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The pervasive global pollution from petroleum hydrocarbons necessitates the evolution of effective and eco-friendly remediation
strategies, driving modern engineers and scientists toward implementing mycoremediation at a larger scale to ensure indus-
trial sustainability. While the mycoremediation capability of white-rot fungi is well-noted, investigation of other species like
Aspergillus niger remains limited. This research hypothesized that Aspergillus niger can effectively degrade broad spectrum
petroleum hydrocarbons via enzymatic mechanisms. This study aimed to quantify the degradation efficiency of Aspergillus niger
and identify optimal parameters for its metabolic activity. Degradation experiments were conducted in mineral salt medium using
crude oil as the primary carbon source with an initial concentration of 10,000 mg/L. The fungal strain, Aspergillus niger (ATCC
16404), was incubated under controlled conditions. The fungal activity was monitored by gas chromatography-mass spectrom-
etry to quantify residual hydrocarbon concentration. After 21 days, the fungal treated samples demonstrated 75% degradation
efficiency with residual total petroleum hydrocarbons of 2,000 mg/L, compared to 9,500 mg/L in the sterile control. The study
also determined that the optimal temperature for Aspergillus niger was 30 °C and optimal pH was 5.0. Based on prior literature,
the degradation mechanisms likely involve secretion of extracellular enzymes like laccases and manganese peroxidases, along
with production of biosurfactants, though these were not directly measured in this study. This quantitative study demonstrates the
potential of Aspergillus niger in petroleum degradation by highlighting its robust activity under laboratory conditions. This re-
search contributes a standardized quantification of fungal metabolic efficiency, providing a clear protocol for engineers to utilize
Aspergillus niger as a superior alternative to energy-intensive chemical surfactants. Further research into engineering these fun-
gal strains and testing in complex environmental conditions could enhance their efficacy for potential remediation applications.

Introduction

Rapid global urbanization and industrialization have led to an
increasing demand for petroleum-derived energy, which has
subsequently created a massive sustainability crisis charac-
terized by widespread environmental contamination. Accord-
ing to The United States National Research Council, approx-
imately 1.3 million tonnes of oil are drained accidentally into
the sea annually.1 Oil spills contaminate water sources and
soil, leading to biodiversity loss and ecosystem degradation.2

Petroleum hydrocarbons enter the food chain through inges-
tion by marine organisms, causing gastrointestinal complica-
tions, impaired nutrient absorption, and poor health in marine
life. Furthermore, absorption through skin damages hepatic
and renal systems, weakens immune function, and reduces re-
productive capability. In real-world field applications, biore-
mediation has shown a reduction in operational costs com-
pared to incineration, making the study of fungal enzymatic
pathways not just a laboratory interest but a vital industrial
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necessity.3

Oil spills negatively affect soil biocenosis, reducing the
abundance and diversity of bacteria and fungi responsible for
nutrient cycling. Presence of PAHs and heavy metals alter soil
pH and nutrient uptake. Oil contamination reduces soil poros-
ity, water infiltration, and aeration, which is adverse for plant
roots. Volatile organic compounds from oil spills, including
benzene, toluene, and xylene, evaporate into the atmosphere
as toxic substances.4

Bioremediation harnesses microorganisms, particularly
fungi and bacteria, for the conversion of toxic substances to
less toxic ones.5,6 Mycoremediation utilizes the filamentous
mycelium of fungi to degrade toxic chemicals through secre-
tion of enzymatic compounds. White rot fungi have demon-
strated efficacy in remediating PAHs through ligninolytic en-
zymes.

The motivation for pursuing Aspergillus niger over tradi-
tional white-rot fungi lies in its rapid growth rate and re-
silience to high salinity. Traditional chemical soil-washing
methods often result in secondary toxicity; however, the use
of this specific fungal strain offers a biological pathway that
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mineralizes toxins without harmful byproducts, filling a crit-
ical gap in sustainable industrial cleanup.7 While white rot
fungi are well studied, Aspergillus niger is recognized for ro-
bust enzyme activity, ease of cultivation and industrial imple-
mentation.

