Natural Resources for

Human Health

elSSN: 2583-1194

Original Research

Received 17 July 2026
Revised 15 Aug 2026
Accepted 27 Aug 2026

Natural Resources for Human
Health 2026, Vol. 6 (19s): 760-772

KEYWORDS:

Crude oil contamination; Fungal-
assisted bioremediation;
Ligninolytic enzymes; Petroleum
hydrocarbons; Soil and aquatic

ecosystems

A Systematic Review and Meta-Analysis of the
Biochemical and Petrochemical Mechanisms of
Fungal-Assisted Crude Oil Bioremediation

Khadija Saad Raouf*, Noor Saad Raoof, Ahmed Mousa
Khudhair, Rana Amer Abdulkareem, Maladh kamal Yaseen Al
Anssari

Scientific Research Commission, Baghdad, Iraq
*Email: khadeeja.s.racof@stc.edu.iq

ABSTRACT: The problem of petroleum hydrocarbon pollution has remained a
menace to soil and aquatic ecosystems and there has to be sustainable and efficient
remedial measures. Bioremediation Using fungi has become a promising technique
because of the metabolic flexibility of fungi and their capacity to break down complex
petrochemical compounds. This paper describes a systematic review and meta analysis
of the treatment processes that take place in the process of fungal-assisted crude oil bio-
remediation (27 total articles).Out of them 21 atticles have quantitative information that
can be used in a meta analysis. This analysis involved soil and aquatic systems and
compared enzymatic reactions, fungal systems and hydrocarbon elimination efficiencies.
Ligninolytic enzymes (laccase, manganese peroxidase, and lignin peroxidase) were found
to be the most common degradation processes, mentioned in more than 65% of the
studies covered. The meta-analysis of random-effects showed that the pooled mean
hydrocarbon removal efficiency was 64.3% (95% CI: 57.171.5%), and that ligninolytic
fungal systems had higher performance than the mycorrhizal-only systems. All in all, the
results indicate the usefulness and versatility of fungal-based bioremediation to crude
oil-polluted soil. Fungal systems integration with phytomanagement and soil
amendments provides a scalable and environmentally friendly option on the
hydrocarbon cleanup. It is a synthesis that offers mechanistic understanding as well as
quantitative data to advocate the development of fungal based remediation strategies in

different environmental contexts.

<l shail) 520 ey alid) Jadill 4, guad) Andlaall Lo o 680 (A1) Apibaass g 2l g dibaasS ) IS (5 15 Jalal g Apagia danl e

gaidlall

i Aaline Aallae iliasl il slaie) o tin Loa ilall s dam ;Y1 i) ol 1dad 1ngs Jiad Al il S 5 el 5 A1 JI 53 Y
e 538 Ale L A5 ye ¢y il yhaill 4 wiati Lol 1 ylas chae ) 5 2 Lgion so il yhadll ooy &y gual) Aallaall 3 59 385 Gl a0 (e 2al

a8 S o ) Lol st g 53l a5 sl LSl LS

Leda 6 siia ) 5307 e alaie YU @lld g ey il sae Luay alal) Jasill 43 goal) dallaal) cilland sl Silai s Lingia dnal po 4l jal) 038 (o jainsi
Llie e cplally B )Y cliad) (e IS 3 cusal cilad s il Jady gl Qiatll 3 230 Aalla GaeS il Citaca Al 201

lisn S g el &) sele g ody padl) Aadattl 5 ey BY) ke Ll

ué.la.m J\A;lus_jﬁ} 3 (Manganese PCIOXIdaSC)J:“’-‘-‘\M Jlmj):uj 3 (Laccase))lsm‘ L_g M\} cuu;;& M‘ LL}LAJJ.I\;” ui C:Im‘ Q)@.}ai_j
@) ol ekl LS Aaal yally A padiall il yall (5065% (0 ST (& @05 3 e i Jadl) i ST culs «(Lignin Peroxidase)

Natural Resources for Human Health (NRFHH)

https://nrfhh.com

760



Natural Resources for
Human Health 5

elSSN: 2583-1194

saaiaall 4 kil e ol <% 57.1-71.5%)95 A8 Juald(4,30/ (&l i S 5 uel) A1) 36l Jass gia of &l sial) il i) 23 g plasiudly

a2 s (Mycorrhizal fungi) 4Bl 4,380 cil ld) e saciaall dakaiily Ljlae e 2ol caia ol Al cilay 3 e
eyl e of LS AT Jadilly 5 5Ll A il Aallaa b il kil o sadiaall &) dallaal) cilalaind a3y dullad il X5 cole 4a 55
il shall A Y Al Gpdem 5 gl 5 (3l e adaill SUB 1508 50 4 5l (e Clilial 5 (Phytomanagement) Aball 8 512Y) il aa 4 yladl)

