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Abstract
Hydrocarbon contamination poses a major ecological challenge in the Niger Delta wetlands, disrupting
soil health and microbial balance. This study investigated fungal community diversity and structure in
hydrocarbon-polluted (PS-1) and unpolluted (UPS-3) wetland soils from Gokana, Niger Delta, using
shotgun metagenomic sequencing. Total petroleum hydrocarbon (TPH) concentration was significantly
higher in PS-1 (78.3 mg/kg) than in UPS-3 (10.8 mg/kg), exceeding the regulatory limit of 50 mg/kg. At
the phylum level, Ascomycota dominated both soils (> 99% relative abundance) but exhibited reduced
representation in PS-1, which showed a lower classification rate (18%) than UPS-3 (> 90%). The
unpolluted soil was dominated by Sordariomycetes (~ 99%) and Dothideomycetes (~ 1%), whereas these
classes were nearly absent in PS-1. At the family level, Ophiocordycipitaceae (~ 80%) predominated in
UPS-3, indicating a stable decomposer community, while PS-1 lacked consistent family representation.
Genus-level analysis revealed Purpureocillium (~ 85%) as dominant in UPS-3, while PS-1 contained
poorly classified or hydrocarbon-tolerant genera such as Aspergillus and Fusarium. The unpolluted soil
recorded higher diversity indices (Shannon = 8.4; Simpson = 0.97) compared to PS-1 (Shannon = 7.0;
Simpson = 0.98), confirming reduced fungal richness and evenness under hydrocarbon stress. Overall,
petroleum contamination suppressed sensitive saprotrophic fungi, favouring hydrocarbon-tolerant taxa,
but the persistence of Ascomycota suggests adaptive resilience and potential for natural attenuation in
contaminated wetland soils.

1.0 Introduction
Microbial degradation is one of the most promising natural pathways for the removal of petroleum
hydrocarbons from contaminated soils (Mekonnen et al., 2024; Mohanta et al., 2024; Sui et al., 2021).
According to Rani et al. (2024), fungi play key roles in hydrocarbon degradation due to their extensive
networks of extracellular and intracellular enzymes, which allow them to transform a broad spectrum of
hydrocarbon compounds. Fungi produce oxidative enzymes such as laccases (Roy et al., 2025),
manganese peroxidases (Barros do Nascimento et al., 2025), and cytochrome P450 monooxygenases
(Muhammed et al., 2025.), which convert hydrocarbons into less toxic intermediates and ultimately into
carbon dioxide and water (Yadav et al., 2025). These enzymatic mechanisms enable fungi to degrade
aliphatic hydrocarbons, aromatics, and complex PAHs, making them particularly valuable in
bioremediation strategies (Al-Hawash et al., 2018; Alao and Adebayo, 2022; Dave and Das, 2021).
Hydrocarbon pollutants, especially complex fractions like polycyclic aromatic hydrocarbons (PAHs), are
persistent, toxic, and difficult to eradicate through physical or chemical means alone, making microbial
remediation a critical natural process (Mekonnen et al., 2024; Singh et al., 2025). Fungi are integral
components of soil microbial communities, contributing to organic matter decomposition, nutrient
cycling, and symbiotic interactions with plants (Koshila et al., 2019; Zhu et al., 2024).

Previous studies on microbial responses to oil pollution in the Niger Delta have largely focused on
bacteria, while fungal communities remain understudied, particularly at high taxonomic resolution (De
Mello et al., 2023; Fenibo et al., 2024; Guarino et al., 2020; Sen et al., 2022). Wijayawardene et al (2021)
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highlighted that investigations in the region in most cases have relied on culture-dependent approaches,
which capture only a fraction of fungal diversity and often overlook rare or slow-growing taxa that may
play significant roles in hydrocarbon degradation. These traditional methods also provide limited insights
into community-level shifts, functional potential, and the interactions among taxa under pollution stress.
Philippot et al (2024) and Rodriguez-Ramos et al (2021), further emphasized that understanding these
shifts is essential because changes in fungal community composition can directly influence soil
ecosystem functioning, including nutrient cycling, organic matter decomposition, and pollutant
attenuation.

