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Abstract

The study aimed to evaluate the efficacy of various bioremediation approaches on microbial
diversity in crude oil-contaminated soil over three to six months in Port Harcourt, Nigeria. The
objective was to assess the impact of different bioremediation strategies on microbial
populations, particularly focusing on hydrocarbon-utilizing bacteria and fungi. Microbial
populations were quantified using serial dilution and microbial count techniques. The vapor
phase transfer mechanism was employed to estimate hydrocarbon-utilizing bacteria and fungi.
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Bacterial and fungal colonies were incubated for five days, followed by biochemical tests for
isolate identification. Fungal pure cultures were observed under a microscope. The study
observed a significant increase in microbial populations in soil free of crude oil pollution when
bioremediators such as mushrooms and earthworms were introduced. Mushrooms exhibited
a 50% increase in hydrocarbon-utilizing bacteria (HUB), while earthworms showed a 55%
increase in HUB over the three to six-month period. The longer lifespan and nutrient
absorption capabilities of earthworms facilitated faster growth. Furthermore, significant
growth in the microbial population of hydrocarbon-utilizing bacteria and fungi was observed
in crude oil-polluted soil after employing bioremediation, with the highest growth observed
in soil treated with mushrooms at six months, followed by earthworms at six months.
Conversely, the lowest microbial population was recorded in soil polluted with 10% crude oil
and remediated with earthworms at three months. The results suggest that mushrooms and
earthworms effectively increase microbial populations in crude oil-polluted soil. However,
mushrooms demonstrated a higher microbial population increase compared to earthworms,
especially in terms of promoting the growth of hydrocarbon-utilizing bacteria (HUB) and
hydrocarbon-utilizing fungi (HUF). Based on the findings, it is recommended to prioritize using
mushrooms as bioremediation agents in similar environmental restoration efforts due to their
superior efficacy in increasing microbial populations, particularly HUB and HUF. This study
underscores the potential of mushrooms and earthworms as effective bioremediation agents
for restoring microbial diversity in crude oil-contaminated soil, offering insights for
sustainable environmental restoration practices in oil-affected regions like Port Harcourt,
Nigeria.
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1. Introduction

Soil contamination by crude oil represents a significant environmental challenge, with far-
reaching consequences for both ecosystem health and human well-being [1-19]. This issue persists
in various forms and intensities across the globe, particularly in regions where oil extraction,
processing, and transportation activities are prevalent. The persistence of hydrocarbons in the soil
leads to disruptions in microbial communities, which are essential for nutrient-cycling processes.
These disruptions exacerbate the risk of groundwater contamination, posing a critical threat to both
environmental and public health [20-45]. Given the scope and scale of this issue, urgent action is
necessary to develop effective remediation strategies, such as bioremediation, which could mitigate
these adverse effects [36, 39, 46-53]. The degree of the problem is especially pronounced in regions
like Nigeria's Niger Delta, where crude oil spills have extensively polluted the soil, affecting both
rural and urban communities. The financial impact of soil contamination is immense, leading to
losses in agricultural productivity, increased healthcare costs, and the expense of implementing
remediation strategies [6, 13, 14, 18, 22, 54-56]. Crude oil contamination has persisted for decades,
exacerbated by inadequate regulatory oversight and frequent pipeline ruptures. Historically, spills
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have occurred in this region since the onset of oil exploration in the 1950s, and the problem has
continued to grow with increasing oil production and transportation activities [12-14, 29, 57-59].
This issue is most prevalent in national and regional contexts, particularly in oil-producing states
such as Rivers, Bayelsa, and Delta in Nigeria. Urban areas like Port Harcourt, a hub of oil and gas
activity, face acute contamination from spills and industrial emissions, but rural communities are
also heavily affected [20]. In rural areas, where farming is a primary livelihood, oil spills devastate
soil fertility, leading to food insecurity and loss of income for local populations [26]. The varying
degrees of contamination across urban and rural settings illustrate how different groups are
impacted differently by crude oil contamination [12, 20, 22-30, 32-35, 37-43, 60-73]. The impacts
are also differentiated by socioeconomic status. While wealthier urban populations may access
alternative water sources and healthcare, rural and poorer communities are disproportionately
affected by contaminated water supplies and the long-term health impacts of exposure to oil
pollutants. This disparity highlights the urgent need for tailored interventions that consider the
unique vulnerabilities of affected populations [8, 25]. Women and children, in particular, are more
vulnerable due to their direct involvement in water collection and subsistence farming, which
exposes them to contaminated soil and water [27]. Bioremediation, as a cost-effective and
environmentally sustainable approach, offers significant potential for addressing crude oil
contamination. This method leverages microbial communities' natural ability to degrade
hydrocarbons, restoring soil functionality [13, 14, 74-76]. Bioremediation strategies such as
bioaugmentation, biostimulation, and phytoremediation have shown success in various studies,
with bioaugmentation introducing hydrocarbon-degrading microorganisms, biostimulation
fostering the growth of indigenous microbes through nutrient supplementation, and
phytoremediation using plants to absorb and break down hydrocarbons [59]. Research has
consistently shown that these bioremediation techniques can enhance microbial diversity in
contaminated soils. For instance, studies have demonstrated that crude oil-contaminated soils
undergo significant shifts in microbial composition, enriching hydrocarbon-degrading organisms
[12-14]. Notably, certain bacteria, such as Serratia marcescens and Raoultella ornithinolytica, have
exhibited robust crude oil degradation capabilities, achieving degradation rates of up to 96.73% in
laboratory settings [1, 2, 4, 5, 12-16, 22, 25, 54, 58, 68, 69, 75, 77, 78].

