting
to identify the most potent indigenous fungal strains from
contaminated sites across the Niger Delta (Giwa et al., 2023). This
discovery phase should be followed by lab-scale optimization of
cultivation and application techniques, pilot-scale field trials to
validate efficacy under real-world conditions, and finally, full-
scale deployment (Giwa etal., 2023). Critically, this framework
should be built on a decentralized, community-based model.
Mycoremediation is a low-cost, low-technology approach that can
utilize locally available substrates, making it exceptionally well-
suited to empower local communities to take ownership of the
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cleanup process, which can foster local enterprise and ensure the
long-term sustainability of restoration efforts (Giwa et al., 2023).
A key element of this strategy is the use of low-cost, locally
available organic materials as substrates and amendments. Spent
Mushroom Substrate (SMS), the residual material from mushroom
cultivation, is a prime example of a valuable resource that can be
repurposed for bioremediation (Gupta et al., 2024; Mayans et al.,
2024). SMS is rich in nutrients, fungal mycelia, and extracellular
enzymes, making it an effective biofertilizer and remediation
agent (Mayans et al., 2024). Similarly, other agricultural wastes,
such as micronized keratinous wastes (human hair and chicken
feathers), have been shown to act as effective biostimulants and
bio-carriers, achieving over 90% TPH removal in polluted soil
(Ossai et al., 2022). Integrating these waste-valorisation strategies
into a community-based model can create a circular economy,
turning agricultural waste into a tool for environmental restoration.

5.3 Mycoremediation

Ultimately, mycoremediation should be framed not only as
a technically robust solution but as a transformative technology
with the potential to advance environmental justice and restore
livelihoods in the Niger Delta (Ujuagu et al., 2025). The decades
of pollution have destroyed the traditional subsistence economies
of farming and fishing, creating a cycle of poverty and
disenfranchisement (Ordinioha and Brisibe, 2013). By offering a
low-cost, accessible, and effective means to restore contaminated
lands and waters, mycoremediation provides a direct pathway
to reviving these local economies. Adopting this decentralized
technology represents an opportunity to break the “paradox of
plenty” and empower communities, positioning it as a powerful
tool for achieving both ecological restoration and social equity in
one of the world’s most critically polluted regions.

The industrial pollution in Africa has imposed severe
health  burdens
vulnerable populations, perpetuating cycles of poverty and
2025). the
Niger Delta, this has manifested as a loss of livelihoods,

and socio-economic consequences on

environmental degradation (Ujuagu etal, In
forced migration, and social unrest fueled by the destruction
of natural resources (Ujuaguetal, 2025). By providing a
that

mycoremediation offers a pathway to reclaim environmental

tool local communities can implement themselves,
sovereignty. Empowering communities to restore their own
land and water resources can help rebuild local economies,
improve food security, and address the deep-seated social
injustices that have characterized the region’s history with the

oil industry.

5.4 Current challenges

The challenges of biological remediation strategies have been
highlighted by (Azuazuetal., 2023), where the drawbacks and
management of biological techniques were effectively explained.
One of the drawbacks of bioaugmentation methods is the lack
of soil tests to evaluate the availability of hydrocarbon-utilizing
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microbes. The suggested mitigation was to use a combination
of indigenous microbes singly or in combination in soils to
enhance degradation (Chen et al.,, 2020). Nevertheless, a potential
solution to this issue could be utilizing microbial strains extracted
directly from crude oil. This approach represents a novel and
exploratory avenue, as current literature lacks studies explicitly
focused on bioremediation through such microbial isolates. The
effectiveness of biostimulation techniques faces hurdles, including
the improper or excessive application of fertilizers, leading to
disproportionate nutrient availability for microbes, the challenge
of securing sufficient quantities of fertilizers due to their high
costs, and the influence of uncontrollable environmental variables.
These challenges could be addressed by acknowledging that the
ideal carbon:nitrogen:phosphorus (C:N:P) ratio of 100:10:1 might
not universally apply in extensive remediation efforts. This is due
to the variability in site-specific factors like soil characteristics,
contaminant makeup, and pre-existing microbial populations. Both
overapplication and underapplication of nutrients can impede the
biodegradation process (Coulon et al., 2012). Nutrient limitation
assessment should be carried out to supplement the specific
nutrient needed in the right quantity/ratio to save time, resources,
and cost. The challenges in implementing bioremediation in
the Niger Delta exist even with the implementation of 2
major remediation projects. The first initiative, commissioned
by the Nigerian Government in response to the UNEP report,
involves Hydrocarbon Pollution Remediation Project (HYPREP)
this was set up by the federal government of Nigeria to
restore and revitalize communities impacted by hydrocarbon
pollution, with a primary focus on the Ogoniland region.
This extensive effort is projected to span 20 to 30 years to
achieve complete ecological restoration. The second environmental
remediation endeavor is the Bodo Creek project, spearheaded
by the Shell Petroleum Development Company of Nigeria
(SPDC). This project stems from an out-of-court settlement
in the Bodo Vs SPDC case of 2013 projects have opted for
a bioremediation strategy, as evidenced by studies conducted
by Gbarakoro and Bello (2022), and Sam et al. (2022). However,
UNEP (2011) indicate that sites remediated and certified by
HYPREP still contain elevated contaminants, posing ongoing
risks to the local population. Despite remediation interventions,
Thunwo et al. (2021) found that total petroleum hydrocarbons
(TPH) were present in Woji Creek, with concentrations ranging
from 1.010 to 3.639 mg/L in surface water and 3.162 to 8.758
mg/kg in sediments, highlighting ongoing ecological and potential
human health concerns along the creek. Therefore, there is a
pressing need to explore alternatives to make meaningful progress
in environmental restoration.