In this study, we investigated fungal diversity and community structure in hydrocarbon-polluted (PS-1)
and unpolluted control (UPS-3) soils from Gokana, Rivers State, Nigeria. Using shotgun metagenomic
sequencing, we aimed to characterize the taxonomic composition of fungal communities, quantify
diversity shifts, and identify taxa enriched under hydrocarbon stress, thereby highlighting the potential of
indigenous fungi for bioremediation of oil-polluted wetlands.

2.0 Materials and methods

2.1 Site description and sample collection
Samples were taken from crude oil polluted sites in K-Dere in Gokana Local Government area in the
community of Ogoni land (Fig. 1). These sites have experienced prolonged pollution from oil industry
facilities and exploration. Ogoni land covers over 1000 km2 in Rivers State, South South, Niger Delta,
Nigeria (Maina et al., 2024). Crude oil polluted and pristine soil samples were collected from various
points at depths of 0–15 cm and 15–30cm in triplicates using sterilized soil auger (GPS coordinates is
4.64514826N, 7.23794585E). Samples were immediately kept at 4°C in a cooler box and transported to
Production chemistry laboratory at Shell petroleum Development company (SPDC), Nigeria, for further
analyses.

2.2 Determination of Total Petroleum Hydrocarbon (TPH)
Concentrations
Total petroleum hydrocarbon (TPH) concentrations were quantified using Gas Chromatography–Flame
Ionization Detection (GC-FID) following standard protocols (USEPA Method 8015B, 2020). Briefly, 10 g of
air-dried soil was extracted with n-hexane and dichloromethane (1:1 v/v) by Soxhlet extraction for 16 h.
The extracts were concentrated using a rotary evaporator and analysed using an Agilent 7890B GC-FID
system equipped with a HP-5 capillary column (30 m × 0.32 mm × 0.25 µm). Calibration was performed
using a series of n-alkane standards (C₁₀–C₄₀). TPH concentrations were expressed in mg/kg dry weight.

2.3 DNA Extraction and Quantification
Total genomic DNA was extracted from 0.5 g of soil using the DNeasy PowerSoil Pro Kit (Qiagen, Hilden,
Germany) according to the manufacturer’s protocol. DNA purity and concentration were verified using a
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NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, USA) and agarose gel electrophoresis
(1%). High-quality DNA with an A₂₆₀/A₂₈₀ ratio between 1.8 and 2.0 was used for sequencing. All
extractions were performed in triplicate to ensure reproducibility.

2.4 Shotgun Metagenomic Library Preparation and
Sequencing
Sequencing libraries were prepared using the Nextera XT DNA Library Preparation Kit (Illumina, San
Diego, USA). Libraries were quantified using the Qubit dsDNA HS Assay Kit and normalized to 4 nM.
Paired-end sequencing (2 × 150 bp) was performed on the Illumina NovaSeq 6000 platform at Novogene
(Singapore) to generate high-throughput metagenomic reads. Raw reads were quality filtered to remove
adapters and low-quality bases (Phred score < 30) using Trimmomatic v0.39. Host and contaminant
reads were filtered out using Bowtie2 v2.5.0, and clean reads were retained for downstream analyses.

2.5 Bioinformatics and Taxonomic Analysis
High-quality reads were taxonomically classified using the Kraken2 pipeline (Wood et al., 2019) with the
NCBI RefSeq fungal genome database as reference. Unclassified reads were further analyzed using
MEGAN6 for hierarchical taxonomic assignment. Functional annotation was performed with HUMAnN3
to identify genes associated with hydrocarbon degradation pathways, including cytochrome P450
monooxygenases, peroxidases, and hydrolases.

Alpha diversity metrics (Shannon and Simpson indices) and beta diversity analyses were computed in
QIIME2 v2024.2. Statistical comparisons between polluted and unpolluted soils were performed using
one-way ANOVA (p < 0.05) in R v4.3.1. Visualization of taxonomic distributions was done with GraphPad
Prism v10.1 and R ggplot2 packages.