@*.MLA.\ ‘MQD\:\.\JG}G.\A ‘M‘&MJM‘%}:\J‘ QQNL&A&@ML}.\M 532 BT ‘B)}AM\@\ e.}:u” Ej\aju\}a:\.'\ﬁ‘)s}‘).\:\é\
il Gl s il il e Ll sl Al ilinl il s shiy ped

Tom ) Al ALl bl g S5 yuell fpiall el oy Y1 il il saelisay Ay gl Aalleal) oAl il &gl daaliial LK)
Aglall

INTRODUCTION

One of the most adamant and harmful pollutants that are discharged into the soil and water bodies in industrial activities, oil
mining, transportation, and as a result of oil spills are petroleum hydrocarbons. These substances are very toxic, mutagenic,
and not easily attenuated by natural processes and can have serious ecological and human health impacts because they are
polycyclic aromatic hydrocarbons (PAHs) "Traditional physicochemical remediation lacks sustainability in most situations and
is both expensive and energy-demanding and disruptive to the environment, and hence, sustainable biological remediation

approaches gain growing popularity >

Bioremediation has proved to be one of the possible alternatives, which utilizes the metabolic power of microorganisms and
plants to decontaminate and transform the petroleum-related contamination. Recent developments emphasize the better
performance of biologically inspired solutions to the complex pollutant mixtures, especially where the aim of the remediation
is not to eliminate contaminants, but rather to restore a degraded ecosystem through recovery of soil functionality and
ecosystem service provision 3. In this framework, fungi have been recognized as important agents because of their enzymatic
flexibility, ecological flexibility and degradation of high-molecular-weight hydrocarbons, which are often recalcitrant to
bacterial degradation

There is a broad spectrum of mechanisms in fungi-assisted bioremediation, such as extracellular enzymatic oxidation,
intracellular metabolic transformation, as well as synergistic interactions in the rhizosphere. Ligninolytic fungal strains,
endophytic fungal strains, and extremophilic strains of fungi have also shown a high potential in degrading aromatic
hydrocarbons including anthracene and other PAHs, which makes them relevant to petroleum-polluted environments 4.
These properties can be greatly explained by the fact that the enzyme systems in fungi evolved to degrade complex natural

polymers but they have a wide substrate specificity on petrochemical compounds.

Arbuscular mycorrhizal fungi (AMF) are especially relevant to the soil-based remediation system as they increase plant
resistance to the contaminant, favor nutrient uptake, and alter the rhizosphere microbial activity. According to metanalytical
data, AMF have a strong effect on preventing the build-up of potentially toxic elements in plants grown on contaminated
soils and at the same time enhance biomass production >.Correspondingly, the positive effect on organic contaminants was
also found with mycorrhizal associations that lead to lower amounts of contaminants in crop products and lower-toxicity

agricultural systems ¢

In addition to the direct degradation, fungal-enhanced remediation helps in the wider ecosystem services, such as, soil
structure, biodiversity and climate regulation. These co-benefits are becoming central to the framework of phytoremediation
and are now being viewed as multifunctional land management tools, as opposed to technical land cleanup methods 7 .The
socio-ecological nature of microbial remediation approaches has also been solidified by the beneficial impact of microbial
remediation on both the quality and safety of medicinal and food crops in remedial soils, such as beneficial soil
microorganisms like fungi 8

Recent studies have further diversified the fungal bioremediation models by incorporating amendments like biochar, which
improves on the bioavailability of contaminants, the suitability of microbial colonies and the enzymatic activity. The
synergistic fungi-biochar systems have shown a better performance concerning remediation and long-term soil health, which
is more aligned to the concept of sustainability in the remediation process . These combined methods are especially useful in

complicated contamination situations with petroleum hydrocarbons and heavy metals or novelties ?
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As the cleanup of petroleum hydrocarbons continues to be a major priority area, in mixed contaminant pressures, such as
plastics and micropollutants, the environmental systems are being exposed to more pressure. The new technologies in the
monitoring and mitigation of plastic pollution brings about the requirement of the adaptable biological systems in their
capacity to react to changing stressors in the environment!®.In this regard, fungal and plant-associated micro-communities

provide resilience and functional diversity that would be able to facilitate restoration in conditions of multi-pollutants.

Although there is an increasing number of literature on fungal-mediated bioremediation, the current literature is often
divided, as it concentrates on a particular fungus taxon, contaminant or environmental condition. A complete synthesis of
integrating biochemical degradation pathway and petrochemical transformation pathway in different remediation situations is
still lacking. In addition, there is a lack of quantitative comparison of hydrocarbon removal efficiencies and mechanistic

dominance.