These findings underscore the importance of continued research into bioremediation strategies.
However, gaps remain, particularly concerning the long-term effects of bioremediation on soil
microbial diversity. Understanding how these strategies impact microbial communities over time is
critical for ensuring the sustainability of remediation efforts [29]. Temporal dynamics are pivotal in
determining soil resilience and the overall efficacy of remediation interventions,essential for
developing more robust soil restoration practices [77, 79]. The city of Port Harcourt exemplifies the
urgent need for practical bioremediation. As a central industrial hub in Nigeria’s oil sector, it faces
widespread environmental degradation due to frequent oil spills and emissions from refineries and
petrochemical plants [60]. The contamination in Port Harcourt is compounded by rapid urbanization
and deforestation, further strained the environment [20]. To address these challenges,
bioremediation emerges as a critical tool for cleaning up oil spills and restoring the soil's microbial
health, ensuring long-term ecosystem sustainability [22]. In this context, the implementation of
bioremediation strategies in Port Harcourt has already shown promise. Research conducted in the
region highlights that nutrient supplementation in biostimulation efforts encourages the growth of
hydrocarbon-degrading bacteria, effectively reducing soil contamination levels [75]. Biostimulation
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has been identified as the most effective field method, as it enhances the microbial community’s
ability to break down hydrocarbons [80]. Ultimately, the success of these interventions in Port
Harcourt could serve as a model for other oil-contaminated regions in Nigeria and beyond.
Researchers can formulate more sustainable and resilient remediation approaches by advancing our
understanding of how bioremediation strategies interact with microbial communities in
contaminated soils [4, 22]. This research has the potential to contribute significantly to global efforts
aimed at mitigating the environmental and public health impacts of crude oil contamination,
particularly in vulnerable communities [54].

2. Materials and Methods
2.1 Study Area

The study site, Port Harcourt, Nigeria, is nestled within the southern expanse of the nation,
specifically within the sprawling deltaic region known as the Niger Delta. Geographically positioned
between Latitude: 4°40' North to 4°57' North and Longitude: 6°53"' East to 7°8' East, Port Harcourt
graces the banks of the Bonny River, nestled within a coastal lowland punctuated by a labyrinthine
network of rivers, creeks, and estuaries. This region experiences the hallmark of tropical monsoon
climates, characterized by sweltering temperatures averaging between 25°C and 32°C,
accompanied by oppressive humidity levels often surpassing 80%. The climatic rhythm orchestrates
a symphony of rainfall, drenching the landscape with 2,400-3,000 mm precipitation during the rainy
seasons, starkly juxtaposed against the aridity of the dry seasons spanning from November to
February. The climatic tapestry profoundly shapes the local milieu, intricately weaving the fabric of
vegetation patterns, agricultural paradigms, and water resource management strategies. March
heralds the onset of the rainy season, inundating the region with copious rainfall until October,
while the ensuing dry seasons usher in parched landscapes. The environs surrounding Port Harcourt
are predominantly cloaked in mangrove forests and swamps, serving as vital ecosystems fostering
a rich tapestry of flora and fauna. Regrettably, these ecosystems bear the scars of profound
degradation wrought by oil pollution, precipitating a harrowing toll on biodiversity and ecological
equilibrium [13, 14, 22]. Culturally and commercially, Port Harcourt is a vibrant nexus of human
activity, encompassing an eclectic array of ethnicities such as the lkwerre, Ogoni, and ljaw peoples.
As Rivers State's capital, Port Harcourt is a linchpin of Nigeria's economic and industrial landscape.
Its urban fabric seamlessly interlaces with rural enclaves, teeming markets, and bustling residential
and commercial precincts, epitomizing the dynamic synergy of urbanity and rustic charm.

2.2 Methods

The assessment of microbial populations occurred at two critical time points: three and six
months after introducing mushrooms and earthworms individually into native soil. It is important
to note that the mushrooms and earthworms were introduced simultaneously to ensure uniform
conditions for the bioremediation process. Their populations were monitored throughout the study
by regular sampling at predetermined intervals, with adjustments to maintain their health and
activity. This included maintaining optimal soil moisture, temperature, and nutrient levels. The
objective was to discern and juxtapose the efficacy of each organism in augmenting or diminishing
microbial biomass. This endeavor adhered to a meticulously structured methodology delineated
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below, ensuring methodological rigor and reproducibility. A control condition was established
where no mushrooms or earthworms were introduced to ensure that external factors such as
temperature, soil moisture, and nutrient availability did not unduly influence microbial populations.
The control soil was monitored in parallel, with the same periodic checks to ensure the reliability of
the findings.

The outcomes of each bioremediation were meticulously documented to facilitate a rudimentary
comparison of occurrence frequencies. Furthermore, the statistical analyses entailed the
computation of both mean values and standard errors for each treatment, providing a robust
quantitative framework for interpreting the data. The systematic execution of these procedures
facilitated the elucidation of temporal dynamics in microbial populations. It engendered a nuanced
understanding of the relative effectiveness of earthworms versus mushrooms as bioremediation
agents. Such methodological precision is the cornerstone for rigorous scientific inquiry,
underpinning the reliability and validity of the ensuing findings.

2.3 Serial Dilution

The procedure commenced with precisely measuring one gram of desiccated soil, meticulously
weighed into 9 milliliters of 0.1% Peptone water diluent. This amalgam was subjected to vigorous
agitation to ensure thorough homogenization of soil particles within the Peptone water solution.
Subsequently, a meticulous tenfold (v/v) serial dilution was executed by transferring one milliliter
of the initial solution into successive Peptone water diluents, spanning a dilution range from 10! to
107. This systematic dilution regimen facilitated the creation of a spectrum of diluted samples,
enabling the accurate enumeration of microbial populations within the soil matrix.

