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Abstract 25 

The purpose of the current study was to assess the degree to which endophytic fungi can degrade crude oil. The growth 26 

capability of many fungal isolates was investigated using Colletotrichum acutatum and Aspergillus oryzae on a 1% 27 

crude oil in a low-salinity medium as the carbon source. As far as we are aware, the isolated species has never been 28 

found in contaminated soil samples in Saudi Arabia's eastern area. A. oryzae and C. acutatum have demonstrated their 29 

ability to digest crude oil by eliminating 78.1and 59.7 %, respectively. It is noteworthy that they were able to lower 30 

the surface tension to 50.3 and 40.8 mN/m, respectively. In addition, the hydrophobicity and emulsification activity 31 

were found to be 46.7, 54.1, and 41.2, respectively, and 62.4. solvent extraction, acid precipitation zinc sulfate, 32 

ammonium sulfate were among the recovery assays. These methods all shown a correlation between the amount of 33 

biosurfactants and the hydrocarbons under examination. Finally, our research sheds new information on the fungal 34 

resources present in terrestrial ecosystems that are continuously contaminated. The safe removal of petroleum-oil 35 

contamination, bioremediation, and other industrial applications will benefit from this understanding. In addition, this 36 

study is the first to demonstrate the crude oil biodegradation potential of endophytic  C. acutatum and A. oryzae fungi 37 

in Saudi Arabia, revealing their significant biosurfactant production and applicability in petroleum bioremediation. 38 
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1. Introduction  53 

Contamination of the environment is a significant issue caused by chemicals, solvents, hydrocarbons and heavy 54 

metals. In addition to being extremely detrimental to all living things, including humans, they also indirectly result in 55 

financial losses for developing countries [1]. Petroleum oil and its products' extraction, processing, and transportation 56 

provide particularly significant environmental issues on a global scale. Despite precautions, a significant amount of 57 

the more than billion tons of petroleum oil transported annually seeps into the environment due to accidents or 58 

operational issues [2]. Recovering from the ecological problems will take years brought on by a spill, and crude oil is 59 

a diverse range of organic molecules, including simple and complex hydrocarbons, and hydrocarbon deposits found 60 

in nature, all of which have varying potentials for toxicity, danger, and cancer [3]. Remediation of crude oil-61 

contaminated soils has drawn a lot of interest in recent decades. In the past, crude oil was mineralized using costly 62 

and dangerous chemicals such as potassium permanganate/hydrogen peroxide as chemical oxidizing agents, putting 63 

the lives of many species in impacted areas at risk [4].  64 

For in situ applications, renewable sources have emerged, especially those based on the biological remediation 65 

capacity of plants and microorganisms, to address the problem of rising prices and the limited efficacy of traditional 66 

procedures [5, 6]. The term bioremediation refers to the use of microorganisms to break down or purify organically 67 

contaminated areas. The field of environmental microbiology has experienced rapid expansion due to safety, low cost, 68 

and increasing popularity [7]. Regions contaminated by crude oil can be difficult to bioremediate due to there are 69 

insufficient local microorganisms with suitable substrates and/or poor biodiversity of native microflora needed to 70 

break down the different hydrocarbons found in polluted areas [4].   71 

Fungi and bacteria both contributed to the biodegradation of oil products. These microorganisms possess the metabolic 72 

machinery required to consume crude oil carbon to create cells, unlike any other living species [8]. In comparison to 73 

bacteria, fungi are better degraders of certain environmental pollutants, such as halogenated phenolic compounds, 74 

phenols, petroleum hydrocarbons, polychlorinated biphenyls, polyethylene, polycyclic aromatic compounds, and [9, 75 

10]. Their sensitivity to changes in toxicity of  hydrocarbon in the environment and their physiology give them a 76 

greater tolerance [7]. Pawłowska et al. [11] claim that fungus release extracellular enzymes that facilitate their quick 77 

ramification, absorption of complex polysaccharides, and subsequent substrate digestion.  78 

Furthermore, their mass manufacturing is possible under severe environmental circumstances, such as stress [12]. 79 

Furthermore, separation through filtration is made simple by the filamentous structure of fungi [11]. While cell walls 80 
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have significant metal-binding capacity, fungi also display a number of tools or traits that influence the toxicity and 81 

metals mobility, including the capacity to create organic and inorganic precipitation, metal-binding proteins, 82 

intracellular compartmentalization, and active transport [13]. 83 

 With the growth of the shipping and oil industries, there is a significant risk to the environment from oil spills and 84 

pollution from seaward oil stages, such as offshore oil platforms and large oil ships. Saudi Arabia is a major producer 85 

of petroleum, hence many studies have been conducted there to look at the presence of different oil biodegraders. 86 

Three large oil-biodegraders—Aspergillus spelaeus, A. niger, and A. polyporicola —were found in soil samples close 87 

to Saudi Arabian crude oil reserves [14].  88 

In order to demonstrate the bioremediation properties of crude oil, the study's primary goals were to isolate, identify, 89 

and characterize fungal communities from contaminated locations and look into the possibility that indigenous fungi 90 

could use it as a special carbon source. Here, the goal was to get more knowledge regarding the evaluation of fungal 91 

bioremediation as a viable, efficient, and environmentally responsible alternative to physical-chemical methods for 92 

cleaning up hydrocarbon-contaminated areas. 93 

2. Materials and methods 94 

2.1. Samples collection and fungal isolates 95 

Four distinct crude oil reservoirs in the eastern region of the Kingdom of Saudi Arabia, Ras Tanura (26°38′38 N and 96 