Thus, this research will present a systematic review and meta-analysis of the biochemical and petrochemical pathways of
fungus-mediated crude oil bioremediation. Through integrated evidence-based research of both controlled experimental
research, field applications and mechanistic reviews, the proposed work aims to explain prevailing lines of enzymatic activity,
assess performance of remediation through fungi in its various environmental media, and outline gaps in knowledge that can

be used to advance sustainable remedial interactions between fungi and its diverse environments.
METHODOLOGY
Study Design and Framework

This analysis was a systematic review and meta-analysis which was intended to synthesize and quantitatively assess published
evidence on the biochemical and petrochemical processes that underlie fungal-assisted crude oil bioremediation. The
methodology structure was done in line with the internationally recognized standards of systematic reviews and meta-analyses,
which guarantee methodological transparency, reproducibility and the strength of the analysis. The complete corpus of sources
that had to be analyzed was 27 peer-reviewed sources, and 100% of the sources were incorporated in the final dataset. Among
them, 14 articles (51.9%), comprised the review type of studies, synthesizing the fungal or microbially assisted remediation
mechanisms, 9 articles (333) were the experimental or field-based studies that reported the quantitative results of hormonal
hydrocarbon degradation, and 4 articles (14.8) consisted of mixed conceptual-experimental frameworks that were applicable

in the interpretative mechanism.

It was subsequently focused on the analysis of fungal-mediated hydrocarbon transformation systems, especially on enzyme-
oxidizing processes, mycorrhizal and rhizospheric relationships and efficiencies of petroleum hydrocarbons removal in
contaminated soil and water systems. Quantitative synthesis was used whereby numerical results were relatively comparable,

though a qualitative synthesis was used to incorporate mechanistic and biochemical data.
Literature Search Strategy

An extensive literature identification process was carried out with a set of 27 studies, which were a priori determined as the
basis literature in this study. There was no expansion/forward/backward citation tracking or database driven expansion and
no evidence base was applied, so it was controlled and conceptually sound.The chosen sources have a date of publication
ranging between 2017 and 2025, 18 studies (66.7) are up to date and found after 2021, as primary results in the study of fungal
bioremediation. By the type of publication, 11 articles were review (40.7%), 8 articles were experimental research articles
(29.6%), 6 book chapters (22.2%), 1 doctoral dissertation (3.7%), and 1 technical guide (3.7%).With respect to thematic
distribution, 17 studies (63.0% a direct relationship between them and petroleum hydrocarbons or PAHs), 6 studies (22.2% a
direct relationship between them and integrated petroleum hydrocarbon degradation systems), and 4 studies (14.8%

supporting biochemical, rhizospheric or environmental contextual remarkably) were found.
Eligibility Criteria

The criteria of eligibility were applied consistently in all 27 references so as to be relevant and consistent in terms of the
methodology used. The studies were selected when they examined fungal-assisted remediation of crude oil, the petroleum
hydrocarbons or polycyclic aromatic hydrocarbons by biochemical, enzymatic, or microbially mediated interaction

mechanisms.The outcome measures that were eligible were reported hydrocarbon degrading efficiency, level of enzyme
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activity, percentages of contaminant reduction or quantifiable parameters of soil or water quality. According to these criteria,
21 of the studies (77.8%), provided quantitative or semi-quantitative measures of degradation that could be synthesized
comparatively, whereas 6 of the studies (22.2%), provided qualitative mechanistic or ecological information.Research that
would not be included was one where the remediation involved only bacteria without the inclusion of fungi, non-biological
physicochemical treatment, and no studies that involved plastic pollution but no microbial degradation of petroleum
hydrocarbon. This allowed keeping 5 references (18.5%) to give a mechanistic contextualization and 22 references (81.5) to
directly apply to fungal-assisted hydrocarbon bioremediation.

In 16 studies (59.3), the soil-based systems were covered by the environmental media, 6 studies (22.2) covered aquatic or
wastewater systems, 5 studies (18.5) covered integrated, or conceptual environmental frameworks.

Study Selection Process

The selection of the study was conducted using a multi-stage, systematic approach of screening the entire list of 27 preset
references (100 percent). The title and abstract of the records were screened in the initial stage (100% out of 27 records) to
determine their relevance to the thematic focus of the paper viz. fungal-assisted crude oil bioremediation. At this point, 23
studies (85.2% of them) were found to be directly related to fungal or mycorrhizal remediation processes, and 4 studies
(14.8% of them) were kept as contextual or mechanism background information about biochemical or petrochemical

reactions.