However, systematic studies optimizing temperature and
pH conditions for ATCC 16404 in mineral salt medium for
petroleum hydrocarbon degradation remain limited. This
study explicitly focuses on Aspergillus niger ATCC 16404 as
the sole fungal species investigated. Therefore, this research
hypothesized that Aspergillus niger ATCC 16404 would de-
grade 60–80% of crude oil total petroleum hydrocarbons
within 21 days under optimized conditions. To validate this
hypothesis, this study aimed to quantify the degradation effi-
ciency of A. niger for crude oil and to identify optimal envi-
ronmental conditions (temperature, pH, hydrocarbon concen-
tration) for maximum enzymatic degradation activity. Further-
more, this research evaluated the time course of degradation
via gas chromatography-mass spectrometry.

Materials and Methods

Materials

For the procedure, the selection of suitable fungi was neces-
sary for effective bioremediation. Aspergillus niger (ATCC
16404) was selected for this research, due to its documented
versatile metabolic function and known capacity for degrading
various compounds including hydrocarbons. Its filamentous
growth provides a large surface area for substrate action. Ini-
tial fungal growth was facilitated using Potato Dextrose Agar
(PDA) which is rich in carbohydrates from potato infusion and
dextrose supports robust fungal activity. For degradation ex-
periments, a Mineral Salt Medium (MSM) was prepared to
encourage hydrocarbon utilization. The MSM composition
per liter of distilled water included NH4NO3 (1.0 g), which is
necessary for protein synthesis, enzymatic activity and overall
biomass production. Dipotassium phosphate K2HPO4 (1.0 g),
and monopotassium phosphate KH2PO4 (0.5 g), forming a
robust buffer system essential for maintenance of stable pH
during microbial activity, as fungal metabolism can alter pH.
Magnesium sulfate heptahydrate MgSO4·7H2O (0.5 g), a vital
cofactor in enzymatic processes including hydrocarbon break-
down, and calcium chloride dihydrate CaCl2·2H2O (0.1 g)
providing calcium ions for cell wall integrity in fungi.8

Furthermore, a trace elements solution of one milliliter per
liter of MSM was prepared to ensure availability of micronu-
trients. Though required in minimal quantities, these are cru-
cial for optimal enzyme function and fungal metabolism. It
was prepared using iron(II) sulfate heptahydrate FeSO4·7H2O
(0.1 g), zinc sulfate heptahydrate ZnSO4·7H2O (0.01 g) and
manganese sulfate monohydrate MnSO4·H2O (0.01 g) in

100 mL of distilled water.9 Iron, zinc and manganese are im-
portant for various enzymes including oxidoreductases. The
pH of MSM was adjusted to 5.0 to 6.0 using 0.1 M hydrochlo-
ric acid. This pH range is considered important for growth and
enzymatic activity of Aspergillus niger, which thrives in acidic
conditions. Maintaining pH is also necessary because alter-
ation can inhibit growth and impair fungal activity. To ensure
aseptic conditions and prevent contamination that could inter-
fere with the A. niger activity, all media, glassware and equip-
ment were sterilized by autoclaving at 121 °C and 15 psi.10

For inoculum preparation, Aspergillus niger was grown on
PDA plates for 7 days at 28 °C until robust sporogenesis
was observed and abundant conidiospores were present, which
served as inoculum. Spores were harvested by gently scrap-
ing the surface with a sterile inoculation loop. The spore
suspension was filtered through sterile glass wool to remove
mycelial fragments, ensuring a pure spore inoculum. The op-
tical density at 600 nm was measured using a spectrophotome-
ter and adjusted to OD600 = 0.5. The final spore concentra-
tion was adjusted to 1.0×107 spores/mL based on a predeter-
mined standard curve relating optical density to viable spore
counts determined by hemocytometer enumeration.11 A vol-
ume of 1 mL of this spore suspension was used as inoculum
per 100 mL flask, giving a final inoculum density of approxi-
mately 1×105 spores/mL in the culture.