50°9′33 E), provided soil samples for the current study. At a depth of about 10 cm, 500 g of soil samples were collected 97 

and stored at 4°C until needed in sterile wide-mouth short-profile transparent glass jars (Thermo Fisher Scientific Inc., 98 

Waltham, MS, USA). 2.5 mm pore-size sieves were used for screening the collected samples for any soil debris. Two 99 

endophytic fungal isolates, Aspergillus oryzae and Colletotrichum acutatum. The prior internal transcribed spacer 100 

(ITS) region approach was used to identify these isolates. 101 

2.2. Preparation of fungal inoculum  102 

The investigated fungal isolates were cultivated separately in 250 ml conical flasks using potato dextrose broth (PDB, 103 

Merck, India) and Tween-80 (0.1 ml). After that, the flasks were shaking for seven days at 25°C at 100 rpm/min. 104 

Using a hemocytometer, the concentration of spore inoculum was set to 1 × 106 spores/ml to create the fungal 105 

inoculum. For experiments on the biodegradation of crude oil, the fungal suspension functioned as a biodegradable 106 

agent  [15].   107 

 108 
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2.3. Biodegradation crude oil assay 109 

Utilizing a adjusted the redox indicator DCPIP (2,6-dichlorophenol indophenol) test, two fungal isolates (C. acutatum, 110 

A. oryzae) from the prior experiment were chosen and evaluated for their ability to decompose crude oil [16, 17]. For 111 

the detection of hydrocarbon primary oxidation, this method has a good sensitivity. DCPIP is a frequently used 112 

colorimetric technique. When oxidized, it is blue, but when reduced, it is colorless. The molecular structure changes, 113 

which results in the color shift. Concisely, the autoclaved MSM was mixed with 0.6 mg/ml of the DCPIP, 0.1% (v/v) 114 

Tween 80, and 1% (V/V) crude oil. A 3 to 5 ml of different fungal inoculum growing in liquid medium are then added 115 

to the previously created crude oil degradation media, and the mixture is cultivated for 6 days at 25°C in a shaking 116 

incubator. To mitigate the impacts of oil weathering, the flasks were covered and shielded from light, temperature 117 

changes, and aeration. By boosting metabolism, the surfactant Tween 80 was utilized to bio-stimulate and speed up 118 

the creation of biosurfactants [18]. The colorimetric analysis for the change in DCPIP color was then measured at 420 119 

nm using a spectrophotometer Plus (Japan). The color shift is directly correlated with crude oil deterioration. To 120 

determine whether growth and decolorization were occurring simultaneously, the fungal isolates' growth was also 121 

measured in terms of dry mass. The degradation % was calculated in accordance with Subathra et al. [19], and each 122 

experiment was carried out in triplicate. 123 

2.4. Extraction and analysis of crude oil 124 

By using degradation media and an equivalent volume of chloroform, the remaining crude oil was gradually removed 125 

from each sample. We employed anhydrous sodium sulfate to extract the crude oil's moisture content. The chloroform 126 

was evaporated in a water bath set at 55°C with a rotating evaporator. The solvent was finally evaporated using 127 

nitrogen gas. To analyze the extracted/treated crude oil, gas chromatography was used. 128 

2.5. Gas chromatography 129 

Additionally, the GC investigation was implemented using a MIDI-Sherlock GC (Agilent, USA) equipped with a 130 

flame ionization detector (FID) to verify that each isolate, C. acutatum, A. oryzae), was capable of biodegrading the 131 

crude oil. Crude oil was separated on the DB-1 capillary column (30 m × 0.25 mm × 0.25 µm) under the following 132 

circumstances. 50°C/min was the program for the inlet temperature. The oven was maintained at 35°C for the initial 133 

temperature and 28°C for the end temperature, for five min. The oven's final hold time was 15 min, and its temperature 134 

program was 10°C/min. Nitrogen was employed as a carrier gas. The operating temperature of the detector was 280°C. 135 

Air and hydrogen gas flowed at 40 and 400 ml/min, respectively. With a total run time of 58 minutes, 1µl of sample 136 

was injected at a split ratio of 1:50.  137 

 138 

 139 

 140 
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2.6. Cell-free supernatant preparation 141 

Isolates were cultivated in MSM broth medium containing 1% crude oil at 25±2°C for 10 days in a shaking incubator 142 

to produce CFS. Following incubation, the cells were centrifuged for 30 min at 4°C at 10,000 rpm in order to extract 143 

them. The supernatant (CFS) was filtered and sterilized using a sterile membrane with pore sizes of 0.45 µm. 144 

Investigations were conducted into CFS's capacity to generate different types of biosurfactants. Every experiment was 145 

carried out three times. 146 

2.7. Emulsification activity   147 

To find out if the fungal isolates might use crude oil as a hydrophobic substrate to emulsify, the emulsification activity 148 

test was conducted [20]. The cell-free culture broth and crude oil were mixed in equal parts in a test tube, vortexed for 149 

2 min, and then allowed to sit at room temperature for 24 h. Another tube was filled with distilled water to act as a 150 

negative control. Divide the emulsified layer's height (mm) by the solution column's overall height (mm), then multiply 151 

the result by 100 to determine the percentage emulsification activity.  152 

2.8. Fungal adherence to hydrocarbons (FATH) 153 

A 3.2 ml of Sigma benzene and 6.8 ml of CFs were mixed together in test tubes that had been acid-washed. The 154 

mixture was vortexed for one minute in compliance with the procedures of a previous investigation by Pruthi and 155 