2.6 Data Quality Control and Validation
Negative extraction controls and sequencing blanks were included to monitor potential contamination.
All sequencing data were checked for quality using FastQC v0.12.1. Rarefaction curves were plotted to
assess sequencing depth sufficiency, ensuring even coverage across samples. The reproducibility of
biological replicates was confirmed using principal coordinate analysis (PCoA) plots.

3. 0 Results

3.1 Total Petroleum Hydrocarbon (TPH) Concentrations
The concentration of total petroleum hydrocarbons (TPH) differed markedly between the two sampling
sites. The hydrocarbon-polluted soil (PS-1) recorded a mean TPH concentration of 78.3 mg/kg, which
exceeded the Department of Petroleum Resources (DPR, Nigeria) regulatory limit of 50 mg/kg,
confirming petroleum contamination. In contrast, the unpolluted control soil (UPS-3) showed a
considerably lower TPH concentration of 10.8 mg/kg, indicating minimal hydrocarbon influence.
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3.2 Fungal Community Composition at the Phylum Level
At the phylum level in Fig. 3, Ascomycota dominated the fungal communities in both the polluted (PS-1)
and unpolluted (UPS-3) soils. Its relative abundance reached nearly 100% in the unpolluted soil,
indicating a healthy and diverse fungal assemblage, while in the polluted soil, Ascomycota remained
prevalent but with a markedly lower classification rate (18%), reflecting reduced diversity and sequencing
coverage.

3.3 Fungal Community Composition at the Class Level
At the class level in Fig. 4, Sordariomycetes dominated the unpolluted soil (UPS-3), accounting for nearly
99% of the classified reads, while Dothideomycetes contributed only about 1%. In contrast, the polluted
soil (PS-1) showed no distinct abundance patterns, consistent with its low classification rate (18%) and
reduced diversity.

3.4 Fungal Community Composition at the order Level
As shown in Fig. 5, the unpolluted soil (UPS-3) was dominated by Hypocreales, followed by Microascales
and Botryosphaeriales, which together accounted for over 85% of the classified fungal reads. In contrast,
the polluted soil (PS-1) showed no clear order-level structure and had a low classification rate (18%),
indicating reduced diversity.

3.5 Fungal Community Composition at the Family Level
At the family level in Fig. 5, the unpolluted soil (UPS-3) was dominated by Ophiocordycipitaceae, which
accounted for approximately 80% of the classified fungal reads. Minor families included Microascaceae
and Botryosphaeriaceae, each representing less than 10%. In contrast, the polluted soil (PS-1) showed a
low classification rate (18%) and lacked clear representation of these dominant families, indicating a
strong reduction in taxonomic resolution and diversity

3.5 Fungal Community Composition at the Genus Level
At the genus level, the unpolluted soil (UPS-3) was overwhelmingly dominated by Purpureocillium (~ 
85%), followed by Scedosporium, Lasiodiplodia, and Neoscytalidium, each representing less than 10% of
the total fungal community. In contrast, the polluted soil (PS-1) showed no distinct genus-level structure
and had a low classification rate (18%), reflecting reduced taxonomic resolution and loss of fungal
diversity under hydrocarbon stress.

3.5 Fungal Community Composition at the Species Level
The unpolluted soil (UPS-3) revealed a diverse fungal community dominated by Purpureocillium
lilacinum (~ 85%), followed by minor proportions of Scedosporium apiospermum, Scedosporium boydii,
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Lasiodiplodia theobromae, and Neoscytalidium dimidiatum. While, the polluted soil (PS-1) had a lower
classification rate (18%) and showed no detectable species-level abundance markedly, indicating strong
suppression of fungal diversity under hydrocarbon stress. The Shannon (8.4) and Simpson (0.97) indices
for UPS-3 were higher than those for PS-1 (Shannon = 7.0, Simpson = 0.98), confirming reduced species
richness and evenness in the polluted soil.