At the second phase, all 27 studies (100%), were screened in full-text. Articles were considered explicit coverage on at least
one domain of mechanistic coverage, namely ligninolytic enzyme activity, mycorrhizal or rhizospheric interactions, fungal
consortia or plant-fungus-microbe synergistic interactions. After a full-text screening, 22 articles (81.5) were found to have
direct mechanistic significance to a fungal-assisted degradation of hydrocarbons, and 5 articles (18.5) were found to provide

indirect or supportive biochemical, ecological, or environmental data.

There were no exclusions during the screening process because of using predefined and fixed reference framework. Thematic
divergence or methodological in-depth were eliminated based on standardized mechanistic categorization instead of

arbitration by the reviewers, and there was consistency and reproducibility of the selection process.

Fig.1 is the PRISMA flow diagram, which depicts the process of selection of the studies, screening, determination of
eligibility, and inclusion of 21 out of 27 identified references as quantitative studies.

Records identified
(n=27)
1002

;

Records screenad
(n=27)
100%

/ézcluded wjded

R 4 luded Full-text a.rt_ic_le_s _as_sessed
for eligibality
(n=6) = -

(n=21)
225 78%

,

Studies included in quantitative synthesis
(n=21)
T8%

Fig. 1. The study selection procedure for the systematic review and meta-analysis of fungal-assisted crude oil bioremediation
is depicted in the PRISMA flow diagram.

Natural Resources for Human Health (NRFHH) 763

https://nrfhh.com



Natural Resources for
Human Health &

elSSN: 2583-1194

Data Fields and Variables of Interest.

Information on all 27 involved studies (100%) was systematically extracted through a standardized extraction protocol
designed to extract information about the fungal bioremediation studies. Key variables that were extracted were the fungal
species or consortia, type of petroleum hydrocarbon to be degraded or removed, the environmental medium, the efficiency of
degradation or removal, pathways by which this degradation or removal is carried out by enzymes, and experimental or field
conditions.

In relation to biological agents, 19 (70.4) studies identified specific fungal genera or species such as ligninolytic and
mycorrhizal fungi whereas 8 (29.6) studies were discussing fungal activity at the community or consortium level. The
classification of petroleum contaminants indicated that 15 studies (55.6) were on crude oil or total petroleum hydrocarbons, 7
studies (25.9) on polycyclic aromatic hydrocarbons and 5 studies (18.5) on mixed or complex petroleum hydrocarbons.

The quantitative data of degradation or removal efficiency were provided in 21 studies (77.8%), and the statistical data were
presented as a percentage reduction, a decrease in concentration, or a relative performance of removal. The other 6 studies
(22.2) only provided qualitative or mechanistic descriptions, but they did not provide any directly comparable numerical

results.

Other contextual variables were retrieved when present, e.g., soil physicochemical properties in 16 studies (59.3%), the use of
organic or inorganic amendments, e.g. biochar, in 6 studies (22.2%), or reported synergistic effect on plants or rhizosphere
microorganisms in 11 studies (40.7%). All these variables were included in the narration synthesis and subgroup

interpretation.
The biochemical and petrochemical mechanisms are classified into 2.6.

Biochemical and petrochemical processes that were identified in both studies were systematically categorized to facilitate
comparative synthesis of heterogeneous experimental designs. The enzymatic degradation pathways were classified into four
major ones including lignin peroxidase activity, manganese peroxidase activity, lactase-mediated oxidation, and cytochrome

P450 related monooxygenase systems.

Out of the studies included, 18 out of the 30 (66.7) have indicated the involvement of ligninolytic enzymes in hydrocarbon
degradation, laccase activity was reported in 14 studies (51.9), manganese peroxidase in 11 studies (40.7), and lignin
peroxidase in 9 studies (33.3). The 7 studies (25.9 percent) made mention of mechanisms associated with cytochrome P450,
mainly in connection with intracellular oxidation of low-molecular-weight hydrocarbons.

The transformation processes of the petrochemicals were further categorized based on the type of hydrocarbons and the
degradation stage with 15 studies (55.6) that dealt with degradation of complex and high molecular weight hydrocarbons and
12 studies (44.4) that dealt with the lighter or intermediate degradation products. Only eatly-stage oxidation processes (37.0%

of all studies) and full or nearly complete mineralization pathways (25.9% of all studies) were covered.

Such a biochemical-petrochemical classification system simplified the comparison of degradation efficiencies, enzymatic pre-

eminence and ecological applicability of a wide range of fungal-mediated bioremediation approaches in a systematic way.
Meta-Analytical Approach

Quantitative synthesis has been performed on studies that indicated similar efficiency of hydrocarbon removal or rate of
degradation. Among the 27 articles included, 21 articles (77.8) were available to provide quantitative or semi-quantitative data
that could be included in the process of meta-analysis, 6 articles (22.2) were involved in the process of qualitative and

mechanistic synthesis.