Cameotra [21]. Hydrophobicity was calculated using the formula below: 156 

FATH =
initial absorbance − absorbance after phase separation

initial absorbance 
×  100 157 

2.9. Surface tension 158 

To measure the surface tension, a Kruss K7 tensiometer (Germeny) was used. A temperature of 25°C was established 159 

for the sample. Each sample was put into a 20 ml volume in the sample container of the tensiometer. subsequently in 160 

triplicate, the surface tension was determined in three distinct biological runs and expressed in mN/m units. An 161 

uninoculated medium and deionized distilled water were used as controls [22]. 162 

2.10. Biosurfactants Recovery  163 

To detect and quantify the amount of biosurfactants produced by fungal isolates, various techniques were used. The 164 

acid precipitation approach [23] involved adding 6N HCl, a powerful acid, to 3 ml of each fungal solution to bring the 165 

pH down to 2. A 24-hour incubation period at 4°C was then conducted. After receiving a solution of chloroform and 166 

methanol (2:1), each tube (v/v) was re-incubated for a further 24 hours at room temperature. The precipitate was light 167 

brown and collected after 30 minutes of spinning down at 10,000 rpm and 4°C.  168 
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After drying, the precipitate was weighed. A chloroform, acetone, methanol combination in equal volume (1:1:1) was 169 

applied to the fungal growth as part of the solvent extraction process [24]. For 5 h, the mixture was homogenized at 170 

200 rpm and 30°C. A white precipitate develops at the bottom of the tube. They gathered, dried, and documented this 171 

precipitate. Furthermore, two precipitation procedures were used: zinc sulfate and ammonium sulfate [25]. In short, 172 

fungal suspensions were treated with 40% (w/v) zinc sulfate or ammonium sulfate overnight at 4°C. After that, the 173 

mixture was centrifuged for 30 min at 10,000 rpm at 4°C. A light-brown precipitate was formed, separated, dried, and 174 

weighed in the zinc sulfate mixture. The precipitate was collected using acetone and dried in a fume hood while the 175 

ammonium sulfates combination was being prepared. This resulted in a white cream-colored powder that was noted. 176 

Every experiment used distilled water as a negative control, swapping out the fungus samples.  177 

2.11. Statistical analysis 178 

The trials were conducted in triplicate, and the mean±standard deviation of the three trials (n = 3) was used to display 179 

the data. The analysis of variance method was used to examine the data using SPSS v21.0, a statistical program (SPSS, 180 

Inc., Chicago, IL). 181 

3. Results and discussion  182 

Millions of liters of natural and synthetic oil enter the environment annually [26]. Although a variety of physical and 183 

chemical remediation methods are available for oil spill cleanup, they are often economically unfeasible. This 184 

highlights the critical need to identify and isolate indigenous microbial species capable of tolerating extreme 185 

environmental conditions while efficiently degrading crude oil. While bacterial biodegradation of crude oil has been 186 

extensively studied [27–30], the mechanisms by which fungi native to contaminated environments metabolize 187 

hydrocarbons remain poorly understood. Microorganisms capable of degrading crude oil are typically isolated from 188 

oil-polluted habitats [31]. Our findings establish a new benchmark for crude oil degradation using endophytic fungi 189 

isolated from Saudi Arabia, specifically Colletotrichum acutatum and Aspergillus oryzae. 190 

3.1. Crude oil degradation  191 

The ability of C. acutatum and A. oryzae to break down crude oil was then evaluated by observing how the color of 192 

culture media enriched with 0.1% DCPIP changed. Since DCPIP decolorization, a drop in crude oil content, and a 193 

mass of fungal growth are the three main indicators that influence the biodegradation phase of fungal isolates. 194 

As part of their method, fungi biodegrade crude oil using an electron acceptor like DCPIP [32, 33]. When DCPIP is 195 

added to our media, the reagent's color changes from blue (oxidized) to colorless (reduced), which indicates that a 196 
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degradation process has started [34]. The two fungal isolates used for crude oil breakdown in MSM were shown to be 197 

potential degraders, as illustrated in Figs. 1A and B. C. acutatum and A. oryzae degraded crude oil by 79.45% and 198 

79.11%, respectively, during the course of a 2-day incubation. Additionally, the degradation level somewhat increased 199 

during the course of the 6-day incubation period.  200 

 Crude oil was significantly degraded by C. acutatum and A. oryzae following this incubation period, with percentages 201 

of 80.4% and 94.8%, respectively. For the components of crude oil to be analyzed, a carbon source must be oxidized.  202 

DCPIP decolorization, a reduction in crude oil production, and fungal growth all supported a similar study conducted 203 

in the Gulf of Mexico that found some fungus might degrade crude oil [35]. Another study from Pernambuco, Brazil, 204 

discovered that the biodegradation of diesel oil, which led to the discoloration of the DCPIP, was induced by 205 

Rhodotorula aurantiaca and Candida ernobii isolated from soil samples polluted with petroleum [36]. In addition to 206 

C. acutatum and A. oryzae 's ability to breakdown crude oil, all of these studies provided evidence that the isolated 207 

fungal isolates could oxidize the crude oil, which resulted in its electronic transfer to DCPIP and subsequently 208 

decolorization [14].  209 

3.2. GC evaluation of the biodegradation of crude oil 210 

The GC chromatograms of the crude oil treated by C. acutatum and A. oryzae are shown in Fig. 2 in contrast to the 211 

control (Fig. 2a), which shows the residual hydrocarbon in the crude oil with hydrocarbon compound peaks in the 212 