2.4 Microbial Count

To ascertain the abundance of hydrocarbon-utilizing microbes, we employed the vapor phase
transfer mechanism (explained briefly as the process where volatile hydrocarbons transfer from the
liquid phase to the gas phase and interact with microorganisms in the growth media), initially
developed by Mills et al. [81] and subsequently refined by Obire et al. [82]. This method enabled
the estimation of hydrocarbon-utilizing bacteria and fungi within the medium, utilizing the spread
plate technique on a mineral salt medium. The mineral salt medium composition consisted of the
following components: KH,PO4 (1.0 g/L), Na;HPO,4 (1.0 g/L), NH4NOs (1.0 g/L), MgS04-7H,0 (0.2 g/L),
and FeSO, (0.05 g/L), pH adjusted to 7.0. The procedure involved the preparation of sterile filter
paper soaked in 2 milliliters of sterile crude oil, which was then aseptically positioned onto the
inverted cover of sterile Petri dishes before incubation. Subsequently, soil samples were serially
diluted from 10 to 107, enabling the enumeration of hydrocarbon-utilizing bacteria. From the 10
2 dilution, a 0.1milliliter aliquot was inoculated onto the media in replicates to determine bacterial
counts. Fungal counts were performed using selective media, adding streptomycin and Fungusol
miconazole nitrate to inhibit bacterial and fungal growth. Following injection, the cultures were
incubated for five days at ambient temperature. This incubation duration allowed for the
propagation and manifestation of microbial colonies, facilitating accurate quantification
ofhydrocarbon-utilizing bacteria and fungi populations. The number of colonies on each plate was
counted and the average count was expressed as colony-forming units per gram (cfu/g) using the
formula below [83].
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= (1

Where N = number of observed colonies,
D = Dilution factor,
V = volume of sample plate.

2.5 Isolation, Preparation of Pure Culture of Microbial Isolates

Following the initial enumeration, each distinct bacterial colony was meticulously transferred
into separate Petri dishes containing nutrient agar, employing the streak-plate method to ensure
individual isolation. These Petri dishes were incubated for 24 hours to facilitate bacterial colony
growth and proliferation. Fungal colonies were similarly isolated and grown on Sabouroud Dextrose
Agar (SDA) media for 72 hours at ambient temperature. This protocol ensured the development of
pure cultures, with stock cultures preserved in 10% (v/v) glycerol suspension for long-term storage.

2.6 Identification of Microbial Isolates

Standard microbiological techniques were employed to identify bacterial isolates. Gram staining
was conducted to determine the Gram reaction (positive or negative), and a series of biochemical
tests were performed to ascertain metabolic capabilities. These tests included the catalase test (for
the breakdown of hydrogen peroxide), the oxidase test (to identify cytochrome c oxidase enzyme),
and a battery of sugar fermentation tests (using glucose, lactose, and mannitol) to evaluate the
bacteria's ability to ferment different sugars. The fungal isolates were identified based on both
macroscopic and microscopic features. Macroscopic characteristics included colony color, texture,
and growth pattern on Sabouraud Dextrose Agar (SDA). For microscopic analysis, slides were
prepared using the lactophenol cotton blue stain, and sporulation patterns, hyphal structures, and
conidia were examined under a light microscope. The identification of fungal species was performed
with the help of standard identification keys and manuals such as Barnett and Hunter's Illustrated
Genera of Imperfect Fungi.

2.7 Enumeration of Microbial Population Growth (Experimental Design)

The microbial population growth was systematically monitored at two critical time points-three
and six months post-introduction of mushrooms and earthworms into the soil. The experimental
setup was designed to assess the effect of each bioremediator (mushrooms or earthworms) on
microbial populations within the soil.

2.8 Experimental Setup

1. Soil Sampling and Preparation: Soil samples were collected from the native soil area and were
desiccated by air-drying in a clean, sterile environment. The samples were homogenized to
ensure uniformity in texture and nutrient composition. From this homogenized batch,
experimental treatments were established, each replicated three times:

o Treatment 1: Soil with earthworms only
o Treatment 2: Soil with mushrooms only
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o Control: Native soil without any bioremediation addition

Each treatment was prepared in 2 kg soil batches, with earthworms (10 individuals per batch)

and mushrooms (Pleurotus spp.) introduced at equal density (5 g/kg of soil). All treatments,
including the control, were housed in a controlled laboratory environment where optimal moisture
levels (30-40%) and temperature (22-25°C) were maintained.

2. Sampling at Time Intervals: Soil samples were collected from each treatment at time zero
(before bioremediation introduction) and at subsequent intervals of three months and six
months. These intervals were chosen to monitor both short-term and extended changes in
microbial populations.

3. Microbial Enumeration Process: The experimental process for microbial enumeration
involved several key steps, detailed below:

o Serial Dilution and Plating: 1 gram of soil was taken from the treatment batches and
suspended in 9 mL of 0.1% Peptone water diluent for each sample to form a homogeneous
mixture. Serial dilutions (10 to 10”7) were performed to obtain a gradient of microbial
concentrations.

o Hydrocarbon-Utilizing Microbes: Spread plate techniques were utilized to measure the
hydrocarbon-utilizing microbial populations. Diluted samples (from 1072 dilutions) were
plated onto mineral salt agar medium enriched with sterile crude oil to facilitate the growth
of hydrocarbon-degrading microbes. The plates were incubated at room temperature (22-
25°C) for five days, after which visible microbial colonies were counted.

o General Microbial Population: In addition to hydrocarbon-utilizing bacteria, the total
microbial population (including bacteria and fungi) was enumerated by plating soil
dilutions onto nutrient agar for bacteria and Sabouraud Dextrose Agar (SDA) for fungi. The
bacterial plates were incubated at 37°C for 24-48 hours, while fungal plates were incubated
at 25°C for 72 hours for colony development.

4. Experimental Controls: A control experiment was conducted in parallel to ensure an accurate
interpretation of microbial growth. The control soil, with no bioremediators introduced,
underwent the same serial dilution and plating procedures to provide baseline data on
microbial population changes under natural conditions.

2.9 Statistical Analysis

Statistical analyses were performed using SPSS (version 25.0) and Microsoft Excel. The data were
first assessed for normality using the Shapiro-Wilk test. For comparisons between groups (i.e.,
control, earthworm, and mushroom treatments), analysis of variance (ANOVA) was applied to test
for statistically significant differences in microbial counts at different time points (three months and
six months). Post-hoc comparisons were conducted using Tukey's HSD test to identify specific group
differences. In addition, Pearson correlation analysis was employed to explore potential
relationships between microbial biomass and environmental parameters such as temperature,
moisture, and nutrient content. A significance level of P < 0.05 was adopted for all statistical tests.