Recent studies in the Niger Delta have shed light on
the effectiveness of saprobic fungi and various bacterial
groups in cleaning up soils contaminated with hydrocarbons,
showcasing the capacity for natural pollutant breakdown.
Research has particularly pointed out fungi like Aspergillus
oryzae and Mucor irregularis (Asemoloye et al.,, 2020), for their
resilience to used engine oil and their superior hydrocarbon
decomposition abilities, highlighted by considerable enzyme
activities, notably in laccase. Such discoveries open up valuable
opportunities for using local microbial communities to treat
oil-contaminated soils.
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Together, these findings underline the critical function of
microbial populations in breaking down hydrocarbons and the
need to fine-tune bioremediation methods to leverage these natural
mechanisms effectively. However, applying these research insights
to real-world clean-up efforts poses a challenge. It calls for a
comprehensive strategy that merges understanding of microbes
with sustainable environmental management practices to mitigate
the complex pollution problems in the Niger Delta effectively, while
these studies were crucial for understanding bioremediation in the
Niger Delta, the challenge lies in implementing these findings in
actual field applications.

6 Conclusions

The profound and persistent environmental crisis in Nigeria’s
Niger Delta, driven by decades of crude oil contamination,
demands an urgent and fundamental re-evaluation of prevailing
restoration strategies. Current approaches, particularly the reliance
on surface-level bacterial bioremediation, have demonstrably
failed, producing a catastrophic performance gap due to a core
technical flaw a “depth mismatch” with the deep, aged, and
recalcitrant nature of the pollution. This review posits that
mycoremediation offers a strategically superior paradigm, one
that is uniquely aligned with the specific challenges of the region.
Fungi possess a multi-faceted advantage, combining the deep soil
penetration of their mycelial networks, a powerful and non-specific
enzymatic arsenal for degrading complex hydrocarbons, and the
ability to form synergistic consortia with bacteria. Furthermore,
mycoremediation exhibits a remarkable ecological congruence
with the Niger Delta’s environment, as the region’s acidic, saline,
and mesophilic conditions naturally favor fungal dominance.
However, despite these advantages, oil pollution remains a
prominent and unresolved issue in the region, underscoring
Field-
scale implementation faces challenges including environmental

important translational and operational limitations.
heterogeneity, fluctuating abiotic stressors, competition with
indigenous microbial communities, variability in contaminant
composition, and uncertainties regarding long-term fungal
establishment and stability. Large-scale inoculum production,
controlled delivery into contaminated subsurface zones, and
sustained monitoring frameworks remain insufficiently developed.
Furthermore, limited long-term field validation and integration
into regulatory remediation standards have constrained widespread
adoption. These limitations highlight that mycoremediation, while
promising, is not a standalone remedy but requires rigorous
field optimisation, integrated remediation design, and stronger
alignment between research, policy, and regulatory institutions.
Moreover, translating this potential into large-scale field
success requires a realistic appraisal of implementation constraints.
Competition with indigenous microbiota may limit fungal
establishment, and fungi generally exhibit slower intrinsic growth
rates than many hydrocarbon-degrading bacteria, potentially
affecting early-stage degradation kinetics. Large-scale production
and field delivery of fungal inoculum remain technically
challenging, particularly for specialized hydrocarbonoclastic
species that lack established cultivation systems. Many degradative
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fungi do not have scalable propagation frameworks. Furthermore,
some ligninolytic fungi require lignocellulosic amendments to
stimulate enzyme production, necessitating soil mixing and
limiting fully in situ applications, although certain species
such as Trichoderma harzianum may colonize soils without
such amendments.

Mycoremediation should therefore be viewed not as a
universal remedy, but as a strategically valuable component

within an integrated remediation portfolio.  Targeted
bioprospecting of indigenous strains, improved inoculum
production  systems, and robust field-scale validation,
fungal-based approaches hold meaningful potential to
contribute to ecological restoration, livelihood recovery,
and environmental justice in this globally significant

oil-producing region.

Data availability statement

All the data supporting this study are included within the article
and/or supporting materials.

Author contributions

Data
administration,

MS:  Conceptualization, curation,
Methodology,

Validation, Visualization, Writing - original draft, Writing -

Investigation,

Project Resources, Software,
review & editing. AT: Writing - original draft, Writing - review &
editing. RP-S: Conceptualization, Supervision, Validation, Writing
- review & editing. FC: Conceptualization, Supervision, Validation,
Writing - review & editing. AM: Conceptualization, Supervision,

Validation, Writing - review & editing.