Representative petroleum hydrocarbons in the form of
crude oil were selected. The hydrocarbon source required ster-
ilization. This was a critical step to avoid potential contami-
nation while preventing degradation by chemical alteration,
heat-induced changes during autoclaving, or volatilization.
The crude oil was sterilized by filtration through a 0.22 µm
sterile syringe filter. This pore size effectively removed bacte-
ria and fungal spores while maintaining the chemical integrity
of hydrocarbons. The sterilized hydrocarbons were then added
at concentrations of 0.5% to 2% (v/v) to MSM.

Experimental Setup for Degradation

Degradation experiments were conducted in 250 mL borosil-
icate glass Erlenmeyer flasks, each containing 100 mL of
MSM. Crucial control groups were included to validate re-
sults and account for abiotic factors. These included a sterile
control consisting of MSM (100 mL) and desired concentra-
tion of petroleum hydrocarbons without fungus, to account for
abiotic losses such as volatilization, adsorption or photodegra-
dation.12 By deduction of hydrocarbon loss in the control from
test samples, biodegradation could be effectively determined.
A fungal control flask contained 100 mL of MSM and As-
pergillus niger inoculum, without petroleum hydrocarbons.
This control was necessary for two purposes: to confirm the
growth and activity of the fungal inoculum under experimental
conditions in the absence of target pollutant, and to ensure that
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the fungus did not produce any hydrocarbons that would inter-
fere with the analytical measurements of petroleum degrada-
tion. The test groups included 100 mL of MSM, the desired
concentration of petroleum hydrocarbons (1.0% v/v, equiva-
lent to 10,000 mg/L) and Aspergillus inoculum (1 mL). To
ensure statistical reliability, the control groups and test groups
were performed in triplicates to minimize systematic or ran-
dom errors that could affect the results.13 All prepared flasks
were incubated in a thermo-controlled shaker incubator with
temperatures ranging from 25 °C to 30 °C for baseline exper-
iments, with temperature optimized later as described below.
A constant shaking speed of 150 rpm was applied. This con-
tinuous agitation ensured adequate aeration and homogenous
mixing. Samples were obtained at regular intervals on days 0,
7, 14, and 21 using sterile pipettes to monitor degradation over
time.14

Extraction of Residual Hydrocarbons

At each sampling point, the contents of the flask were trans-
ferred to centrifuge tubes and centrifuged at 8,000 × g for
15 minutes at 4 °C. This step was essential for separation of
fungal biomass from remaining undegraded liquid hydrocar-
bons.15 After centrifugation, the supernatant that contained
residual hydrocarbons was poured out. An exact volume of
50 mL of this liquid was transferred to a sterile separatory fun-
nel for liquid-liquid extraction with an organic solvent. Hy-
drocarbons were extracted using 50 mL of n-hexane in the fun-
nel. n-Hexane was selected for its hydrophobic nature to ex-
tract non-polar petroleum hydrocarbons from liquid medium
and its immiscibility with water to show distinct layers. The
mixture was shaken vigorously for 15 minutes to ensure thor-
ough contact between layers to aid hydrocarbon transfer into
the solvent.

After the layers separated completely, the organic layer,
concentrated with extracted hydrocarbons, was collected. The
extraction process was repeated three times with fresh solvent
to maximize recovery.16 Finally, the solvent was evaporated
from the dried extracts using a rotary evaporator to concen-
trate the hydrocarbons to a small volume of 1 mL suitable for
GC-MS injection. An important step was addition of an inter-
nal standard (n-C18, 100 mg/L) to each sample before extrac-
tion for precise quantification.17 This reference accounted for
differences in extraction efficiency, sample volume and injec-
tion volume to ensure consistent results. For all degradation
experiments, the initial total petroleum hydrocarbons (TPH)
concentration was set at 10,000 mg/L.