3. Results

Table 1 and Figure 1 present the quantification of microbial populations in soil devoid of crude
oil contamination (0% crude oil pollution) following the application of two bioremediation,
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mushrooms and earthworms, over three and six months. The results indicate that mushrooms
significantly increased Hydrocarbon-Utilizing Bacteria (HUB) populations by 50% after three months,
compared to a 33% increase by earthworms during the same period. However, earthworms
demonstrated a greater effect, at the six-month mark, enhancing HUB populations by 55%, while
mushrooms contributed a 41% increase. For HydrocarbonUtilizing Fungi (HUF), mushrooms
outperformed earthworms at three and six-month intervals, with a notable rise in fungal
populations after six months. The results highlight significant differences (P < 0.05) in microbial
population growth between the bioremediation timeframes. The implications of these findings
suggest that mushrooms may provide a rapid, short-term boost in microbial populations,
particularly for bacteria, while earthworms offer sustained benefits over longer periods, particularly
for HUB growth. This differential temporal efficacy could guide the bioremediation choice based on
the treatment duration required. With their continuous nutrient cycling and organic matter
digestion, Earthworms show greater potential for long-term soil health improvement, while
mushrooms are effective for quickly initiating microbial growth. Both bioremediation play
complementary roles in enhancing soil microbial activity, which is critical for the success of
bioremediation in environments affected by pollutants.

Table 1 Quantification and Comparison of the Effect of Bioremediators on the Microbial
Population at 0% Crude Oil Polluted Soil.

Bioremediators

Microbial Pollution

Mushroom Earthworm Mushroom Earthworm
(cfu/g)

3 Months 3 Months 6 Months 6 Months
HUB 42000 + 1154 39000 + 1154 63000 + 1154 5200+1154°
HUF 5000 + 115.4°> 4300 + 115.4¢ 7066 + 145.22 6700 + 115.4°

DMRT shows that the means with various letters differ considerably (P < 0.05).

Quantification and Comparison of the Effect of Bioremediators on Microbial Population at 0% Crude Qil Polluted Soil
63000

B Mushroom
W Earthworm

60000 +

50000

40000

30000

Microbial Population (cfufg)

= 20000F

10000

7066 6700

HUB 3 Months HUB 6 Months HUF 3 Months
Microbial Population Type and Duration

HUF & Months

Figure 1 shows the bar chart that compares the microbial population (cfu/g) influenced
by mushrooms and earthworms over 3 and 6 months for both Hydrocarbon Utilizing
Bacteria (HUB) and Hydrocarbon Utilizing Fungi (HUF) in 0% crude oil polluted soil. The
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blue bars represent the results for mushrooms and the green bars represent the results
for earthworms. This visual can help you better understand the comparative effects of
each bioremediator over time.

Table 2 and Figure 2 presents the impact of bioremediators (mushrooms and earthworms) on
the population of Hydrocarbon Utilizing Bacteria (HUB) in soil contaminated with varying
concentrations of crude oil (0%, 5%, 7.5%, and 10%) over 3 and 6 months. The data show that at 0%
crude oil pollution, the population of HUB increased more significantly in soil treated with
mushrooms compared to earthworms, mainly after 6 months, where mushroom treatment led to
63,010 cfu/g compared to 52,007 cfu/g for earthworms. Similar trends were observed across all
crude oil concentrations (5%, 7.5%, and 10%), with the population of HUB consistently higher in
mushroom-treated soil after both 3 and 6 months. As crude oil concentration increased, HUB
populations generally declined in both treatments. However, at each concentration level,
mushrooms outperformed earthworms in promoting HUB growth, particularly at 7.5% crude oil
pollution after 6 months (mushrooms: 29,003 cfu/g vs. earthworms: 21,007 cfu/g). The results from
Table 2 suggest that mushrooms are more effective than earthworms in enhancing the Hydrocarbon
Utilizing Bacteria (HUB) population, especially over longer periods (6 months) and at higher
concentrations of crude oil pollution. The decrease in HUB populations with increasing crude oil
concentration implies that higher pollution levels might limit microbial growth, but the
bioremediators still manage to stimulate bacterial proliferation. Mushrooms, in particular,
demonstrate a superior ability to support microbial recovery in oil-polluted soils, likely due to their
more efficient degradation of hydrocarbons and better support for microbial communities over time.
These findings emphasize the importance of selecting the right bioremediator, especially when
dealing with varying degrees of soil contamination, and they highlight the potential of mushrooms
as a powerful tool in bioremediation efforts.

Table 2 The effects of bioremediators on microbial population of varying concentrations
of crude oil polluted soil.

Bioremediators

Crude conc. (%) Polluted Soil Mushroom Earthworm Mushroom Earthworm

3 Months 3 Months 6 Months 6 Months
0 35002 + 1.15¢ 42006 + 2.33¢ 39003 +3.17¢ 63010+ 6.06® 52007 + 3.60°
5 20002 +1.76° 25003 +2.40° 22002 +1.76° 30005+ 2.64% 27004 + 2.60°
7.5 11002 + 1.50° 20004 +2.40° 17003 +1.709 29003 + 2.022 21007 +3.71°
10 10003 +2.02¢ 19005+ 2.70° 13004 +2.08¢ 25003 +2.02® 20003 + 1.76°

DMRT shows that the means with various letters differ considerably (P < 0.05).

Page 9/26



Adv Environ Eng Res 2024; 5(4), doi:10.21926/aeer.2404023

Comparison of Mushroom and Earthworm Responses over 3 and 6 Months

Mushroom 3 Months
~4— Earthworm 3 Months
60000 ~4— Mushroom 6 Months
- Earthworm 6 Months
50000
e
g
S
w
+ b
o 40000}
=
©
>
Q
g
o 30000t
Q
0
(]
o
20000
10000+
"  § A A " A

0 2 4 6 8 10
Crude Concentration (%)

Figure 2 shows the graph that compares the responses of mushrooms and earthworms
over 3 and 6 months at different crude concentrations, with error bars included for each
dataset.