Funding

The author(s) declared that financial support was received
for this work and/or its publication. This research received grant

References

AbuQamar, S. F., Abd El-Fattah, H. I, Nader, M. M., Zaghloul, R. A., Abd El-
Mageed, T. A., Selim, S., et al. (2023). Exploiting fungi in bioremediation for
cleaning-up emerging pollutants in aquatic ecosystems. Mar. Environ. Res. 190:106068.
doi: 10.1016/j.marenvres.2023.106068

Adesipo, A. A., Freese, D., and Nwadinigwe, A. O. (2020). Prospects of in-
situ remediation of crude oil contaminated lands in Nigeria. Sci. Afr. 8:00403.
doi: 10.1016/j.sciaf.2020.e00403

Ahmad, J., Marsidi, N., Sheikh Abdullah, S. R., Hasan, H. A., Othman, A. R,
Ismail, N, et al. (2024). Integrating phytoremediation and mycoremediation with
biosurfactant-producing fungi for hydrocarbon removal and the potential production
of secondary resources. Chemosphere 349:140881. doi: 10.1016/j.chemosphere.2023.
140881

Akpasi, S. O., Anekwe, I. M. S., Tetteh, E. K., Amune, U. O., Shoyiga, H. O., Mahlangu,
T. P., et al. (2023). Mycoremediation as a potentially promising technology: current
status and prospects-a review. Appl. Sci. 13:4978. doi: 10.3390/app13084978

Frontiers in Microbiology

13

10.3389/fmicb.2026.1809066

from Nigerian Petroleum Technology Development Fund, Grant
number: POSS7924897315.

Acknowledgments

The authors would like to express their heartfelt appreciation to
the late Professor Naresh Magan and the entire Mycology Research
Group for their invaluable guidance, support, and inspiration
throughout the research journey.

Conflict of interest

The author(s) declared that this work was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declared that generative AI was not used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in
this article has been generated by Frontiers with the support of
artificial intelligence and reasonable efforts have been made to
ensure accuracy, including review by the authors wherever possible.
If you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Al-Dhabaan, F. A. (2021). Mycoremediation of crude oil contaminated soil by
specific fungi isolated from Dhahran in Saudi Arabia. Saudi J. Biol. Sci. 28, 73-77.
doi: 10.1016/j.5jbs.2020.08.033

Ali Redha, A. (2020). Removal of heavy metals from aqueous media by biosorption.
Arab. ]. Basic Appl. Sci. 27, 183-193. doi: 10.1080/25765299.2020.1756177

Ali, A, Guo, D, Mahar, A, Wang, P, Shen, F, Li, R, et al. (2017).
Mycoremediation of potentially toxic trace elements-a biological tool for
soil cleanup: a review. Pedosphere 27, 205-222. doi: 10.1016/S1002-0160(17)
60311-4

Aranda, E. (2016). Promising approaches towards biotransformation of polycyclic
aromatic hydrocarbons with Ascomycota fungi. Curr. Opin. Biotechnol. 38, 1-8.
doi: 10.1016/j.copbio.2015.12.002

Aransiola, S. A., Zobeashia, S. S. L.-T., Ikhumetse, A. A., Musa, O. L, Abioye,
O. P, Jjah, U. J. J, et al. (2024). Niger Delta mangrove ecosystem: biodiversity,

frontiersin.org


https://doi.org/10.3389/fmicb.2026.1809066
https://doi.org/10.1016/j.marenvres.2023.106068
https://doi.org/10.1016/j.sciaf.2020.e00403
https://doi.org/10.1016/j.chemosphere.2023.140881
https://doi.org/10.3390/app13084978
https://doi.org/10.1016/j.sjbs.2020.08.033
https://doi.org/10.1080/25765299.2020.1756177
https://doi.org/10.1016/S1002-0160(17)60311-4
https://doi.org/10.1016/j.copbio.2015.12.002
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Shuaib et al.

past and present pollution, threat and mitigation. Reg. Stud. Mar. Sci. 75:103568.
doi: 10.1016/j.rsma.2024.103568

Asemoloye, M. D., Ahmad, R, and Jonathan, S. G. (2017). Synergistic
action of rhizospheric fungi with Megathyrsus maximus root speeds up
hydrocarbon degradation kinetics in oil polluted soil. Chemosphere 187, 1-10.
doi: 10.1016/j.chemosphere.2017.07.158

Asemoloye, M. D., Tosi, S., Dacco, C., Wang, X., Xu, S., Marchisio, M. A, et al. (2020).
Hydrocarbon degradation and enzyme activities of aspergillus oryzae and mucor
irregularis isolated from nigerian crude oil-polluted sites. Microorganisms 8:1912.
doi: 10.3390/microorganisms8121912

Atakpa, E. O., Zhou, H., Jiang, L., Ma, Y., Liang, Y., Li, Y., et al. (2022). Improved
degradation of petroleum hydrocarbons by co-culture of fungi and biosurfactant-
producing bacteria. Chemosphere 290:133337. doi: 10.1016/j.chemosphere.2021.133337