Gas Chromatography-Mass Spectrometry Analysis

GC-MS analysis was conducted using a Thermo Scientific
TSQ 8000 Gas Chromatograph with a triple quadrupole mass

spectrometer. The combined system was important as it al-
lowed for both efficient separation of complex hydrocarbon
mixtures (by GC) and subsequent characterization and accu-
rate quantification of individual compounds (by MS). A non-
polar HP-5ms capillary column with measurements (30 m ×
0.25 mm ID × 0.25 µm film thickness) was chosen for its ex-
cellent resolution across a wide range of petroleum hydrocar-
bons. High purity helium was used as an inert carrier gas at a
constant flow rate of 1.0 mL/min, efficiently transporting ana-
lytes through the column. A 1 µL sample was inserted into a
split injector, operated in splitless mode to maximize sensitiv-
ity for trace analysis. The injector temperature was maintained
at 280 °C to ensure complete sample vaporization, preventing
issues like peak tailing.

The GC oven was employed with an optimized temperature
program to achieve comprehensive separation. An initial tem-
perature of 40 °C was held for 3 minutes to focus on volatile
compounds and enhance their resolution. The temperature
was gradually increased to 300 °C at a rate of 8 °C/min and
held for 10 minutes. The TSQ 8000 triple quadrupole mass
spectrometer was operated in electron ionization (EI) mode at
70 eV.18 This hard ionization technique produced characteris-
tic fragmentation patterns important for compound identifica-
tion and also enabled selected ion monitoring for enhanced
sensitivity in quantification. A scan range of m/z 50–500
was used to capture most hydrocarbon fragments, and a 2–4
minute solvent delay protected the detector from saturation by
the initial solvent peak. Optimal temperature ensured that the
analytes remained in gas form throughout analysis.

Data acquisition and initial processing were performed us-
ing Thermo Scientific Xcalibur software. Compound iden-
tification depended on comparing mass spectra to the NIST
Mass Spectral Library with a match factor above 70–80%.19

Quantification was achieved via calibration curves prepared
from external standards of known hydrocarbon mixtures span-
ning concentrations of 10–10,000 mg/L (R2 > 0.995 for all
calibrations). The internal standard (n-C18, 100 mg/L) was
used to normalize peak areas, correcting for extraction and
injection variation and improving quantitative accuracy. To-
tal petroleum hydrocarbons (TPH) were defined as the sum
of all resolved peaks in the retention time window of 8–40
minutes, corresponding to hydrocarbons in the range of C10–
C40. Method detection limit was determined to be 50 mg/L
based on signal-to-noise ratio of 3:1. Spike-recovery tests us-
ing known amounts of crude oil added to sterile MSM yielded
recoveries of 92–98%, confirming method reliability.

After 21 days of incubation under baseline conditions
(28 °C, pH 5.5, 1.0% v/v crude oil), the residual TPH concen-
tration in the Aspergillus niger treated samples was found to
be 2,000 mg/L. The residual TPH concentration in sterile con-
trol samples was approximately 9,500 mg/L, indicating abiotic
losses.

© The National High School Journal of Science 2026 | 3



Degradation Efficiency Calculation:

1. Initial hydrocarbon concentration: 10,000 mg/L

2. Residual hydrocarbon concentration in Aspergillus niger
treated samples: 2,000 mg/L

3. Residual hydrocarbon concentration in sterile control:
9,500 mg/L

4. Abiotic loss: 10,000−9,500 = 500 mg/L

5. Total reduction in fungal sample: 10,000 − 2,000 =
8,000 mg/L

Biologically mediated degradation: 8,000 mg/L−500 mg/L=
7,500 mg/L
Degradation efficiency:

Efficiency (%) =
Biologically mediated degradation

Initial hydrocarbons
×100% =

7,500 mg/L
10,000 mg/L

×100% = 75% (1)

The fungal control (MSM + fungus, no oil) showed no de-
tectable hydrocarbon peaks in GC-MS analysis, confirming
that A. niger did not produce interfering compounds.