Table 3 and Figure 3 provide a detailed analysis of the influence of bioremediators-mushrooms
and earthworms-on the population of Hydrocarbon-Utilizing Fungi (HUF) across varying crude oil
concentrations (0%, 5%, 7.5%, and 10%) over three to six months. The results indicate that at 0%
crude oil pollution, mushrooms were more effective in promoting fungal populations, particularly
at six months, where a 71.05% increase was observed, compared to a 67.02% increase in
earthworm-treated soil. At 5% crude oil concentration, mushroom treatment still resulted in higher
HUF populations at three and six months, indicating that mushrooms maintain their effectiveness
even in moderately polluted soils. As the crude oil concentration increases to 7.5%, the trend
continues with mushrooms, leading to more substantial HUF population increases compared to
earthworms. At the six-month mark, the fungi population in mushroom-treated soil rose to 35.05%,
compared to 32.04% in earthworm-treated soil. This trend suggests that while both bioremediators
are effective, mushrooms outperform earthworms in enhancing HUF populations across different
concentrations of crude oil, particularly in highly polluted soils. The more significant increase
observed with mushrooms can be attributed to their mycelium network, which can spread more
effectively through the soil, breaking down hydrocarbons and promoting fungal growth. These
findings have significant implications for bioremediation strategies in oil-contaminated
environments. The superior performance of mushrooms, particularly over more extended periods
and in more contaminated soils, highlights their potential as a primary agent in fungal
bioremediation. However, earthworms also play a crucial role, particularly in environments where
organic matter cycling is essential. By fostering fungal growth and breaking down contaminants,
both bioremediators contribute to the restoration of soil health. However, mushrooms demonstrate
a stronger efficacy in enhancing HUF populations under varying pollution levels. This understanding
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is critical for optimizing bioremediation approaches and tailoring them to the specific needs of the
polluted site.

Table 3 Evaluation and Comparison of the Influence of Bioremediation on the
Population of Hydrocarbon Utilizing Fungi (HUF) in Crude Qil Polluted Soil at a Three to
Six Month Interval.

Bioremediators

Crude conc. (%) Polluted Soil Mushroom Earthworm Mushroom Earthworm
3 Month 3 Month 6 Month 6 Month
0 4002 +1.45¢ 5003 +1.73° 4302 +1.529 7105+2.70° 6702 +1.52°
5 2902 + 1.45° 3304 +2.08° 3003 +2.30¢ 3803 +1.76% 3404 +2.30°
7.5 2302+1.45° 2904 +2.08° 2603 +2.02¢ 3505 +2.88% 3204t 2.40°
10 1503 +2.08° 2004 +2.08° 1803 +2.72¢ 2904 +2.40° 2503 +2.08°
DMRT shows that the means of various letters differ considerably (P < 0.05).
Effect of Crude Concentration on Mushroom and Earthworm over Time
Mushroom 3 Months
7000¢ —4— Earthworm 3 Months
—4— Mushroom 6 Months
y— Earthworm 6 Months
6000 |
1] h
2 5000}
>
@
£
£ 4000
o
s
3000
2000

L

I

4

6

Crude Concentration (%)

10

Figure 3 shows the graph that visualizes the effect of crude concentration on mushroom
and earthworm measurements over 3 and 6 months. The error bars represent the
variability in the measurements, helping to indicate the precision of the values recorded
at different crude concentration levels.
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4. Discussion

4.1 Comparative Assessment of Mushroom and Earthworm Efficacy in Enhancing Microbial
Populations for Bioremediation of Oil-Contaminated Soil over Time

Table 1 provides critical insights into the impact of two bioremediators, mushrooms and
earthworms, on microbial populations in soil unaffected by crude oil contamination. Over a period
of three and six months, the bioremediators were assessed for their ability to increase Hydrocarbon
Utilizing Bacteria (HUB) and Hydrocarbon Utilizing Fungi (HUF) populations. The results suggest that
while mushrooms initially promote a rapid rise in HUB populations, earthworms offer a more
sustainable increase over time. This dynamic presents intriguing possibilities for environmental
remediation, particularly in polluted environments. In comparing these findings with other studies,
several parallels and divergences emerge, offering a broader understanding of bioremediation
strategies in varying contexts. Several studies, including Obire et al. [82], have highlighted the
effectiveness of fungi's effectiveness in breaking down crude oil and other pollutants, particularly
saprophytic fungi. The present findings reinforce the conclusions of Obire et al., demonstrating that
mushrooms, a form of fungi, are highly effective at boosting microbial populations, specifically
Hydrocarbon Utilizing Fungi (HUF). Mushrooms showed superiority over earthworms in enhancing
fungal growth, corroborating the understanding that fungi play a pivotal role in the biodegradation
of complex hydrocarbons. This microbial augmentation is vital for ecosystems recovering from oil
pollution, where fungi facilitate the breakdown of toxic compounds into less harmful substances.
The temporal differences observed in the study, where mushrooms demonstrate rapid efficacy
within the first three months, aligns with Muter’s [79] observations. Muter identified that
bioaugmentation tools like fungi can quickly establish a conducive environment for microbial
activity. However, the longevity of this effect may diminish without the introduction of continuous
organic material, which could explain why earthworms outperform mushrooms after six months.
Earthworms contribute through their ongoing soil processing abilities, continuously providing
nutrients that sustain microbial populations over time. This aligns with Muter's hypothesis that
bioremediators like earthworms may offer sustained benefits by continuously altering the soil
matrix. Also, the long-term efficacy of earthworms is consistent with findings from Praveen and
Nagalakshmi [84], who reviewed the role of organisms in bioremediation, emphasizing the
importance of nutrient cycling. Earthworms' ability to ingest organic matter and excrete nutrient-
rich castings creates a self-sustaining ecosystem that promotes bacterial growth. The study supports
this, showing a 55% increase in HUB populations after six months of earthworm treatment.