Azin, E., Jenab, K, and Moghimi, H. (2022). Biodegradation of crude oil by
a halotolerant and biosurfactant producing strain of Mucor circinelloides in
different microcosm conditions. Int. J. Environ. Anal. Chem. 102, 7199-7208.
doi: 10.1080/03067319.2020.1828385

Azuazu, I. N, Sam, K., Campo, P., and Coulon, F. (2023). Challenges and opportunities
for low-carbon remediation in the Niger Delta: towards sustainable environmental
management. Sci. Total Environ. 900:165739. doi: 10.1016/j.scitotenv.2023.165739

Barenblitt, A., Fatoyinbo, L., Thomas, N., Stovall, A., de Sousa, C., Nwobi, C., et al.
(2024). Invasion in the Niger Delta: remote sensing of mangrove conversion to
invasive Nypa fruticans from 2015 to 2020. Remote. Sens. Ecol. Conserv. 10, 5-23.
doi: 10.1002/rse2.353

Benguenab, A., and Chibani, A. (2021). Biodegradation of petroleum hydrocarbons
by filamentous fungi (Aspergillus ustus and Purpureocillium lilacinum)
isolated from used engine oil contaminated soil. Acta Ecol. Sin. 41, 416-423.
doi: 10.1016/j.chnaes.2020.10.008

Cabello-Torres, R., Yaya-Chileno, L., Alegria-Amedo, M. C., Romero-Cabello, E.
A., Castaiieda-Olivera, C., Valdiviezo-Gonzales, L., et al. (2023). “Biodegradation of
n-alkanes by Pseudomonas aeruginosa and actinobacterial (indigenous bacteria) in
bilge water,” IEEE Seventh Ecuador Technical Chapters Meeting (Ambato: IEEE), 1-5.
doi: 10.1109/ETCM58927.2023.10308806

Chen, W., Kong, Y., Li, J, Sun, Y., Min, J., Hu, X,, et al. (2020). Enhanced
biodegradation of crude oil by constructed bacterial consortium comprising
salt-tolerant petroleum degraders and biosurfactant producers. Int. Biodeterior.
Biodegradation. 154:105047. doi: 10.1016/j.ibiod.2020.105047

Climate Diplomacy (2026). Niger Delta, Nigeria: Shell’s Pollution. Available online
at:  https://climate-diplomacy.org/case- studies/niger- delta- nigeria- shells- pollution
(accessed January 16, 2026).

Coulon, F., Brassington, K. J., Bazin, R,, Linnet, P. E., Thomas, K. A., Mitchell, T. R.,
et al. (2012). Effect of fertilizer formulation and bioaugmentation on biodegradation
and leaching of crude oils and refined products in soils. Environ. Technol. 33,
1879-1893. doi: 10.1080/09593330.2011.650221

Covino, S., Stella, T., D’Annibale, A., Lladd, S., Baldrian, P., Cvancarovd, M.,
et al. (2016). Comparative assessment of fungal augmentation treatments of a fine-
textured and historically oil-contaminated soil. Sci. Total Environ. 566-567, 250-259.
doi: 10.1016/j.scitotenv.2016.05.018

da Rocha, A. B., de Aquino Saraiva, R., de Siqueira, V. M., Yogui, G. T., de Souza
Bezerra, R., de Assis, C. R. D,, et al. (2023). Shrimp laccase degrades polycyclic aromatic
hydrocarbons from an oil spill disaster in Brazil: a tool for marine environmental
bioremediation. Mar. Pollut. Bull. 194:115445. doi: 10.1016/j.marpolbul.2023.115445

Dacco, C., Girometta, C., Asemoloye, M. D., Carpani, G., Picco, A. M., Tosi, S.,
et al. (2020). Key fungal degradation patterns, enzymes and their applications for
the removal of aliphatic hydrocarbons in polluted soils: a review. Int. Biodeterior.
Biodegradation 147:104866. doi: 10.1016/j.ibiod.2019.104866

De Santis, A., Corbo, M. R, Racioppo, A., Bevilacqua, A., and Sinigaglia,
M. (2026). PRISMA-based review of Pseudomonas spp. in microbial heavy-
metal bioremediation: mechanisms and taxonomy. Front. Microbiol. 17:1760258.
doi: 10.3389/fmicb.2026.1760258

Dickson, U. J., Coffey, M., Mortimer, R. J. G., Di Bonito, M., and Ray, N.
(2019). Mycoremediation of petroleum contaminated soils: progress, prospects and
perspectives. Environ. Sci. Process. Impacts. 21, 1446-1458. doi: 10.1039/C9EM00101H

Dinakarkumar, Y., Ramakrishnan, G., Gujjula, K. R,, Vasu, V., Balamurugan, P.,
Murali, G., et al. (2024). Fungal bioremediation: an overview of the mechanisms,
applications and future perspectives. Environ. Chem. Ecotoxicol. 6, 293-302.
doi: 10.1016/j.enceco.2024.07.002