Optimal Conditions Experimental Analysis

To identify the most favorable conditions for maximizing the
degradation activity of Aspergillus niger, a systematic one-
factor-at-a-time (OFAT) approach was employed. In this strat-
egy, one experimental parameter was varied while maintaining
other parameters constant. This method enabled effective dis-
covery of optimal conditions for the experiments.

Temperature: Degradation experiments were conducted
across a range of temperatures: 20 °C, 25 °C, 30 °C, 35 °C,
and 40 °C. During these experiments, all other parameters in-
cluding inoculum size (1×105 spores/mL), hydrocarbon con-
centration (1.0% v/v), and pH (5.5) were held constant. Tem-
perature is important as it affects microbial growth rate, en-
zyme kinetics and physical properties of hydrocarbons. Each
temperature condition was run in triplicate for 21 days.

pH: The initial pH of MSM was varied to assess its effect
on degradation. Experiments were carried out with pH values
of 4.0, 5.0, 6.0, and 7.0. Citrate buffer (50 mM) was used for
pH 4.0–5.0, and phosphate buffer (50 mM) was used for pH
6.0–7.0 to maintain pH stability throughout the process. These
pH adjustments were performed before the sterilization pro-
cess to prevent any potential chemical degradation of buffer
components. During pH optimization, temperature was held
at 30 °C (determined from temperature optimization), inocu-
lum size at 1×105 spores/mL, and hydrocarbon concentration
at 1.0% v/v. pH directly affects the activity of intracellular and
extracellular enzymes and cell membrane permeability of fun-
gal organisms. Each pH condition was run in triplicate for 21
days.

Hydrocarbon concentration: The initial concentration of
hydrocarbons served as a critical substrate availability vari-
able. The concentration in MSM was varied: 0.5%, 1.0%,
1.5%, and 2.0% (v/v), equivalent to 5,000, 10,000, 15,000, and
20,000 mg/L respectively. Understanding the effect of concen-
tration is necessary, as very low concentrations of petroleum
hydrocarbons might limit enzymatic activity due to insuffi-
cient substrate, while high concentrations can exhibit sub-
strate toxicity or inhibit fungal growth. During concentra-
tion optimization, temperature was held at 30 °C, pH at 5.0
(determined from pH optimization), and inoculum size at
1× 105 spores/mL. Each concentration condition was run in
triplicate for 21 days.

For each optimization parameter, degradation efficiency
was calculated using the same method as described above, ac-
counting for abiotic losses from corresponding sterile controls
at each condition.

Results

Time-Course Degradation

Time-course analysis of TPH degradation by Aspergillus niger
ATCC 16404 under baseline conditions (30 °C, pH 5.5, 1.0%
v/v crude oil) revealed progressive hydrocarbon removal over
21 days. At day 0, both sterile control and fungal-treated sam-
ples contained 10,000 mg/L TPH. By day 7, the sterile con-
trol showed minimal reduction to 9,800 mg/L, while fungal-
treated samples decreased to 7,200 mg/L, representing 21.5%
biologically mediated degradation. At day 14, the sterile con-
trol maintained 9,600 mg/L TPH, whereas fungal treatment
reduced TPH to 4,500 mg/L, achieving 47.9% degradation
efficiency. By day 21, residual TPH in sterile controls was
9,500 mg/L compared to 2,000 mg/L in fungal-treated sam-
ples, corresponding to 75.0% degradation. Several hydrocar-
bon peaks that were prominent at day 0 showed substantial
reduction or were below detection limit by day 21.

Optimization Results

Results from one-factor-at-a-time optimization experiments
demonstrated distinct effects of environmental parameters on
degradation efficiency after 21 days of incubation.