4.0 Discussion
The elevated total petroleum hydrocarbon (TPH) concentration recorded in the polluted soil from K-Dere
(78.3 mg/kg) confirms significant hydrocarbon contamination compared with the control soil (10.8
mg/kg) as illustrated in figure two (2) above. The TPH value in the polluted site exceeds the regulatory
limit of 50 mg/kg, indicating active petroleum influence on soil quality and biological health. According
to Kebede et al (2021), Mekonnen et al (2024) and Chikere et al (2019), hydrocarbon pollution is known
to alter soil structure, reduce oxygen diffusion, and limit nutrient availability, thereby creating selective
stress that affects microbial survival and activity. Such environmental conditions often suppress
sensitive microorganisms while favouring the persistence of hydrocarbon-tolerant or metabolically
adaptable taxa capable of utilizing hydrocarbons as carbon.

At the phylum level, Ascomycota dominated was more abundant and diverse in the unpolluted soil than
in the polluted soil in Fig. 3. Its persistence in the polluted soil reflects the adaptive capacity of this
phylum to environmental stress. Members of Ascomycota possess broad enzymatic systems that
facilitate the breakdown of complex organic molecules, including hydrocarbons (Aranda et al., 2016;
Shourie and Vijayalakshmi, 2022; Rani et al., 2024). These enzymes particularly laccases, manganese
peroxidases, and cytochrome P450 monooxygenases oxidize aromatic and aliphatic hydrocarbons into
less toxic intermediates (Dave and Das, 2021; Baker et al., 2019; Kumari et al., 2021). The dominance of
Ascomycota in unpolluted soils (UPS-3) highlights its ecological importance in organic matter turnover,
nutrient recycling, and maintenance of soil health, functions that are often compromised under
hydrocarbon stress (Dou et al., 2025 Li et al., 2023; Zhan, 2024). However, despite this enzymatic
resilience, the overall abundance of Ascomycota in PS-1 declined, with a lower classification rate of 18%
under hydrocarbon stress, suggesting that only a subset of metabolically versatile species could
withstand the toxic effects of petroleum hydrocarbons. Sui et al. (2021) and Ren et al. (2025) noted that
hydrocarbon contamination likely alters soil pH, oxygen availability, and nutrient balance, further
constraining fungal diversity and community stability.

At the class level, Sordariomycetes dominated the unpolluted soil (UPS-3), accounting for nearly 99% of
the classified reads, while Dothideomycetes contributed only about 1%. Sordariomycetes are
saprotrophic fungi that play critical roles in organic matter decomposition, lignocellulose degradation,
and nutrient cycling in wetland ecosystems (Chen et al., 2023; Mirabile et al 2023). Their metabolic
versatility allows them to thrive in healthy soils, supporting ecosystem productivity and stability. The
near absence of Sordariomycetes and Dothideomycetes in hydrocarbon-polluted soil (PS-1) indicates
that petroleum toxicity disrupts saprotrophic fungal communities, likely through reduced oxygen
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availability and accumulation of toxic hydrocarbons. This decline highlights the vulnerability of key
decomposer taxa under contamination and underscores the potential need for bioremediation strategies
to restore functional fungal communities in impacted wetlands (Hu et al., 2020; Muwawa et al., 2024).

As stated in Fig. 5, the order level comprised of Hypocreales, Microascales, and Botryosphaeriales.
These were predominant in the unpolluted soil, accounting for over 85% of classified reads. These group
of fungi are associated with plant–soil symbioses and decomposition of cellulose-rich materials (Hou et
al., 2023; Niu et al., 2024; Philips et al., 2019). Their dominance indicates a stable, functionally active
ecosystem. Meanwhile, PS-1 showed no clear order-level structure, supporting the view that petroleum
hydrocarbons disrupt community organization and reduce the ecological roles of decomposers. At the
family level stated in Fig. 6, unpolluted soil (UPS-3) was dominated by Ophiocordycipitaceae (~ 80%
relative abundance). These microbes are from a group within Hypocreales known for its saprotrophic
and entomopathogenic members. They contribute to organic matter decomposition, nutrient cycling, and
maintenance of microbial balance in healthy soils (Xiao et al., 2023; Sun et al., 2022; Tang et al., 2023).
Their dominance reflects a stable and functional fungal community that supports ecosystem processes
while polluted soil showed low taxonomic resolution and lacked consistent family representation.