C12–C24 range. In contrast to the untreated control, the fungal isolates effectively used the alkane, as seen in Figs. 2b 213 

Nevertheless, compared to A. oryzae, we discovered that C. acutatum marginally outperformed it in lowering the 214 

aliphatic component peaks in the crude oil. Similarly, these fungal isolates most likely produced the graph's receding 215 

peaks of Cn alkanes and other low-mass peaks by Crude oil biodegrading produces a variety of residues, which the 216 

fungi may have used to thrive.  217 

A. oryzae may use C12 to C24 as the only carbon source and energy source, while C. acutatum can break down all n-218 

alkanes from C16 to C20, according to study. Because of their effective degradative enzyme systems, fungal isolates 219 

were able to attack both short and long chain alkanes with remarkable vulnerability. It was shown that the selected 220 

fungal isolates were efficient degraders of crude oil. While new peaks indicated the breakdown of products or 221 

presumed metabolites, the treated crude oil substrate showed a dip in the vicinity of some peaks, indicating its 222 

degradation. This finding aligns with previous research demonstrating that microorganisms that break down 223 

hydrocarbons preferentially break down alkanes [37].  224 
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 Furthermore, the Aspergillus oryzae KR029081 isolate was identified by Mallikarjuna et al. [38] as being especially 225 

unique and breaking down with a hydrocarbon from C14 to C27. GC is without a doubt a very helpful method for 226 

tracking and monitoring hydrocarbons and chemical contaminants in the environment. Hydrocarbon by-products, such 227 

as C60, can be detected using it [39].  228 

3.3. Emulsification activity, surface tension and Cell surface hydrophobicity 229 

Surface tension was measured after 14 days of incubation at 30ºC, and FATH, emulsification activity tests were 230 

performed for C. acutatum and A. oryzae (Table 1). A. oryzae and C. acutatum both reported high FATH levels of 231 

40.8% and 41.2%, which were nearly identical. Crude oil degradation may be significantly influenced by this 232 

characteristic [40]. A. oryzae and C. acutatum significantly decreased surface tension by 50.3 and 40.8 mN/m, 233 

respectively, demonstrating a clear association between surface tension reduction and fungal isolates' biodegradation 234 

of crude oil. 235 

This finding suggested that surface tension was decreased as a result of the biosurfactants produced by these isolates. 236 

Ghosal et al. [41] isolated Aspergillus sp. RFC-1 crude oil-degrading fungal strains from Rumaila field oil in Basra, 237 

Iraq, and our results were consistent with their findings. They discovered that the strength of the fungi's crude oil 238 

degradation ability was inversely correlated with a reduction in surface tension. Additionally, by studying eight 239 

hydrocarbonoclastic oil field bacteria from Tunisia, Mnif et al. [42] found that the surface tension decreased to 35.1 240 

mN/m, indicating the production of biosurfactant. 241 

Furthermore, Varadavenkatesan and Murty [43] found that the use of MSM in the crude oil resulted in a biosurfactant 242 

output over 96 hours, reducing surface tension to 36.1 mN/m. Table 1 shows that A. oryzae (62.4%) had marginally 243 

more emulsion activity than C. acutatum (54.1%). Accordingly, we may infer from the data that there is a relationship 244 

between fungal biodegradation and crude oil that depends on increasing the rate of fungal growth on crude oil, 245 

lowering surface tension, and increasing emulsification activity. Furthermore, fungi have a significant impact on how 246 

hydrophobic cell surfaces develop.  247 

As emulsifying agents, C. acutatum and A. oryzae can improve crude oil biodegradation in this scenario by reducing 248 

surface tension in two distinct ways. Mycelial pellet structures are formed by emulsifying hydrophobic substances, 249 

which is encouraged by the first pathway. By increasing the hydrophobicity of the cell surface, the second mechanism 250 

enhances the direct physical interaction between cells and substrates that are weakly soluble in water [44,45]. 251 

3.4. Assessment of the weight of biosurfactants extracted from fungal isolates 252 
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The present investigation focused on the amount of biosurfactants generated by C. acutatum and A. oryzae in the 253 

presence of crude oil in order to confirm the obtained fungal isolates' ability to displace oil. Four different recovery 254 

methods were applied. The dry weight of biosurfactants in the presence of C. acutatum was 4.5 g, followed by A. 255 

oryzae (4.2 g), according to the results of the acid precipitation experiment, which are shown in Fig. 3. Similar to this, 256 

the solvent extraction test was used to separate the soluble and insoluble components that came from the reaction of 257 

fungal isolates with crude oil; interactions between C. acutatum (4.1 g) and A. oryzae (5.3 g) with crude oil were 258 

responsible for a significant portion of the dry weight precipitate (Fig. 3). 259 

However, when the crude oil was treated with C. acutatum (1.1 g) and A. oryzae (1.4 g), it produced ammonium 260 

sulfate precipitation, as shown in Fig. 3, two additional techniques of zinc and ammonium sulfate precipitation. The 261 

zinc sulfate precipitation method's dry weight of the precipitate showed that crude oil's reaction with C. acutatum 262 