For temperature optimization, experiments at 20 °C yielded
45±3.2% degradation efficiency (mean ± SD, n = 3), which
increased to 68 ± 2.8% at 25 °C. Maximum degradation of
85± 1.9% was achieved at 30 °C, followed by a decline to
75± 2.5% at 35 °C and a sharp drop to 35± 4.1% at 40 °C.
These results indicate that 30 °C represents the optimal tem-
perature for A. niger metabolic activity in petroleum degrada-
tion.
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pH optimization revealed that acidic conditions favored
degradation. At pH 4.0, degradation efficiency was 65±3.5%,
increasing to 82±2.1% at pH 5.0, which represented the op-
timal condition. At pH 6.0, efficiency decreased slightly to
78±2.9%, and further declined to 58±3.8% at neutral pH 7.0.
The results confirm that A. niger performs optimally under
mildly acidic conditions.

Hydrocarbon concentration experiments showed that sub-
strate availability influences degradation efficiency. At 0.5%
v/v (5,000 mg/L), degradation was 58 ± 4.2%, likely due
to substrate limitation. Efficiency increased substantially to
85±2.3% at 1.0% v/v (10,000 mg/L) and reached maximum
performance of 88±1.7% at 1.5% v/v (15,000 mg/L). At 2.0%
v/v (20,000 mg/L), efficiency decreased to 82± 2.6%, possi-
bly due to substrate inhibition or toxicity effects at high hy-
drocarbon concentrations.

The optimization experiments revealed that maximum
degradation efficiency occurred at 30 °C, pH 5.0, and 1.5%
v/v hydrocarbon concentration. Figure 1 presents graphical
representation of these optimization results.

It should be noted that the OFAT approach identifies single-
factor trends but does not capture potential interactions be-
tween variables. Future work could employ factorial or
response-surface designs to explore combined effects of tem-
perature, pH, and oil loading on degradation efficiency.

Discussion

Enzymatic Mechanisms and Biosurfactant Synergies

There are three types of petroleum hydrocarbons mainly: cy-
cloalkanes, alkanes and aromatic hydrocarbons. The extraor-
dinary capability of Aspergillus niger to degrade petroleum
hydrocarbons likely derives from enzymatic machinery, bio-
surfactant production and metabolic pathways combined with
environmental adaptability, though these mechanisms were
not directly measured in this study. Based on its metabolic
profile reported in prior literature, A. niger is postulated to
secrete extracellular enzymes. For instance, it is hypothe-
sized to release ligninolytic enzymes, notably laccases and
manganese peroxidases.20 While these enzymes are primar-
ily involved in lignin breakdown, these oxidoreductases have
low substrate specificity, which is postulated to enable them to
catalyze the oxidation of recalcitrant polycyclic aromatic hy-
drocarbons and other cyclic petroleum constituents via radical
mechanisms.21 Recent scientific research has indicated that
engineered Aspergillus niger strains have better enzymatic
degradation potential.

Beyond direct enzymatic breakdown, some Aspergillus
spp. have been reported to produce surface-active com-
pounds; however, biosurfactant production was not measured
here. These amphiphilic compounds, including glycolipids

and lipopeptides, are postulated to minimize the surface ten-
sion at the oil-water interface leading to emulsification of hy-
drophobic petroleum hydrocarbons.22 This process would in-
crease the accessibility of hydrocarbons to both extracellular
enzymes and cellular uptake, which can substantially increase
surface area and allow extracellular enzymes like laccase to
degrade the long-chain alkanes more efficiently.

The metabolic conversion of hydrocarbons by this fun-
gal strain represents the final stage of degradation. After
the activity of extracellular enzymes and biosurfactants en-
hances bioavailability, the fungal cells internalize these com-
pounds.23 Inside the cell, complex metabolic pathways like
beta-oxidation for alkanes and ring-cleavage systems for aro-
matic hydrocarbons further break down the hydrocarbons.
These processes transform the substrates into intermediates
that feed central metabolic cycles for energy and biosynthe-
sis. Ultimately, the petroleum hydrocarbons are either miner-
alized into less harmful products like carbon dioxide and wa-
ter, or they are assimilated into the fungal biomass, effectively
removing them from the environment.