As illustrated in Fig. 7, Purpureocillium was the most abundant genus in UPS-3 accounting for
approximately ~ 85%, alongside minor genera such as Scedosporium, Lasiodiplodia, and
Neoscytalidium. In PS-1, the community shifted toward poorly classified hydrocarbon-tolerant genera.
According to Li (2020), petroleum hydrocarbons can be used by several fungal species as a carbon and
energy source and assimilated into fungal biomass. Fungal taxa including Amorphoteca, Neosartorya,
Talaromyces, Aspergillus, Fusarium, Paecilomyces, Sporobolomyces, Cephalosporium, Penicillium, and
Graphium have all been reported to include potential degraders of petroleum hydrocarbons. These fungi
secrete diverse oxidative and hydrolytic enzymes including peroxidases, esterases, and ligninolytic
enzymes that enable them to metabolize petroleum hydrocarbons and survive in contaminated habitats
(Chicca et al., 2022; Rani et al.,2024; Varjani 2017). The dominance of such genera illustrates a shift from
nutrient-cycling fungi to hydrocarbon trophic consortia, representing an adaptive restructuring of the soil
mycobiome (Ansari et al., 2025; D'Alessandro et al., 2023; Wang et al., 2025).

At the species level represented in Fig. 8, the unpolluted soil (UPS-3) exhibited a diverse fungal
community dominated by Purpureocillium lilacinum (~ 85%), followed by minor proportions of
Scedosporium apiospermum, Scedosporium boydii, Lasiodiplodia theobromae, and Neoscytalidium
dimidiatum. P. lilacinum is a widely distributed saprotrophic and nematophagous fungus known for its
ability to degrade complex organic matter and contribute to soil fertility in uncontaminated environments
(Ali et al., 2024; Rigobelo et al., 2024). The coexistence of these taxa in UPS-3 reflects a balanced and
functionally diverse community typical of healthy wetland soils. In contrast, the hydrocarbon-polluted
soil (PS-1) showed no detectable species-level abundance estimates and had a markedly lower
classification rate (18%), indicating strong suppression of fungal diversity under hydrocarbon stress. The
Shannon (8.4) and Simpson (0.97) indices for UPS-3 were higher than those for PS-1 (Shannon = 7.0;
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Simpson = 0.98), confirming that petroleum contamination substantially reduces fungal species richness
and evenness, thereby altering community structure and ecological function.

In all, the observed decline in fungal diversity and the dominance of hydrocarbon-tolerant taxa in PS-1
suggest that petroleum contamination induces selective ecological pressure, favouring the survival of
metabolically adaptable fungi at the expense of sensitive saprotrophs. Such community shifts can
impair soil decomposition, nutrient recycling, and resilience. However, the persistence of Ascomycota
and other tolerant taxa indicates a potential for natural attenuation and bioremediation, where surviving
fungi may gradually degrade hydrocarbons and aid in the recovery of ecosystem balance in the Niger
Delta wetlands.

5.0 Insights, challenges and recommendations
This study provides important insights into the ecological consequences of hydrocarbon contamination
on fungal communities in the Niger Delta wetlands. The elevated total petroleum hydrocarbon
concentration in the polluted soil (78.3 mg/kg) compared to the control (10.8 mg/kg) confirms
significant petroleum influence and its impact on microbial balance. The dominance of Ascomycota in
both soils highlights its adaptive resilience and enzymatic versatility, while the sharp decline of
Sordariomycetes, Dothideomycetes, and Ophiocordycipitaceae in the polluted site reveals the sensitivity
of key decomposer fungi to hydrocarbon toxicity. The replacement of these saprotrophic groups by
hydrocarbon-tolerant genera such as Aspergillus, Fusarium, and Talaromyces demonstrates an
ecological shift from nutrient recyclers to hydrocarbon-degrading communities. These adaptive changes
underscore the ability of certain fungal taxa to survive and metabolize hydrocarbons, pointing to their
potential use in natural attenuation and mycoremediation of contaminated soils.