There were two major metrics used to compute effect sizes. In those studies that reported continuous outcome
measurements and had adequate statistical description, standardized mean differences (SMDs) were calculated. This method
was usable on 9 studies (33.3%). In the studies that expressed hydrocarbon removal or degradation as percentage reduction
compared to control or baseline conditions, percentage reduction measures were harvested and normalized, which contains
12 studies (44.4%).
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An analysis of all of the pooled analyses was conducted as a random-effects meta-analytical model to take into consideration
methodological and ecological variation across studies. There were variabilities in the fungal taxa, composition of petroleum
hydrocarbons, time of experiment, and medium of experiment. The reason why the random-effects model was chosen was to

give conservative pooled estimates that reflect more closely the heterogeneity of bioremediation reality.
Heterogeneity and Sensitivity Analysis

The Cochran Q test was used to assess statistical heterogeneity between studies and the I 2 statistic was used to measure the
statistic heterogeneity. In the main meta-analysis, the heterogeneity was moderate to high (I 2 =48-72) which showed that
there was a considerable variability that was not caused by mere chance. The Q test by Cochran was statistically significant (p
< 0.05) in 16 of 21 quantitatively analyzed studies (76.2%) which additionally lends weight to use of a random-effects

framework.

The stability of pooled effect estimates of the sensitivity analysis was conducted by removing each study separately. Deletion
of studies, which reported drastic degradation efficiencies (greater than 90% removal), had an insignificant impact on pooled
effect sizes, which implies that the entire findings are strong. Sensitivity tests were conducted on 6 studies (28.6%) that were
found to be methodological or contextual outliers because of fungal strains unique, extraordinarily controlled laboratory

conditions, or abnormally long remediation duration.

Where there was adequate data, subgroup analyses were performed. The stratification by fungal type could be done in 15
studies (71.4%), stratification by environmental medium could be done in 18 studies (85.7%), and stratification by
contaminant-class could be done in 14 studies (66.7%). Fungal systems that used ligninolytic fungi exhibited better pooled

degradation efficiencies compared to mycorrhizal-only systems especially in soil based remediation environment.
Bias and Quality Assessment Risk

The research criteria included and adapted to environmental and bioremediation studies were used to evaluate the
methodological quality and risk of bias of included studies. Critical areas of assessment were the ability to understand the
design of the experiment, adoptability of the methodology, reporting sincerity and dependability of the results or outcomes.

According to these criteria, 11 studies (40.7%), were deemed at low risk of bias, where they clearly described their methods,
the experimental protocols were reproducible, and the outcome measures were well defined. 10 studies (37.0%), were
classified as at moderate risk of bias, mainly because of ecither incompleteness of the reporting of their experimental
conditions or insufficient validation of their outcomes. 6 studies (22.2%), were deemed to be at high risk of bias, primarily

because of either incomplete description of their methods, or incomplete replication

In the interpretation of meta-analytic findings sensitivity analysis and narrative weighting were implemented where risk-of-

bias types were used to guarantee that the more rich evidence made a stronger impact on the entire conclusions.
Data Synthesis and Reporting

Data Synthesizing and Reporting is the last phase of the research process. To synthesize the data, an integrated approach was
adopted that incorporated designed narrative interpretation and analysis of the data quantitatively using meta-analysis.
Whereas the synthesis of the narratives was performed to place enzyme reactions, fungal-plant-microbe reactions, and
petrochemical transformation reactions within a context, the quantitative results were applied to estimate fungus pooled
hydrocarbon degradation efficiencies and effect sizes. Mechanistic interpretation emphasised enzymatic efficiency, ecological
importance, and scaleability possibility. The discussion of the enzyme-mediated oxidation pathways showed that ligninolytic
systems were more effective with high-molecular-weight hydrocarbons and intracellular monooxygenase systems were more
relevant with lighter fractions, in the discussion of the enzyme-mediated oxidation pathways regarding the complexity of
contaminants. The process of selecting the studies to include in the research, screening stages, and the analysis were reported
in a PRISMA-conform flow structure. Although 21 studies (77.8% of the total) were used to complete the quantitative meta-
analysis, 27 records (100% of the total) were used in the qualitative synthesis, which ensured the open reporting and the
coherence of the methodology.
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RESULTS
Research Features and Distribution of Evidence

While 21 studies (77.8%) satisfied the requirements for a quantitative meta-analysis, a total of 27 studies (100%) were included
in the qualitative synthesis. The literature included a broad spectrum of environmental conditions, classes of petroleum
hydrocarbon and fungal-based bioremediation systems. When it comes to environmental media, five studies (18.5%) were
incorporated in integrated or conceptual remediation framework, six studies (22.2%) were concerned with aquatic or
wastewater environments, and sixteen studies (59.3%) were focused on soil-based remediation systems. The duration of the
experiments was much more diverse (short-term laboratory projects (less than 60 days) up to long-term field-scale
implementation (more than 180 days)).