(2.02 g) and A. oryzae (3.01 g) was what produced the biosurfactant. Remarkably, the most important characteristic 263 

of a suspected hydrocarbon degrader is its ability to produce microbial biosurfactants, which are made up of a mixture 264 

of organic (proteins, fatty acids, and exopolysaccharides) components [46].  265 

Biosurfactants increase the solubility of greasy contaminants, making them more accessible to microorganisms as 266 

carbon sources and hastening their breakdown. Furthermore, by emulsifying the hydrocarbon by reducing surface 267 

tension, these components can withstand oil bioremediation and oil recovery [47]. The emulsification of the crude oil 268 

used in this investigation was enhanced by C. acutatum and A. oryzae. Crude oils produced a significant amount of 269 

biosurfactants, according to the amount produced by C. acutatum and A. oryzae.  270 

According to our research, fungal biosurfactants have a strong capacity to biodegrade oil, that might be explained by 271 

the production of enzymes that could destroy chemical contaminants. Numerous studies have shown that certain fungal 272 

species are capable of producing degrading enzymes, including as laccases, peroxidases, and catalases, which speed 273 

up the breakdown and immobilization of pollutants [48, 49].  274 

Furthermore, although the effects of microbial biosurfactants on the bioremediation of different hydrocarbons from 275 

other countries have drawn a lot of attention, little study has been done in Saudi Arabia on C. acutatum and A. oryzae. 276 

Using crude oil, Pseudomonas aeruginosa generated biosurfactant that, after 35 days, broke down 82% of the 277 

petroleum hydrocarbons, according an Indian study [50]. A follow-up study conducted in India discovered that 97% 278 

of crude oil samples could be broken down by Bacillus subtilis biosurfactants (4.85 g/l). This capability was ascribed 279 

to the development of two biodegradative enzymes, alkane hydroxylase and alcohol dehydrogenase [51].  280 
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Following 30 days, the biosurfactants produced by Trichoderma atroviride, A. sydowii, and A. nidulans that were 281 

extracted several samples of polluted soil shown effective crude oil breakdown (66.9–83.5%) [52]. 73.6% of crude oil 282 

was successfully biodegraded in the Saudi Arabia study using a combination of biosurfactants produced by T. 283 

harzianum, Alternaria alternative, A. terreus, A. flavus [53]. Our results and all of these studies suggest that fungal 284 

biosurfactants have strong oil-biodegradative capabilities, which could be explained by the emergence of degradative 285 

enzymes that lessen pollution of hydrocarbon in contaminated areas. 286 

According to our findings, only trace amounts of biosurfactants were recovered when using zinc sulfate and 287 

ammonium sulfate precipitation methods. This limited recovery may be attributed to the influence of pH and the 288 

presence of divalent cations, such as magnesium ions, which are known to affect microbial emulsification activity and 289 

biosurfactant stability [54]. Notably, Pseudomonas aeruginosa was reported to produce higher concentrations of 290 

rhamnolipid biosurfactants through organic solvent extraction (7.37 ± 0.81 g/L) compared to zinc sulfate precipitation 291 

(5.83 ± 0.02 g/L), a trend that aligns with our observations [55]. The variation in biosurfactant yields among fungal 292 

isolates can likely be explained by physicochemical properties of the biosurfactants themselves—specifically, their 293 

ionic charge and solubility characteristics in different solvents—which have been identified in prior studies as key 294 

factors influencing recovery efficiency [58]. 295 

The biodegradation of petroleum hydrocarbons by fungi and other microorganisms is essential for mitigating 296 

environmental contamination caused by oil spills, particularly in oil-rich regions such as Saudi Arabia. Indigenous 297 

fungi and yeasts isolated from local ecosystems exhibit promising potential for use in bioremediation strategies, as 298 

they are well-adapted to the unique climatic and ecological conditions of the region [59]. 299 

Several studies have demonstrated the capacity of fungal strains to degrade complex hydrocarbons effectively. For 300 

example, fungal isolates obtained from mangrove sediments along the Red Sea coast—including Alternaria alternata, 301 

Aspergillus terreus, and Cladosporium sphaerospermum—showed significant diesel oil degradation. These fungi 302 

produced elevated CO₂ levels during incubation, indicating active metabolic breakdown of hydrocarbons [40]. These 303 

findings corroborate the role of mangrove-associated fungi in hydrocarbon degradation, as previously reported in 304 

similar coastal ecosystems worldwide [43]. 305 

In contaminated soils from Dhahran, Aspergillus niger exhibited the highest degradation efficiency among isolated 306 

strains, reducing hydrocarbon content by approximately 58% and generating substantial CO₂ emissions [60]. The 307 

robust enzymatic machinery of A. niger—including laccases and peroxidases—likely underpins its effectiveness in 308 
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breaking down petroleum hydrocarbons, consistent with its documented biodegradation abilities in other geographical 309 

contexts. Similarly, fungal isolates from the Red Sea region such as Penicillium commune and Aspergillus niger 310 

demonstrated effective degradation of a wide spectrum of hydrocarbons, confirmed through spectrophotometric and 311 

GC-MS analyses [61]. This suggests that these fungi possess versatile metabolic pathways suitable for the 312 

bioremediation of complex oil pollutants prevalent in Saudi Arabian environments. 313 

Moreover, yeast isolates from the Khafji oil field, including Candida tropicalis, have been identified as efficient crude 314 

oil degraders, with degradation rates exceeding 50%. The capacity of yeasts to metabolize hydrocarbons complements 315 

fungal and bacterial activities, particularly under extreme environmental conditions such as high salinity and 316 

temperature fluctuations common in the region [62]. 317 

 318 

4. Conclusions  319 

Polluting the environment from oil spills is one of the main problems of the twenty-first century, and it can be 320 

addressed with all the resources at hand. This study presents the potential of the recently identified Saudi Arabian 321 

endophytic fungi C. acutatum and A. oryzae in the biodegradation of crude oil. The finding is both practically and 322 

academically relevant, particularly in Saudi Arabia, a major oil-producing nation. 323 