In contrast, while initially effective, mushrooms may require external nutrient inputs to maintain
their bioremediating efficacy over extended periods, suggesting a difference in the
mechanismsunderlying their respective success. The findings in Table 1 and Figure 1 show that
earthworms significantly enhanced the populations of Hydrocarbon Utilizing Bacteria (HUB) over six
months. This is consistent with Omenna et al. [85], who emphasized the importance of bacterial
populations in breaking down hydrocarbons. Bacteria are crucial for bioremediation because they
can degrade various pollutants, including crude oil. By creating favorable soil conditions through
their burrowing and organic matter digestion, Earthworms provide an ideal environment for
bacteria to thrive. This symbiotic relationship between earthworms and bacteria enhances the
overall efficiency of bioremediation. Mushrooms consistently outperformed earthworms in
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enhancing Hydrocarbon Utilizing Fungi (HUF) populations, a finding that echoes research by Ptaszek
et al. [86]. Fungi, particularly mushrooms, have specialized enzymes such as lignin peroxidase to
break down the complex hydrocarbons in oil-contaminated environments. The ability of
mushrooms to enhance HUF populations even in uncontaminated soils suggests they can be
leveraged in environments where rapid fungal colonization is needed. This can be especially
beneficial in areas where quick fungal activity is required to initiate the breakdown of pollutants.
Similarly, the differential effects of mushrooms and earthworms, as shown in the study, suggest
that bioremediation strategies should consider the specific goals and timelines of remediation
projects. Mushrooms may be more suited for short-term, rapid remediation efforts where
immediate microbial activity is necessary to jumpstart the degradation process.

In contrast, with their long-term impact on bacterial populations and soil health, earthworms
may be more appropriate for sustained bioremediation projects, particularly in environments
requiring ongoing remediation over longer periods. The complementary roles of mushrooms and
earthworms in enhancing microbial populations suggest that a combined approach could offer
synergistic benefits. This idea is supported by research from Pandolfo et al. [58], who found that
using multiple bioremediators in tandem can improve outcomes in polluted environments.
Earthworms provide long-term benefits through soil structure improvement and continuous
nutrient cycling, while mushrooms deliver rapid fungal growth and enzymatic activity. By combining
these bioremediators, remediation efforts could achieve faster pollutant breakdown while also
ensuring the long-term health and stability of the soil ecosystem. Soil conditions heavily influence
the efficacy of both mushrooms and earthworms. In a study by Raimi et al. [20], soil health,
particularly the availability of organic matter and nutrient levels, was identified as a critical factor
affecting bioremediation outcomes. The findings in Table 1 reinforce this, as the bioremediators
were applied to soil devoid of crude oil contamination, allowing for more precise observations of
their natural effects on microbial populations. In oil oil-contaminated soils, however, the
performance of mushrooms and earthworms may differ, with additional challenges posed by toxic
hydrocarbons. While the study focuses on soils devoid of contamination, the implications for
bioremediation in polluted environments are significant. According to Raimi et al. [55],
bioremediation, like fungi and earthworms, have shown promise in reducing pollutant levels in
contaminated soils. The ability of mushrooms to rapidly enhance fungal populations could be
beneficial in environments where quick remediation is needed to mitigate the spread of
contaminants. On the other hand, Earthworms could play a key role in the long-term restoration of
soil health, ensuring that microbial populations are maintained even after the initial pollutant levels
have been reduced. Thus, the study highlights the distinct and complementary roles that
mushrooms and earthworms play in enhancing microbial populations in soil. While mushrooms
provide rapid, short-term benefits, particularly for fungal populations, earthworms offer long-term
improvements in bacterial populations and soil health. These findings align with previous research
on bioremediation, supporting the idea that different bioremediation can be tailored to specific
remediation timelines and goals. By leveraging the strengths of both mushrooms and earthwormes,
bioremediation efforts can achieve faster, more sustainable results in restoring polluted
environments.
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4.2 The Effects of Bioremediators on Microbial Population of Varying Concentrations of Crude Oil-
Contaminated Soils

Bioremediation involves the use of living organisms to detoxify polluted environments.
Mushrooms (fungi) and earthworms have been recognized as significant bioremediators, especially
in hydrocarbon-contaminated soils. In Table 2 and Figure 2, mushrooms exhibited a higher efficacy
in increasing the population of HUB than earthworms. Over 6 months, the mushroom-treated soil
had a higher bacterial count (63,010 cfu/g) than earthworms (52,007 cfu/g) in non-polluted soils.
The trend persisted as crude oil concentration increased (up to 10%). This aligns with the findings
of Obire et al. [82], who identified fungi as effective in breaking down complex hydrocarbons, which
can explain the superior results obtained from mushroom treatment. Meanwhile, earthwormes,
which enhance soil aeration, also positively impacted, but their contribution was less significant in
hydrocarbon degradation than fungi. As the crude oil concentration increased, HUB populations
generally declined across both treatments. At 10% pollution, mushrooms still maintained a higher
bacterial population than earthworms, but the overall reduction in microbial activity was noticeable.
This phenomenon is consistent with the findings of Muter [79], who observed that high
concentrations of hydrocarbons tend to inhibit microbial growth due to the toxic nature of
petroleum compounds. However, bioremediation such as mushrooms may reduce toxicity by
breaking hydrocarbons into less harmful substances, thus sustaining some microbial growth even in
more polluted environments. While mushrooms and earthworms contributed to enhancing HUB
populations, mushrooms consistently outperformed earthworms, particularly in soils with higher
crude oil contamination (7.5% and 10%). According to Pandolfo et al. [58], fungi can degrade
hydrocarbons, mainly through enzymatic activity that breaks down the complex organic molecules
found in crude oil. This enzymatic process is less pronounced in earthworms, whose contribution to
bioremediation is primarily through soil aeration and the enhancement of microbial habitat. As such,
mushrooms' greater enzymatic capacity explains their superior results. The impact of
bioremediators was observed over two different periods (3 months and 6 months). The microbial
population increased significantly over time, particularly in mushroom-treated soils. By 6 months,
the HUB population in mushroom-treated soils was considerably higher than in earthworm-treated
soils at all contamination levels. This observation can be compared to the findings of Olalekan et al.
[25], who noted that more extended exposure periods allow bioremediators to fully establish
themselves in the soil environment, leading to more effective degradation of hydrocarbons over
time.