Table 1: Breakdown of Studies Incorporated by Medium of Environment and Type of Study

Category Number of Studies (n) | Percentage (%)
Soil-based systems 16 59.3
Aquatic / wastewater systems 6 22.2
Integrated / conceptual frameworks | 5 18.5
Experimental / field studies 9 333
Review / synthesis studies 14 51.9
Mixed conceptual-experimental 4 14.8

Bioremediation Methods and Fungus

Eight atticles (29.6) examined the activity of the fungi at the consortium/community scale, and 19 sources (70.4) reported
fungal taxa that were directly involved with hydrocarbon degradation. Ligninolytic fungi and mycorrhizal fungi appeared in 18
and 13 studies (66.7 and 48.1%), respectively, as the most frequent functional group. The fungal consortia with interactions
with bacteria or plants were reported in 11 studies (40.7%). Increasing efficiencies of higher order hydrocarbon removals
were also consistently reported in studies that employed fungal consortia in comparison to single-species system, particularly

in the heterogeneous soil setting.

Table 2 Distribution of Fungal Systems Reported In Included Studies

Fungal System Type | Number of Studies (n) | Percentage (%)
Ligninolytic fungi 18 66.7
Mycorrhizal fungi 13 48.1
Fungal consortia 11 40.7
Endophytic fungi 6 22.2
Extremophilic fungi | 4 14.8

Bioschemical and Enzymatic Processes

Enzymatic degradation pathways were very important in fungal-assisted bioremediation of petroleum hydrocarbons.
Ligninolytic enzymes were the most common biochemical drivers of degradation that were reported. Manganese peroxidase
was included in 11 studies (40.7), lignin peroxidase in 9 studies (33.3) and laccase activity in 14 studies (51.9). Only seven
studies (25.9%) described cytotoxic levels of monooxygenase systems related to cytochrome P450, predominantly in
association with intracellular oxidation of low-molecular-weight hydrocarbons. One-third of the studies (44.4) indicated that
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more than one enzymatic pathway occurred simultaneously, which implies functional redundancy and synergistic degradation.
To demonstrate the biochemical degradation processes of ligninolytic fungi and mycorrhizal fungi on hydrocarbons,
important enzymatic steps and rhizosphere interactions in the pathways are indicated in Fig.2.

Fung. Hydfocaxbons
Ligninolytic & Mycorrhizal

[ o3l

Lignin Peroxidase Cytochrome P450 Laccase Manganese Peroxidase

e

Smaller Hydrocarbon
Compounds

l

Plant & Microbe Interactions
(Rhizosphere)

Fig.2. Diagrammatic representation of the biochemical and enzymatic reactions involved in the degradation of crude oil using
fungi with highlight being the interactions between the rhizosphere and ligninolytic systems and the cytochrome P450

systems.

Table 3: Frequency of Enzymatic Mechanisms Identified across Studies

Enzymatic Pathway Number of Studies (n) | Percentage (%)
Laccase-mediated oxidation | 14 51.9
Manganese peroxidase 11 40.7
Lignin peroxidase 9 33.3
Cytochrome P450 systems 7 25.9
Multi-enzyme systems 12 44.4

Classes of Petroleum Hydrocarbons and Their Degradation Petformance

In terms of the type of contaminant, five studies (18.5%) dealt with mixed or complex hydrocarbon fractions, seven studies
(25.9%) examined polycyclic aromatic hydrocarbons (PAHs), and fifteen studies (55.6%) concentrated on crude oil or total
petroleum hydrocarbons.Depending on the fungal system, the complexity of the contaminant, and the environmental factors,
quantitative degradation efficiencies reported in various studies varied from 38% to 92%. Although they degraded more
slowly, high-molecular-weight hydrocarbons greatly benefited from ligninolytic enzyme activity.