Future research should explore the metabolic mechanisms behind the fungal degradation process, particularly the role 324 

of degrading enzymes and genomic methods used to further reveal the genes involved in the degradation process. 325 

Further research into the applications of biosurfactants in real-world environments would be beneficial, especially 326 

regarding their potential industrial value. Consider researching the co-degradation of other types of pollution (such as 327 

heavy metal contamination) to explore the fungi's potential in degrading complex pollutants. 328 

 329 

Conflict of Interest 330 

Authors don’t have any conflict of interest  331 

Funding 332 

This work was supported by the Deanship of Scientific Research, Vice Presidency for Graduate Studies and Scientific 333 

Research, King Faisal University, Saudi Arabia [Grant No. KFU253775]. 334 

References 335 



 

13 
 

1. Undugoda, L., Thambugala, K., Kannangara, S., Munasinghe, J., Premarathna, N., & Dharmasiri, N. (2023). 336 

Phylloremediation of pyrene and anthracene by endophytic fungi inhabiting tea leaves (Camellia sinensis (L.) 337 

Kuntze) in Sri Lanka. New Zealand Journal of Botany, 63(5), 1922–1935. 338 

2. Hassanshahian, M.; Cappello, S. Crude Oil Biodegradation in the Marine Environments. Eng. Technol. 2013, 5, 339 

101–135.  340 

3. Catania, V.; Santisi, S.; Signa, G.; Vizzini, S.; Mazzola, A.; Cappello, S.; Yakimov, M.M.; Quatrini, P. Intrinsic 341 

bioremediation potential of a chronically polluted marine coastal area. Mar. Pollut. Bull. 2015, 99, 138–149.  342 

4. Asif, Z.; Chen, Z.; An, C.; Dong, J. Review Environmental Impacts and Challenges Associated with Oil Spills on 343 

Shorelines. J. Mar. Sci. Eng. 2022, 10, 762.  344 

5. Ismail, N.A.; Kasmuri, N.; Hamzah, N. Microbial Bioremediation Techniques for Polycyclic Aromatic 345 

Hydrocarbon (PAHs)—A Review. Water Air Soil Pollut. 2022, 233, 124.  346 

6. Vaksmaa A, Guerrero-Cruz S, Ghosh P, et al. Roles of fungi in bioremediation of emerging pollutants. Front Mar 347 

Sci. 2023;10:1070905. 348 

7. Kumar, L.; Chugh, M.; Kumar, S.; Kumar, K.; Sharma, J.; Bharadvaja, N. Remediation of petrorefinery 349 

wastewater contaminants: A review on physicochemical and bioremediation strategies. Process Saf. Environ. 350 

Prot. 2022, 159, 362–375.  351 

8. Kumar, B.L.; Gopal, D.V.R.S. Effective role of indigenous microorganisms for sustainable environment. 3 352 

Biotech 2015, 5, 867–876.  353 

9. Rosa FM, Mota TFM, Busso C, et al. Filamentous fungi as bioremediation agents of industrial effluents: a 354 

systematic review. Fermentation. 2024;10(3):143. 355 

10. Al-Jawhari IF. Ability of some fungi isolated from a sediment of suq-al shuyukh marshes on biodegradation of 356 

crude oil. Int J. Curr. Microbiol. App.Sci. 2015;4(1):19-32.  357 

11. Vanishree M, Thatheyus AJ, Ramya D. Biodegradation of petrol using the fungus penicillium sp. Science 358 

international. 2014;2(1):26-31.  359 

12. Hussaini A, Roslan HA, Hii KSY, Ang CH. Biodegradation of aliphatic hydrocarbon by indigenous fungi isolated 360 

from used motor oil contaminated sites. J. Microbial Biotechnol. 2008;24: 2789-2797.  361 

13. Qianwei L, Jicheng L, Geoffrey M et al (2020) Fungal bioremediation of soil co-contaminated with petroleum 362 

hydrocarbons and toxic metals. Appl Microbiol Biotechnol 104:8999–9008.  363 



 

14 
 

14. Al-Dhabaan FA (2021) Mycoremediation of crude oil contaminated soil by specific fungi isolated from Dhahran 364 

in Saudi Arabia. Saudi J Biol Sci 28:73–77.  365 

15. Westlake DW, Jobson A, Phillippe R, et al. Biodegradability and crude oil composition. Can J Microbiol. 366 

1974;20:915–928.  367 

16. Al-Otibi F, Al-Zahrani RM, Marraiki N (2022) The crude oil biodegradation activity of Candida strains isolated 368 

from oil-reservoirs soils in Saudi Arabia. Sci Rep 12:10708.  369 

17. Rego AP, Mendes KF, Bidoia ED et al (2018) DCPIP and respirometry used in the understanding of Ametryn 370 

biodegradation. J Ecol Environ 9:27.  371 

18. Garai S, Bhattacharjee C, Sarkar S, Moulick D, Dey S, Jana S, Dhar A, Roy A, Mondal K, Mondal M, Mukherjee 372 

S (2024) Microplastics in the soil–water–food nexus: inclusive insight into global research findings. Sci Total 373 