Several studies support the observed trends in the present analysis. For instance, Omenna et al.
[85] found that bacterial populations tend to decline with increasing crude oil concentration, but
bioremediators can mitigate this decline. They also confirmed that fungi (mushrooms) have a
greater capacity for hydrocarbon degradation than other bioremediators, like earthworms.
Additionally, Obire et al. [82] demonstrated that fungi could adapt to various levels of hydrocarbon
pollution, further substantiating the findings that mushrooms are more effective bioremediators in
polluted soils. HUB plays a crucial role in breaking down hydrocarbons in contaminated soils. The
presence of bioremediators like mushrooms and earthworms enhances their population and activity,
which is vital for practical bioremediation. Prescott et al. [83] emphasized the symbiotic relationship
between fungi and bacteria in bioremediation, where fungi break down hydrocarbons into more
minor compounds that bacteria can further degrade. This synergy could explain the higher HUB
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counts in mushroom-treated soils, as observed in Table 2 and Figure 2. Though effective in
improving soil structure and aeration, Earthworms are less suited for hydrocarbon-rich
environments. According to Praveen and Nagalakshmi [84], earthworms thrive better in
environments with lower toxicity levels, and the nature of the contaminants limits their ability to
enhance bioremediation. In the present study, earthworms exhibited lower HUB populations at
higher crude oil concentrations, suggesting they may be less effective than fungi in highly
contaminated soils. The findings in Table 2 and Figure 2, supported by other studies, highlight the
potential for using mushrooms as a primary bioremediator in hydrocarbon-contaminated soils.
While earthworms contribute to soil health and can aid bioremediation, their impact is less
pronounced in the presence of hydrocarbons. This suggests that bioremediation strategies should
focus more on fungal treatments for hydrocarbon degradation, particularly in highly polluted
environments. Combining both bioremediators could offer a synergistic effect, where mushrooms
degrade hydrocarbons, and earthworms improve soil conditions, fostering microbial growth.

4.3 Comparative Analysis of Bioremediators on Hydrocarbon-Utilizing Fungi (HUF) Populations in
Crude Oil-Polluted Soils: Insights from Earthworms and Mushrooms

Bioremediation is critical for addressing soil pollution, particularly in oil-contaminated areas. This
section discusses the influence of two bioremediators, mushrooms and earthworms, on the
Hydrocarbon-Utilizing Fungi (HUF) population under varying crude oil concentrations. The analysis,
based on Table 3 and Figure 3, compares the effectiveness of these two organisms at promoting
fungal growth over three and six months. In addition, the findings are compared with related studies
to draw broader conclusions about the bioremediation potential of these bioremediators in polluted
environments. At 0% crude oil pollution, the study found that mushrooms were more effective in
promoting the population of Hydrocarbon Utilizing Fungi (HUF) than earthworms, with a 71.05%
increase observed at six months, compared to 67.02% in earthworm-treated soil. The difference is
likely due to the ability of mushrooms, particularly their mycelium networks, to better colonize soil
and provide more favorable conditions for fungal growth. This trend is consistent with previous
research by Obire et al. [82], who found that fungi associated with organic materials, such as cow
dung and poultry droppings, thrived in environments treated with organic amendments. The ability
of mushrooms to break down complex organic matter aligns with their success in promoting HUF
populations even in the absence of crude oil pollution. At 5% crude oil concentration, mushrooms
outperformed earthworms in enhancing HUF populations. The increase in fungal populations
observed in mushroom-treated soil demonstrates that mushrooms retain their efficacy despite low
to moderate pollution levels. The results suggest that the mycelium of mushrooms not only helps in
soil colonization but also aids in breaking down hydrocarbons, an essential function in
bioremediation. Studies like those by Muter [79] highlight the role of bioaugmentation tools in
addressing pollution, showing that mushrooms, due to their enzymatic properties, promote
microbial activity even in polluted soils. The relatively high fungal population in mushroom-treated
soil suggests a better adaptation of fungi to the mildly polluted environment. As the crude oil
concentration increased to 7.5%, the effectiveness of mushrooms over earthworms remained
apparent. The HUF population increased to 35.05% in mushroom-treated soil, compared to 32.04%
in earthworm-treated soil. The ability of mushrooms to enhance fungal growth in more heavily
polluted environments can be attributed to their enzymatic pathways that degrade hydrocarbons.
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Similar results were observed by Odipe et al. [71], who examined the response of microbial
communities in polluted water systems. The more significant increase in HUF populations under
mushroom treatment highlights their superior potential for bioremediation in heavily polluted soils.
At the highest crude oil concentration (10%), mushrooms and earthworms showed reduced efficacy
in promoting fungal populations, but mushrooms still had a slight edge over earthworms. The
increase in the fungal population in mushroom-treated soil suggests that even under high pollution
stress, mushrooms maintain a degree of bioremediation efficiency. This observation aligns with
findings by Pandolfo et al. [58], who reported that specific microbial communities, including fungi,
are more resilient to high hydrocarbon concentrations due to their ability to metabolize complex
pollutants. The continued performance of mushrooms at higher pollution levels underscores their
robustness as bioremediation.

The findings from Table 3 and Figure 3 align with several studies that have explored the role of
bioremediators in soil restoration. For instance, Prescott et al. [83] emphasized the critical role of
fungi in bioremediation, particularly in environments contaminated with hydrocarbons. The
superior performance of mushrooms compared to earthworms is consistent with research
highlighting fungal organisms' capacity to thrive in polluted environments due to their unique
enzymatic mechanisms. Similarly, studies by Olalekan et al. [40] also supported the view that
bioremediators such as mushrooms significantly enhance microbial activities, promoting faster
degradation of pollutants compared to other organisms. Their biological structure and mechanisms
can explain the superiority of mushrooms in enhancing HUF populations. The mycelium network
facilitates hydrocarbon degradation by producing ligninolytic enzymes that break down complex
organic pollutants. This network allows for greater colonization of polluted soils, promoting
microbial activity even in challenging conditions. Research by Praveen and Nagalakshmi [84]
supports this explanation, showing that fungal organisms are better suited for bioremediation in
hydrocarbon-polluted environments due to their ability to produce specialized enzymes. While
earthworms were less effective than mushrooms in promoting HUF populations, they still
significantly enhanced soil health and microbial activity. Earthworms contribute to bioremediation
by breaking down organic matter and improving soil aeration, which can indirectly support fungal
growth. Studies like those by Olalekan et al. [25] have shown that earthworms, through their
burrowing activities, enhance the degradation of pollutants by improving oxygen flow in the soail,
creating a more favorable environment for microbial activity. However, their lower performance
compared to mushrooms in this study suggests that their role may be more complementary than
primary in promoting HUF populations. The results of this study, as outlined in Table 3 and Figure 3,
highlight the effectiveness of mushrooms as bioremediators in crude oil-polluted soils. The superior
performance of mushrooms in enhancing HUF populations across varying concentrations of crude
oil pollution underscores their potential as a primary bioremediation agent, particularly in heavily
polluted environments. While earthworms contribute to soil restoration, their role appears to be
more secondary than mushrooms. These findings align with broader bioremediation research,
suggesting that a combination of bioremediators, with a focus on fungi like mushrooms, may offer
the most effective solution for restoring polluted soils.
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5. Conclusion