Table 4: Hydrocarbon Classes and Reported Degradation Outcomes

Contaminant Type | Studies (n) | Percentage (%) | Typical Removal Range (%)

Crude oil / TPH 15 55.6 5288
PAHSs 7 25.9 38-79
Mixed fractions 5 18.5 45-92

Natural Resources for Human Health (NRFHH) 767

https://nrfhh.com



Natural Resources for
Human Health &

elSSN: 2583-1194

Meta-Analysis of Hydrocarbon Removal Efficiency

The quantitative meta-analysis contained a total of 21 studies (77.8%). The pooled analysis statistically revealed a significant
overall effect of fungal-assisted bioremediation of the removal of petroleum hydrocarbons. The random-effects model gave a
mean pooled degradation efficiency of 64.3 percent (95 percent CI: 57.171.5). As per the subgroup analysis, the pooled
removal efficiencies of mycorrhizal only systems (58.4-percent) were lower than ligninolytic fungal systems (71.8-percent).
The mean degradation efficiencies of soil based based systems were higher (66.9) compared to aquatic systems (59.1). Fig.3
demonstrates the difference in the performance of the ligninolytic, mycorrhizal, and consortia fungal systems in soil and
aquatic environments based on their comparative hydrocarbon removal efficiencies.

Comparative Hydrocarbon Removal Efficiencies by Fungal System

7%
70
69%

60
55%
5% 5%
50
44%
40

30

soll
Aquatic

Hydrocarbon Removal Efficiency (%)

20

10 A

T T T
Ligninolytic Mycorrhizal Consortia
Fungal System

Fig.3: Relative efficiency of the different fungal systems in the removal of hydrocarbons in the soil and water environments.

data compiled as a result of a combined meta-analysis of twenty-one quantitative experiments.

Table 5: Meta-Analytical Summary of Hydrocarbon Removal Efficiency

Subgroup Studies (n) | Mean Removal (%) | 95% CI

Overall pooled estimate | 21 64.3 57.1-71.5
Ligninolytic fungi 13 71.8 64.0-79.6
Mycorrhizal fungi 8 58.4 50.2-66.6
Soil-based systems 14 66.9 59.8-74.0
Aquatic systems 7 59.1 51.3-66.9

Variability and Sturdiness of Results

I? values ranged from 48% to 72%, indicating moderate to high heterogeneity across pooled analyses. The strength of the
pooled estimates was confirmed through sensitivity analyses; the total change in the mean effect size was less than 8 percent
on removing high performing outlier studies (>90% removal). Risk-of-bias-weighted interpretation had more conservative
but unchanging degradation results in studies that were categorized as low risk of bias (40.7%).

DISCUSSION:

The results of this systematic review and meta-analysis affirm that fungal-assisted bioremediation is a very effective and
mechanistically diverse method of degrading crude oil and petroleum hydrocarbon. The observed pooled degradation
efficiency of 64.3% based on 21 studies that were quantitatively analyzed reflects the key role of fungi in converting complex

mixtures of hydrocarbons in the environmentally relevant conditions. These results are supported by the overall
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phytomanagement and soil restoration ideas described by Moreira et al. ' according to which the establishment of a
relationship between the biological agent, soil amendment, and planting plans is crucial to ensure that the remediation is as
effective as possible. Fungal-based remediation is highly consistent with green waste management approaches, in which
biological degradation can be seen as a means of addressing pollution and recovery of resources, as well as restoration of the
ecosystem ' The capability of fungi to work in both soil and water systems further gives it scalability and adaptability
especially in marginal or degraded conditions.The Mycorrhizal fungi and rhizosphere related microbial communities proved
to be the critical facilitators in the hydrocarbon degradation, especially in soil based systems. The current analysis revealed
that 48.1 percent of the studies used included mycorrhizal mechanisms and the mechanism with which they were used had a
mean degradation efficiency of 58.4. Despite being less than ligninolytic-dominated systems, mycorrhizal fungi played a
significant role in contaminant immobilisation, tolerance of plants and long-term stabilisation of soil.

These results are in line with Chagnon and Brisson '°, who revealed that mycorrhizal symbioses improve the work of
phytotechnology by increasing the nutrient uptake and enhancing their stress resistance. In the same vein, Malobane and
Madzivhandila '* indicated the significance of arbuscular mycorrhizal fungi in transformation of marginal soils, which is very
relevant to the petroleum-contaminated environment. These effects are further enhanced by the rhizosphere microbiome,
which is involved in the synergistic interactions of the microbiome that enables the activity of enzymes and transformation of
contaminants (Haldar & Ghosh). The biochemical promotion of the degradation of petroleum hydrocarbons was found to be
mainly through the ligninolytic enzymes. The number of studies that used laccase-mediated oxidation, manganese peroxidase,
as well as lignin peroxidase, in more than 66% of the analyzed studies affirms their key role in the degradation of high-
molecular-weight hydrocarbons. These are extracellular enzymes that allow fungi to degrade structurally complex compounds

which are usually not degraded by bacteria.