Ezekoye, C. C., Chikere, C. B., and Okpokwasili, G. C. (2018). Fungal diversity
associated with crude oil-impacted soil undergoing in-situ bioremediation. Sustain.
Chem. Pharm. 10, 148-152. doi: 10.1016/.scp.2018.11.003

Fallahi, M., Sarempour, M., and Mirzadi Gohari, A. (2023). Potential biodegradation of
polycyclic aromatic hydrocarbons (PAHs) and petroleum hydrocarbons by indigenous
fungi recovered from crude oil-contaminated soil in Iran. Sci. Rep. 13:22153.
doi: 10.1038/541598-023-49630-z

Fontana, L. F., Belart, P., Bonetti, C., Junior, D. S., Frontalini, F., Martinez-Col6n, M.,
et al. (2024). Foraminifera and geomicrobiology as indicators of the environmental

Frontiers in Microbiology

10.3389/fmicb.2026.1809066

recovery in a mangrove affected by oil spills in the Guanabara Bay (Brazil). Sci. Total
Environ. 957:177650. doi: 10.1016/j.scitotenv.2024.177650

Gaid, M., Popke, D., Reinhard, A., Berzhanova, R., Mukasheva, T., Urich, T,
et al. (2023). Characterization of the mycoremediation of n-alkanes and branched-
chain alkanes by filamentous fungi from oil-polluted soil samples in Kazakhstan.
Microorganisms 11:2195. doi: 10.3390/microorganisms11092195

Gargouri, B., Mhiri, N., Karray, F., Aloui, F., and Sayadi, S. (2015). Isolation and
characterization of hydrocarbon-degrading yeast strains from petroleum contaminated
industrial wastewater. Biomed. Res. Int. 2015, 1-11. doi: 10.1155/2015/929424

Gbarakoro, T. N., and Bello, A. D. (2022). Assessment of the concentration of
petroleum hydrocarbon in oily wastes residual ash at bodo-ogoni remediation site,
Nigeria. J. Geosci. Environ. Prot. 10, 1-15. doi: 10.4236/gep.2022.105001

Geetha, N., Bhavya, G., Abhijith, P., Shekhar, R., Dayananda, K., Jogaiah, S., et al.
(2021). Insights into nanomycoremediation: secretomics and mycogenic biopolymer
nanocomposites for heavy metal detoxification. J. Hazard. Mater. 409:124541.
doi: 10.1016/j.jhazmat.2020.124541

Giwa, A., Chalermthai, B., Shaikh, B., and Taher, H. (2023). Green dispersants for
oil spill response: a comprehensive review of recent advances. Mar. Pollut. Bull.
193:115118. doi: 10.1016/j.marpolbul.2023.115118

Gouma, S., Fragoeiro, S., Bastos, A. C., and Magan, N. (2014). Bacterial and Fungal
Bioremediation Strategies. Oxford: Elsevier. doi: 10.1016/B978-0-12-800021-2.00013-3

Gross, S., and Robbins, E. I. (2000). Acidophilic and acid-tolerant fungi and yeasts.
Hydrobiologia 433, 91-109. doi: 10.1023/A:1004014603333

Gupta, G., Maurya, S, Jha, P. N, and Chauhan, P. S. (2024). Valorization of Spent
Mushroom Substrate (SMS) as a sustainable approach to remediation of xenobiotic
compounds in groundwater - a comprehensive review. Groundw. Sustain. Dev.
26:101290. doi: 10.1016/j.gsd.2024.101290

Hesnawi, R. M., and Mogadami, F. S. (2013). Bioremediation of libyan crude oil-
contaminated soil under mesophilic and thermophilic conditions. APCBEE Procedia
5, 82-87. doi: 10.1016/j.apcbee.2013.05.015

Thunwo, O. C., Onyema, M. O., Wekpe, V. O., Okocha, C., Shahabinia, A.
R, Emmanuel, L., et al. (2021). Ecological and human health risk assessment
of total petroleum hydrocarbons in surface water and sediment from Woji
Creek in the Niger Delta Estuary of Rivers State, Nigeria. Heliyon 7:€07689.
doi: 10.1016/j.heliyon.2021.e07689

Jenab, K., Moghimi, H., and Azin, E. (2023). Crude oil and pyrene degradation by
halotolerant fungi Embellisia sp. KJ59 and Alternaria sp. KJ66 isolated from saline soils.
Int. J. Environ. Anal. Chem. 103, 5453-5464. doi: 10.1080/03067319.2021.1939023

Jumbo, R. B., Coulon, F., Cowley, T., Azuazu, I, Atai, E., Bortone, I, et al. (2022).
Evaluating different soil amendments as bioremediation strategy for wetland soil
contaminated by crude oil. Sustainability 14:16568. doi: 10.3390/su142416568

Khanafer, M., Almutairi, A., and Al-Awadhi, H. (2025). Enhancing bioremediation
in desert soils: comparative impacts of water- and sewage -effluent-irrigation
on oil degradation and microbial dynamics. J. Environ. Manage. 389:126196.
doi: 10.1016/j.jenvman.2025.126196

Korneykova, M. V., Myazin, V. A., Fokina, N. V., and Chaporgina, A. A. (2021).
Bioremediation of soil of the kola Peninsula (murmansk region) contaminated with
diesel fuel. Geogr. Environ. Sustain. 14, 171-176. doi: 10.24057/2071-9388-2019-170

Lawniczak, L., Wozniak-Karczewska, M., Loibner, A. P., Heipieper, H. J., and
Chrzanowski, L. (2020). Microbial degradation of hydrocarbons-basic principles for
bioremediation: a review. Molecules 25:856. doi: 10.3390/molecules25040856

Magan, N. (2007). “Fungi in extreme environments,” in Environmental and Microbial
Relationships, eds. C. Kubicek and I. Druzhinina (Berlin, Heidelberg: Springer Berlin
Heidelberg), 85-103.