Environ 173891:173891 374 

19. Xue, J.; Yu, Y.; Bai, Y.; Wang, L.; Wu, Y. Marine Oil-Degrading Microorganisms and Biodegradation Process 375 

of Petroleum Hydrocarbon in Marine Environments: A Review. Curr. Microbiol. 2015, 71, 220–228.  376 

20. Taylor, J.D.; Cunliffe, M. Multi-year assessment of coastal planktonic fungi reveals environmental drivers of 377 

diversity and abundance. ISME J. 2016, 10, 2118–2128.  378 

21. Arifeen, M.Z.U.; Liu, C.H. Novel enzymes isolated from marine-derived fungi and its potential 379 

applications. United J. Biochem. Biotechnol 2018, 1, 1–11.  380 

22. Adebajo S, Akintokun P, Ojo A et al (2020) Recovery of biosurfactant using different extraction solvent by 381 

rhizospheric bacteria isolated from rice-husk and poultry waste biochar amended soil. Egypt J Basic Appl Sci 382 

7:252–266. 383 

23. Khelil, F.; Matallah-Boutiba, A.; Chemlal-Kherraz, D.; Boutiba, Z. Characterization of hydrocarbonoclastes 384 

bacteria isolated from marine waters west algeria: Evolution analysis in presence of crude oil. J. Curr. Res. 385 

Sci. 2014, 2, 557–563  386 

24. Zheng, Z.; Obbard, J.P. Effect of non-ionic surfactants on elimination of polycyclic aromatic hydrocarbons 387 

(PAHs) in soil-slurry by Phanerochaete chrysosporium. J. Chem. Technol. Biotechnol. 2001, 76, 423–429.  388 

25. Ifeoma J N, Angela C U, Toochukwu E O, Christopher M D. Diversity and hydrocarbon degradative potential of 389 

endophytic bacteria isolated from Hibiscus cannabinus and Zea mays grown on crude oil-polluted soil from 390 

Egbema, Nigeria, Total Environment Microbiology, Volume 1, Issue 2, 2025,100014. 391 



 

15 
 

26. Yakimov MM, Timmis KN, Golyshin PN (2007) Obligate oil-degrading marine bacteria. Curr Opin Biotechnol 392 

18:257–266.  393 

27. Brooijmans RJW, Pastink MI, Siezen RJ (2009) Hydrocarbon-degrading bacteria: The oil-spill clean-up crew. 394 

Microb Biotechnol 2:587–594.  395 

28. Hassanshahian M, Emtiazi G, Cappello S (2012) Isolation and characterization of crude-oil-degrading bacteria 396 

from the Persian Gulf and the Caspian Sea. Mar Pollut Bull 64:7–12.  397 

29. Lawal, O. A., Aborisade, A. T., Akomolafe, O. M., & Lawal, O. T. (2025). Effective degradation of spent engine 398 

oil (SEO) by Aspergillus tamarii and Aspergillus terreus isolated from SEO-contaminated soil. Chemistry and 399 

Ecology, 41(9), 1232–1250.   400 

30. Al-Hawash, B.A.; Zhang, X.; Fuying, M. Removal and biodegradation of different petroleum hydrocarbons using 401 

the filamentous fungus Aspergillus sp. RFC-1. Microbiologyopen 2019, 8, 619–633.  402 

31. Balajil, V.; Arulazhagan, P.; Ebenezer, P. Enzymatic bioremediation of polyaromatic hydrocarbons by fungal 403 

consortia enriched from petroleum contaminated soil and oil seeds. J. Environ. Biol. 2014, 35, 521–529  404 

32. EL-Hanafy AAEM, Anwar Y, Sabir JS et al (2017). Characterization of native fungi responsible for degrading 405 

crude oil from the coastal area of Yanbu, Saudi Arabia. Biotechnol Biotechnol Equip 31:105–111. 406 

33. Miranda RD, Souza CSD, Gomes EDB et al (2007) Biodegradation of diesel oil by yeasts isolated from the 407 

vicinity of Suape port in the state of Pernambuco, Brazil. Braz Arch Biol Technol 50:147–152.  408 

34. Al-Hawash, A.B.; Alkooranee, J.T.; Abbood, H.A.; Zhang, J.; Suna, J.; Zhang, X.; Ma, F. Isolation and 409 

characterization of two crude oil-degrading fungi strains from Rumaila oil field, Iraq. Biotechnol. Rep. 2018, 17, 410 

104–109.   411 

35. Laurelta T, Solomon M. Bioremediation of spent engine oil contaminated soils using indigenous fungi species. Int 412 

J Sci Res Sci Technol. 2020;7(2):445–461.  413 

36. El-Sheshtawy HS, Ahmed W (2017) Bioremediation of crude oil by Bacillus licheniformis in the presence of 414 

different concentration nanoparticles and produced biosurfactant. Int J Environ Sci Technol 14:1603–1614.  415 

37. Ghosal D, Ghosh S, Dutta TK et al (2016) Current state of knowledge in microbial degradation of polycyclic 416 

aromatic hydrocarbons (PAHs): A review. Front Microbiol 7:1369–1380.  417 

38. Mnif S, Chamkha M, Labat M et al (2011) Simultaneous hydrocarbon biodegradation and biosurfactant 418 

production by oilfield-selected bacteria. J Appl Microbiol 111:525–536.  419 



 