However, this research encountered several challenges that reflect both environmental and
methodological limitations. Field sampling in hydrocarbon-polluted wetlands was constrained by limited
accessibility, unstable terrain, and safety risks associated with oil residues. Laboratory analyses were
hindered by the complex soil matrix and the presence of inhibitory petroleum compounds, which reduced
sequencing efficiency and taxonomic resolution (only 18% classification in PS-1). Differentiating
between active degraders and dormant or dead fungal cells remains a major limitation of metagenomic
approaches, while the absence of region-specific fungal genomic databases restricted detailed
classification of indigenous Niger Delta species.

To address these challenges and strengthen future studies, it is recommended that metagenomic
profiling be complemented with whole-cell biosensor systems capable of detecting hydrocarbons and
heavy metals in situ. Integrating biosensor-based functional assays with molecular data will provide real-
time insight into microbial activity and pollutant toxicity. Establishing a regional microbial genomic
database will also enhance taxonomic accuracy and foster comparative ecological studies across oil-
impacted ecosystems. In addition, future bioremediation programs should focus on enriching
hydrocarbon-degrading fungi such as Aspergillus, Trichoderma, and Purpureocillium lilacinum to restore
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soil function, organic matter turnover, and nutrient cycling. Long-term monitoring, coupled with
interdisciplinary approaches that merge microbiology, environmental engineering, and biotechnology, will
be vital for promoting sustainable restoration of wetland ecosystems affected by petroleum
contamination in the Niger Delta.

6.0 Conclusion
This study provides new insights into the ecological impact of hydrocarbon contamination on fungal
communities in Niger Delta wetland soils. Shotgun metagenomic analysis revealed that the polluted site
(78.3 mg/kg TPH) exceeded the 50 mg/kg regulatory limit and exhibited markedly reduced fungal
richness and evenness compared to the unpolluted control (10.8 mg/kg TPH). Ascomycota dominated
both soils (> 99%), but diversity and classification depth declined sharply in the polluted soil (18%) in all
levels, indicating hydrocarbon-induced stress. Taxonomic shifts from saprotrophic taxa such as
Sordariomycetes, Ophiocordycipitaceae, and Purpureocillium lilacinum to hydrocarbon-tolerant genera
including Aspergillus and Fusarium demonstrate a restructuring of the mycobiome toward pollutant-
adapted consortia.

These findings highlight that petroleum hydrocarbons suppress sensitive decomposer fungi, impair
nutrient cycling, and alter soil functionality. However, the persistence of metabolically versatile
Ascomycota species suggests inherent resilience and potential for fungal-assisted bioremediation. This
study contributes to the growing understanding of fungal ecological responses to oil pollution and
emphasizes the need for integrated molecular and biosensor-based monitoring approaches to guide
remediation efforts in hydrocarbon-impacted wetland ecosystems.
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Figures

Figure 1

Map of Rivers state showing Gokana (adopted from Ibanga, & Udoh, 2021)
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Figure 2

TPH (mg/kg) concentration in the different soil samples

Figure 3

Fungal relative abundance and diversity at phylum level for polluted and unpolluted soil
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Figure 4

Fungal relative abundance and diversity at class level for polluted and unpolluted soil
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Figure 5

Fungal relative abundance and diversity at order level for polluted and unpolluted soil

Figure 6

Fungal relative abundance and diversity at family level for polluted and unpolluted soil
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Figure 7

Fungal relative abundance and diversity at genus level for polluted and unpolluted soil
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Figure 8

Fungal relative abundance and diversity at Specie level for polluted and unpolluted soil.