Magan, N., Gouma, S., Fragoeiro, S., Shuaib, M. E., and Bastos, A. C. (2022). “Bacterial
and fungal bioremediation strategies,” in Microbial Biodegradation and Bioremediation
(Amsterdam: Elsevier), 193-212. doi: 10.1016/B978-0-323-85455-9.00028-X

Mayans, B., Antén-Herrero, R., Garcia-Delgado, C., Delgado-Moreno, L., Guirado, M.,
Pérez-Esteban, J., et al. (2024). Bioremediation of petroleum hydrocarbons polluted soil
by spent mushroom substrates: microbiological structure and functionality. J. Hazard.
Mater. 473:134650. doi: 10.1016/j.jhazmat.2024.134650

Navina, B. K., Velmurugan, N. K., Senthil Kumar, P., Rangasamy, G., Palanivelu, J.,
Thamarai, P., et al. (2024). Fungal bioremediation approaches for the removal of
toxic pollutants: mechanistic understanding for biorefinery applications. Chemosphere
350:141123. doi: 10.1016/j.chemosphere.2024.141123

Njoku, K., Yussuf, A., Akinola, M., Adesuyi, A., Jolaoso, A., Adedokun, A, et al. (2017).
Mycoremediation of petroleum hydrocarbon polluted soil by Pleurotus pulmonarius.
EJESM 9:865. doi: 10.4314/ejesm.v9il.6s

NUPRC (2024). Nigerian Upstream Petroleum, Regulatory Commission (NUPRC).
Available online at: https://www.nuprc.gov.ng/wp-content/uploads/2025/06/2024-
Nuprc- Annual-Report- Public- Copy.pdf (accessed January 16, 2026).

Okeke, E. S., Okoye, C. O., Chidike Ezeorba, T. P., Mao, G., Chen, Y., Xu, H,, et al.
(2022). Emerging bio-dispersant and bioremediation technologies as environmentally
friendly management responses toward marine oil spill: a comprehensive review. J.
Environ. Manage. 322:116123. doi: 10.1016/j.jenvman.2022.116123

frontiersin.org


https://doi.org/10.3389/fmicb.2026.1809066
https://doi.org/10.1016/j.rsma.2024.103568
https://doi.org/10.1016/j.chemosphere.2017.07.158
https://doi.org/10.3390/microorganisms8121912
https://doi.org/10.1016/j.chemosphere.2021.133337
https://doi.org/10.1080/03067319.2020.1828385
https://doi.org/10.1016/j.scitotenv.2023.165739
https://doi.org/10.1002/rse2.353
https://doi.org/10.1016/j.chnaes.2020.10.008
https://doi.org/10.1109/ETCM58927.2023.10308806
https://doi.org/10.1016/j.ibiod.2020.105047
https://climate-diplomacy.org/case-studies/niger-delta-nigeria-shells-pollution
https://doi.org/10.1080/09593330.2011.650221
https://doi.org/10.1016/j.scitotenv.2016.05.018
https://doi.org/10.1016/j.marpolbul.2023.115445
https://doi.org/10.1016/j.ibiod.2019.104866
https://doi.org/10.3389/fmicb.2026.1760258
https://doi.org/10.1039/C9EM00101H
https://doi.org/10.1016/j.enceco.2024.07.002
https://doi.org/10.1016/j.scp.2018.11.003
https://doi.org/10.1038/s41598-023-49630-z
https://doi.org/10.1016/j.scitotenv.2024.177650
https://doi.org/10.3390/microorganisms11092195
https://doi.org/10.1155/2015/929424
https://doi.org/10.4236/gep.2022.105001
https://doi.org/10.1016/j.jhazmat.2020.124541
https://doi.org/10.1016/j.marpolbul.2023.115118
https://doi.org/10.1016/B978-0-12-800021-2.00013-3
https://doi.org/10.1023/A:1004014603333
https://doi.org/10.1016/j.gsd.2024.101290
https://doi.org/10.1016/j.apcbee.2013.05.015
https://doi.org/10.1016/j.heliyon.2021.e07689
https://doi.org/10.1080/03067319.2021.1939023
https://doi.org/10.3390/su142416568
https://doi.org/10.1016/j.jenvman.2025.126196
https://doi.org/10.24057/2071-9388-2019-170
https://doi.org/10.3390/molecules25040856
https://doi.org/10.1016/B978-0-323-85455-9.00028-X
https://doi.org/10.1016/j.jhazmat.2024.134650
https://doi.org/10.1016/j.chemosphere.2024.141123
https://doi.org/10.4314/ejesm.v9i1.6s
https://www.nuprc.gov.ng/wp-content/uploads/2025/06/2024-Nuprc-Annual-Report-Public-Copy.pdf
https://www.nuprc.gov.ng/wp-content/uploads/2025/06/2024-Nuprc-Annual-Report-Public-Copy.pdf
https://doi.org/10.1016/j.jenvman.2022.116123
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Shuaib et al.