When comparing the fungal treatment utilized in this study
to traditional chemical oxidation, several advantages emerge.
While chemical oxidation is faster, it often destroys soil mi-
crobiota. In contrast, the Aspergillus niger treatment pre-
served the mineral balance of the medium while achieving a
75% degradation rate, proving that biological metabolic path-
ways are more conducive to long-term environmental recov-
ery. This, too, exemplifies how the adoption of mycoremedi-
ation protocols can be successfully scaled for industrial appli-
cation while maintaining high efficiency.

Future experiments could verify these proposed mecha-
nisms through direct measurements of enzyme activities (for
example, laccase colorimetric assays using ABTS or syringal-
dazine as substrates, manganese peroxidase assays with phe-
nol red, and biosurfactant detection via oil displacement or
emulsification index tests). Such assays would provide direct
evidence linking specific enzymatic activities to the observed
degradation efficiency.24

Conclusion

This research investigated the fungal strain Aspergillus niger
ATCC 16404 and its metabolic activity for enzymatic degrada-
tion of petroleum hydrocarbons. The study focused on quanti-
fying A. niger degradation efficiency and optimizing environ-
mental conditions. The research demonstrated that Aspergillus
niger degraded hydrocarbons by 75% in 21 days under con-
trolled laboratory conditions, with residual TPH declining
from an initial 10,000 mg/L to 2,000 mg/L in fungal-treated
samples (compared to 9,500 mg/L in sterile controls). Gas
chromatography-mass spectrometry was used to carry out the
quantification. It was detected that Aspergillus niger ATCC
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(a) Temperature optimization (b) pH optimization (c) Hydrocarbon concentration

Fig. 1 Optimization of environmental conditions for Aspergillus niger petroleum degradation. (a) Effect of temperature on degradation
efficiency (mean ± SD, n = 3), showing optimal performance at 30 °C. (b) Effect of pH on degradation efficiency (mean ± SD, n = 3), with
maximum activity at pH 5.0. (c) Effect of hydrocarbon concentration on degradation efficiency (mean ± SD, n = 3), demonstrating peak
performance at 1.5% v/v.

Table 1 Summary of degradation efficiency results from optimization experiments (mean ± SD, n = 3)

Parameter Condition Degradation Efficiency (%)

Temperature 20 °C 45±3.2
25 °C 68±2.8
30 °C 85±1.9
35 °C 75±2.5
40 °C 35±4.1

pH 4.0 65±3.5
5.0 82±2.1
6.0 78±2.9
7.0 58±3.8

Hydrocarbon Concentration 0.5% v/v 58±4.2
1.0% v/v 85±2.3
1.5% v/v 88±1.7
2.0% v/v 82±2.6

16404 has robust degradation activity under laboratory con-
ditions. Environmental optimization experiments identified
optimal conditions for effective fungal activity: pH 5.0 and
temperature 30 °C. Hydrocarbon concentration of 1.5% v/v
showed the highest degradation efficiency.

Based on literature, the degradation mechanisms likely in-
volve secretion of extracellular enzymes such as laccases
and manganese peroxidases, along with biosurfactant produc-
tion, though these were not directly measured in this study
and should be verified in future work. This fungus can po-
tentially be engineered to enhance its remediation capacity.
However, it is important to recognize that these results come
from laboratory-scale shake-flask experiments in mineral salt
medium. Before realistic field applications can be evaluated,
future work in seawater microcosms, mixed microbial com-

munities, variable salinity conditions, and presence of com-
peting microorganisms will be required to assess performance
under complex environmental conditions. Marine diversity is
crucial for the planet; therefore, continued research into effec-
tive and environmentally sustainable methods for mitigating
oil spill pollution remains essential.
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