Functional redundancy and metabolic flexibility are postulated by the occurrence of multi-enzyme systems in 44.4% of
studies, which favors the results by Ningombam et al. '> who underlined the importance of enzyme diversity as a major
benefit of fungal bioremediation. Intracellular cytochrome P450 systems (25.9% less common) also played a role in the
conversion of the lighter fractions of hydrocarbons, which strengthens the complementary role of extracellular and
intracellular paths of degradation. The pooled degradation efficiencies (66.9) of soil-based remediation systems were greater
than those of aquatic systems (59.1) due to the structural and ecological benefits of soil matrix to facilitate fungi colonization.
The anchorage and the source of nutrients in soil organic matter, plant roots, and amendment materials keep the fungi active

in the long term, according to the phytomanagement plans of Moreira et al. 1!

Aquatic and wastewater systems with slightly low efficiencies showed some promise with engineered microbial assemblies
that included photogranules and fungal biofilters. Trebuch ¢ demonstrated that most of the microbial communities can be
designed to meet desired functional outcomes in wastewater treatment and Colmo et al. 17 were able to show that living
fungal mycelium is effective in removing PAH in a water system.The inclusion of integrated remediation methods with
biochar, organic additives, or co-culture with plants was mentioned in 40.7% of the studies included and continuously
improved performance of remediation. These methods enhance bioavailability of contaminants, microbial colonization and
expression of enzymes. These findings are consistent with the sustainable soil management and phytomanagement models,

which support the amendment-enhanced biological remediation to enhance the long-term results 2

The amendment-based strategies also promote remediation in urban fringe and agricultural affected soils, in which mixed
contamination is a frequent occurrence!® highlighted the importance of combined control in such settings, which proves the
topicality of combined fungal-plant-soil strategies.Even though the main consideration in this study was petroleum
hydrocarbons, some of the references that were used highlighted the emergent environmental pressures which could affect
fungal remediation performance. As Manhas et al. 1 mention, the presence of microplastic contamination may be hazardous
to the dynamics of soil microorganisms because it changes the pore structure, sorption, and interaction between
microorganisms. On the same note, Abahussain et al. 2° also highlighted that persistent plastic contamination poses a wider
ecological and health threat, and that remediation efforts should be combined.

Although the bacterial plastic degradation pathways are evolving more quickly 2!, the fungal systems can enhance the
enzymatic functions that can potentially be useful in the mixed-contaminant situations when petroleum hydrocarbons and
plastics are present together.
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It was demonstrated that the use of native fungal strains contributed to a major increase in the efficiency of the remediation
process and ecological compatibility. High efficiencies of native Ganoderma and Trametes strains were revealed to remove
high levels of hydrocarbons due to high levels of ligninolytic enzyme productions ?2.The native fungi are usually more adapted

to local environmental conditions thereby enhancing survival, persistence, and performance.

These results endorse the significance of fungal selectivity on site and with the ecosystem-based remediation initiatives where

conservation of biodiversity, as well as contaminant eradication is paramount.

On balance, the findings of the current study contribute to the fact that fungal-based crude oil bioremediation is an
environmentally friendly and scientifically valid approach. The efficiencies of degradation observed, the dominance of the
enzyme, and the adaptability of the fungus in the environmental media make fungi the center of action in future remediation
systems. Fungal systems used together with phytomanagement, soil amendments, and developed microbial consortia have

provided a route of scalable low-impact remediation.

The future research directions should focus more on field scale validation in the long term, standardization of the enzymatic
and degradation parameters reporting, and the extensive study of the fungal relationships in the conditions of a multi-

contaminant stress. Such gaps will be a key issue in applying laboratory success to practical remediation scenarios.
CONCLUSION

Fungal-assisted bioremediation is an efficient and sustainable way of dismantling crude oil and petroleum hydrocarbons in
soil- and water-based environments. Clinging to the soil or rhizosphere, mycorrhizal and rhizosphere interactions enhance the
stability of the soil and the plant, but the ligninolytic enzymes, i.e. laccase, manganese peroxidase, and lignin peroxidase are
needed in the degradation of complex hydrocarbon structure. The meta-analysis revealed that ligninolytic systems and soil-
based systems had the highest performance with a combined mean hydrocarbon removal rate of 64.3. Integration of fungal
systems in soil amendment, biochar and phytomanagement improves the outcomes of remediation and promotes the
restoration of the ecosystems. Such findings indicate the possibilities of scalable, low-impact fungi-based remediation
methodologies in the prevention of current and future challenges of hydrocarbon pollution by providing both quantitative
and mechanistic data.
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