Onyena, A. P, and Sam, K. A. (2020). review of the threat of oil exploitation
to mangrove ecosystem: insights from Niger Delta, Nigeria. Glob. Ecol. Conserv.
22:¢00961. doi: 10.1016/j.gecco.2020.e00961

Ordinioha, B., and Brisibe, S. (2013). The human health implications of crude oil spills
in the Niger delta, Nigeria: an interpretation of published studies. Niger. Med. J. 54:10.
doi: 10.4103/0300-1652.108887

Ossai, I. C., Hamid, F. S., and Hassan, A. (2022). Micronised keratinous wastes
as co-substrates, and source of nutrients and microorganisms for trichoremediation
of petroleum hydrocarbon polluted soil. Biocatal. Agric. Biotechnol. 43:102346.
doi: 10.1016/j.bcab.2022.102346

Sam, K., Zabbey, N., and Onyena, A. P. (2022). Implementing contaminated land
remediation in Nigeria: insights from the Ogoni remediation project. Land Use Policy
115:106051. doi: 10.1016/j.landusepol.2022.106051

Sam, K., Zabbey, N., Vincent-Akpu, I. F., Komi, G., Onyagbodor, P. O., Babatunde, B.
B., et al. (2024). Socio-economic baseline for oil-impacted communities in Ogoniland:
towards a restoration framework in Niger Delta, Nigeria. Environ. Sci. Pollut. Res. 31,
25671-25687. doi: 10.1007/s11356-024-32805-0

Sanches, S., Martins, M., Silva, A. F., Galinha, C. F., Santos, M. A., Pereira, I. A. C.,
et al. (2017). Bioremoval of priority polycyclic aromatic hydrocarbons by a microbial
community with high sorption ability. Environ. Sci. Pollut. Res. 24, 3550-3561.
doi: 10.1007/s11356-016-8014-1

Sar, T., Marchlewicz, A., Harirchi, S., Mantzouridou, F. T., Hosoglu, M. I, Akbas, M. Y.,
et al. (2024). Resource recovery and treatment of wastewaters using filamentous fungi.
Sci. Total Environ. 951:175752. doi: 10.1016/j.scitotenv.2024.175752

Shang, Y., Wang, Y., Zhang, N., Liu, F., Ding, M., Yuan, Y., et al. (2024). Construction
of Yarrowia lipolytica and microbial consortia for degradation of n-hexadecane. J.
Environ. Chem. Eng. 12:113209. doi: 10.1016/j.jece.2024.113209

Shi, J., Jiang, J., Chen, Q., Wang, L., Nian, K., Long, T., et al. (2023). Production of
higher toxic intermediates of organic pollutants during chemical oxidation processes: a
review. Arab. J. Chem. 16:104856. doi: 10.1016/j.arabjc.2023.104856

Silva Monteiro, J. P., da Silva, A. F., Delgado Duarte, R. T., and José Giachini, A. (2024).
Exploring novel fungal-bacterial consortia for enhanced petroleum hydrocarbon
degradation. Toxics 12:913. doi: 10.3390/toxics12120913

Sonbhadra, S., and Pandey, L. M. (2025). Exploring marine and psychrophilic
bacteria for biosurfactant production and oil spill mitigation. Bioresour. Technol. Rep.
32:102303. doi: 10.1016/j.biteb.2025.102303

Song, Q., Zhang, Y., Ju, C, Zhao, T, Meng, Q. Cong, J, et al. (2024).
Microbial ~ strategies for effective microplastics biodegradation: insights
and innovations in environmental remediation. Environ. Res. 263:120046.
doi: 10.1016/j.envres.2024.120046

Frontiers in Microbiology

15

10.3389/fmicb.2026.1809066

Song, X., Zhang, B., Cao, Y., Liu, B, and Chen, B. (2022). Shrimp-waste based
dispersant as oil spill treating agent: biodegradation of dispersant and dispersed oil.
J. Hazard. Mater. 439:129617. doi: 10.1016/j.jhazmat.2022.129617

Sood, N., and Lal, B. (2009). Isolation of a novel yeast strain Candida
digboiensis TERI ASN6 capable of degrading petroleum hydrocarbons in acidic
conditions. J. Environ. Manage. 90, 1728-1736. doi: 10.1016/j.jenvman.2008.
11.026

Stanley, M., Palace, V., Grosshans, R., and Levin, D. B. (2022). Floating treatment
wetlands for the bioremediation of oil spills: a review. J. Environ. Manage. 317:115416.
doi: 10.1016/j.jenvman.2022.115416