The findings underscore the pivotal role of bioremediation agents, particularly mushrooms and
earthworms, in enhancing microbial populations within crude oil-polluted soils, offering significant
implications for environmental restoration. This study demonstrates that both agents contribute to
stimulating colony-forming units (CFUs) of bacteria and fungi, essential for breaking down
hydrocarbons. Notably, mushrooms exhibited superior efficacy in promoting HydrocarbonU'tilizing
Bacteria (HUB) and HydrocarbonUtilizing Fungi (HUF) over six-month intervals, outperforming
earthworms in enhancing microbial activity. These results suggest the potential for mushrooms to
be prioritized in environmental restoration efforts due to their ability to accelerate bioremediation
processes. The symbiotic interaction between these bioremediators and hydrocarbon-degrading
microorganisms further highlights their effectiveness. Earthworms aid soil aeration and nutrient
cycling, while mushrooms introduce enzymes that facilitate hydrocarbon breakdown. These
biological agents foster a robust and efficient degradation process that sustainably restores polluted
soils. This dual approach demonstrates nature’s inherent ability to reclaim contaminated
environments, reinforcing the value of biological agents in mitigating environmental damage.

As the demand for sustainable solutions to pollution management grows, this research aligns
with global efforts to reduce the environmental impact of industrial activities, such as oil exploration.
Applying earthworms and mushrooms presents an eco-friendly and cost-effective method of
rehabilitating oil-contaminated soils. This low-energy intervention supports soil recovery and long-
term ecosystem resilience in areas prone to frequent spills. In conclusion, the study highlights the
effectiveness of mushrooms and earthworms as powerful bioremediation agents capable of
restoring oil-polluted environments through natural processes. Their ability to stimulate microbial
populations and enhance hydrocarbon degradation emphasizes the potential of biological
interventions in addressing soil contamination. These findings pave the way for further research
into optimizing and scaling these bioremediation techniques for broader environmental restoration
projects.

6. Recommendation

In light of the findings from this study, it is recommended that earthworms and mushrooms be
integrated into bioremediation practices for crude oil-polluted soils, especially in ecologically
sensitive areas. Governmental agencies, environmental bodies, and industries should collaborate to
develop frameworks and protocols that facilitate the large-scale use of these bioremediators in
contamination hotspots. In particular, regulatory policies should encourage industries to adopt eco-
friendly soil restoration technologies, providing incentives for employing bioremediation strategies
that leverage natural organisms. There is also a need for further exploration of different species of
earthworms and mushrooms to determine which are most effective under varying environmental
conditions. This includes conducting long-term field studies to assess the durability and adaptability
of these organisms in diverse climates and soil types. Such studies could help fine-tune the species
selection and their applications in large-scale remediation projects.

Additionally, stakeholders should invest in research and development to optimize the synergistic
effects of these bioremediators with hydrocarbon-degrading fungi. Public-private partnerships
could focus on improving soil conditions and environmental health by applying earthworms and
mushrooms to post-spill recovery efforts. Research should also investigate potential risks associated
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with their introduction into non-native ecosystems to avoid unintended consequences. Lastly,
educational initiatives should promote awareness about the environmental and economic benefits
of bioremediation using natural organisms. Integrating these techniques into environmental
management curricula at universities and offering workshops for industry professionals could
accelerate the adoption of these sustainable practices.

7. Significance Statement

This study is significant in advancing sustainable and eco-friendly solutions for addressing crude
oil contamination in soils, offering crucial insights into the potential of natural organisms as
bioremediation agents. The comparative analysis of earthworms and mushrooms highlights their
distinct roles in accelerating hydrocarbon breakdown and fostering soil recovery, contributing to
global efforts in environmental restoration. Given the ongoing threat of oil spills, the findings
provide timely and relevant strategies for mitigating soil contamination and restoring ecological
balance in polluted regions. By emphasizing the synergistic interactions between bioremediators
and hydrocarbon-degrading fungi, the research reveals the resilience of natural ecosystems in self-
repairing from industrial damage. The ability of earthworms to enhance soil aeration and nutrient
cycling, combined with mushrooms' enzymatic contributions to hydrocarbon breakdown,
underscores the collaborative efficiency of biological agents. These insights pave the way for
integrating bioremediation into broader environmental management practices, particularly in
regions dependent on petroleum extraction. The practical implications of this study extend to
offering a cost-effective, scalable, and environmentally sound alternative to traditional chemical or
mechanical remediation methods. Using earthworms and mushrooms in bioremediation provides a
low-energy, eco-friendly solution that reduces the environmental footprint of restoration activities.
This approach supports the recovery of contaminated ecosystems and aligns with global trends
toward green technology in pollution management. Ultimately, the significance of this research lies
in its potential to inform future policies and practices that prioritize long-term ecosystem health
over short-term industrial gains. By promoting the use of biological interventions, the study
challenges conventional remediation methods, advocating for more sustainable, context-specific
approaches. It contributes to the growing body of knowledge aimed at safeguarding terrestrial
ecosystems, highlighting the need for collective action in addressing the global challenge of soil
contamination. Thus, graphically it is represented (Figure 4 below) as
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Achieving Sustainable Soil Remediation
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Figure 4 Graphical overview of sustainable and eco-friendly soil bioremediation strategies.
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