Sun, X,, Pang, L., Wei, J.,, Fu, H,, Sun, J, Li, Y., et al. (2026). Floating immobilized
bacteria system based on alginate-biochar for crude oil adsorption-biodegradation. J.
Chem. Eng. 531:173842. doi: 10.1016/j.cej.2026.173842

Ujuagu, G. L, Ejeromedoghene, O., Oladoye, P. O., Okoye, C. O., Alli, Y. A,, Oladipo,
M. E,, et al. (2025). The ecotoxicity and social impacts of industrial pollution: insights
on intervention and bioremediation strategies in Africa. Environ. Pollut. Manag. 2,
227-244. doi: 10.1016/j.epm.2025.07.006

UNEP (2011). Environmental assessment of Ogoniland. Available online at: https://
Wwww.unep.org/resources/report/environmental- assessment- ogoniland (accessed
January 16, 2026).

UNPO (2026). Niger Delta - Unrepresented Nations and Peoples Organization. Available
online at: https://unpo.org/member/niger-delta/ (accessed January 16, 2026).

Wang, J., and Wang, S. (2021). Toxicity changes of wastewater during various
advanced oxidation processes treatment: an overview. J. Clean. Prod. 315:128202.
doi: 10.1016/j.jclepro.2021.128202

Wei, Z., Wei, Y., Liu, Y., Niu, S., Xu, Y., Park, J-. H,, et al. (2024). Biochar-based
materials as remediation strategy in petroleum hydrocarbon-contaminated soil and
water: performances, mechanisms, and environmental impact. J. Environ. Sci. 138,
350-372. doi: 10.1016/j.jes.2023.04.008

Wekpe, V. O., Whitworth, M., and Baily, B. (2024). Terrestrial environmental

sensitivity index mapping (TESIM) of the coastal areas of the Niger
Delta region of Nigeria. Sci. Afr. 24:e02152. doi: 10.1016/j.sciaf.2024.
€02152

Xu, J, Cao, Z., Chen, F, Li, Y, Dai, J, Zhang, X, et al. (2023). Fast
degradation of macro alkanes through activating indigenous bacteria using
biosurfactants produced by Burkholderia sp. Environ. Sci. Pollut. Res. 30, 64300-64312.
doi: 10.1007/s11356-023-26909-2

Xu, N., Bao, M., Sun, P, and Li, Y. (2013). Study on bioadsorption and biodegradation
of petroleum hydrocarbons by a microbial consortium. Bioresour. Technol. 149, 22-30.
doi: 10.1016/j.biortech.2013.09.024

frontiersin.org


https://doi.org/10.3389/fmicb.2026.1809066
https://doi.org/10.1016/j.gecco.2020.e00961
https://doi.org/10.4103/0300-1652.108887
https://doi.org/10.1016/j.bcab.2022.102346
https://doi.org/10.1016/j.landusepol.2022.106051
https://doi.org/10.1007/s11356-024-32805-0
https://doi.org/10.1007/s11356-016-8014-1
https://doi.org/10.1016/j.scitotenv.2024.175752
https://doi.org/10.1016/j.jece.2024.113209
https://doi.org/10.1016/j.arabjc.2023.104856
https://doi.org/10.3390/toxics12120913
https://doi.org/10.1016/j.biteb.2025.102303
https://doi.org/10.1016/j.envres.2024.120046
https://doi.org/10.1016/j.jhazmat.2022.129617
https://doi.org/10.1016/j.jenvman.2008.11.026
https://doi.org/10.1016/j.jenvman.2022.115416
https://doi.org/10.1016/j.cej.2026.173842
https://doi.org/10.1016/j.epm.2025.07.006
https://www.unep.org/resources/report/environmental-assessment-ogoniland
https://www.unep.org/resources/report/environmental-assessment-ogoniland
https://unpo.org/member/niger-delta/
https://doi.org/10.1016/j.jclepro.2021.128202
https://doi.org/10.1016/j.jes.2023.04.008
https://doi.org/10.1016/j.sciaf.2024.e02152
https://doi.org/10.1007/s11356-023-26909-2
https://doi.org/10.1016/j.biortech.2013.09.024
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

SPACE

https://dspace.org/

Mycelial frontiers: harnessing fungal morphological
superiority and enzymatic versatility for deep-soil crude
oil restoration in the Niger Delta

Shuaib, Maryam Eyya; Thakur, Aman; Parra-Saldivar, Roberto; Coulon,
Frederic; Medina, Angel

2026

Frontiers

https://doi.org/10.3389/fmicbh.2026.1809066

Shuaib ME, Thakur A, Parra-Saldivar R, et al., (2026) Mycelial frontiers: harnessing fungal
morphological superiority and enzymatic versatility for deep-soil crude oil restoration in the
Niger Delta. Frontiers in Microbiology, Volume 17, 2026, Article number 1809066

Downloaded from a DSpace repository. https://dspace.org/


https://dspace.org/
https://doi.org/10.3389/fmicb.2026.1809066
https://dspace.org