16 
 

39. Varadavenkatesan T, Murty VR (2013) Production of a lipopeptide biosurfactant by a novel Bacillus sp. and its 420 

applicability to enhanced oil recovery. ISRN Microbiol 2013:1–8.  421 

40. Al-Hawash BA., Zhang X, Fuying M (2019) Removal and biodegradation of different petroleum hydrocarbons 422 

using the filamentous fungus Aspergillus sp. RFC-1. Microbiologyopen 8:619–633. 423 

41. Antoniou E, Fodelianakis S, Korkakaki E et al (2015) Biosurfactant production from marine hydrocarbon-424 

degrading consortia and pure bacterial strains using crude oil as carbon source. Front Microbiol 6:274.  425 

42. Ibrahim ML, Ijah UJJ, Manga SB et al (2013) Production and partial characterization of biosurfactant produced 426 

by crude oil degrading bacteria. Int Biodeterior Biodegrad 81:28–34. 427 

43. Morikawa, M.; Hirata, Y.; Imanaka, T. A study on the structure-function relationship of lipopeptide 428 

biosurfactants. Biochim. Biophys. Acta 2000, 1488, 211–218.  429 

44. Durairaj P, Malla S, Nadarajan SP et al (2015) Fungal cytochrome P450 monooxygenases of Fusarium oxysporum 430 

for the synthesis of ω-hydroxy fatty acids in engineered Saccharomyces cerevisiae. Microb Cell Factories 14:45.  431 

45. Patowary K, Patowary R, Kalita MC et al (2017) Characterization of biosurfactant produced during degradation 432 

of hydrocarbons using crude oil as sole source of carbon. Front Microbiol 8:279. 433 

46. Parthipan P, Preetham E, Machuca LL et al (2017) Biosurfactant and degradative enzymes mediated crude oil 434 

degradation by bacterium Bacillus subtilis A1. Front Microbiol 8:193. 435 

47. Khandelwal A, Singh SB, Sharma A et al (2021) Effect of surfactant on degradation of Aspergillus sp. and 436 

Trichoderma sp. mediated crude oil. Int J Environ Anal Chem 101:1–14.  437 

48. Abd El-Aziz A, Al-Othman MR, Hisham SM et al (2021) Evaluation of crude oil biodegradation using mixed 438 

fungal cultures. PLoS One 16:e0256376. 439 

49. Lee, D.W.; Lee, H.; Kwon, B.-O.; Khim, J.S.; Yim, U.H.; Kim, B.S.; Kim, J.-J. Biosurfactant-assisted 440 

bioremediation of crude oil by indigenous bacteria isolated from Taean beach sediment. Environ. 441 

Pollut. 2018, 241, 254–264..  442 

50. Campos JM, Stamford TL, Sarubbo LA et al (2013) Microbial biosurfactants as additives for food industries. 443 

Biotechnol Prog 29:1097–1108.  444 

51. Karlapudi AP, Venkateswarulu TC, Tammineedi J et al (2021) Role of biosurfactants in bioremediation of oil 445 

Pollution—a review. Petroleum 7:230.  446 



 

17 
 

52. Balajil V, Arulazhagan P, Ebenezer P (2014) Enzymatic bioremediation of polyaromatic hydrocarbons by fungal 447 

consortia enriched from petroleum contaminated soil and oil seeds. J Environ Biol 35:521–529. 448 

53. Covino, S.; D’Annibale, A.; Stazi, S.R.; Cajthaml, T.; Čvančarová, M.; Stella, T.; Petruccioli, M. Assessment of 449 

degradation potential of aliphatic hydrocarbons by autochthonous filamentous fungi from a historically polluted 450 

clay soil. Sci. Total Environ. 2015, 505, 545–554.  451 

54. Marchut-Mikolajczyk O, Drozdzynski P, Struszczyk-Swita K (2020) Biodegradation of slop oil by endophytic 452 

Bacillus cereus EN18 coupled with lipase from Rhizomucor miehei (Palatase®). Chemosphere 250:126203.  453 

55. Asemoloye MD, Ahmad R, Jonathan SG (2017) Synergistic action of rhizospheric fungi with Megathyrsus 454 

maximus root speeds up hydrocarbon degradation kinetics in oil polluted soil. Chemosphere 184:1–12.  455 

56. Obire, O.; Anyanwu, E.C.; Okigbo, R.N. Saprophytic and crude oil degrading fungi from cow dung and poultry 456 

droppings as bioremediation agents. J. Agric. Technol. 2008, 4, 81–89.  457 

57. Abd El-Aziz, A.R.M.; Al-Othman, M.R.; Hisham, S.M.; Shehata, S.M. Evaluation of crude oil biodegradation 458 

using mixed fungal cultures. PLoS ONE 2021, 16, e0256376.  459 

58. Al-Zahrani RM, Al-Otibi F, Marraiki N, et al. Biodegradation of petroleum hydrocarbons by Drechslera spicifera 460 

isolated from contaminated soil in Riyadh, Saudi Arabia. Molecules. 2022;27:6450. 461 

59. Ameen F, Moslem M, Hadi S et al (2016) Biodegradation of diesel fuel hydrocarbons by mangrove fungi from 462 

Red Sea Coast of Saudi Arabia. Saudi J Biol Sci 23:211–218.  463 

60. Al-Harbi, H. M., et al. (2020). Biodegradation potential of Aspergillus niger isolated from crude oil contaminated 464 

soils in Dhahran, Saudi Arabia. Environmental Science and Pollution Research, 27(2), 1764–1772. 465 

61. Al-Mailem, D., et al. (2015). Isolation and molecular identification of fungal strains capable of degrading 466 

hydrocarbon contaminants on Saudi Arabian environment. WASET International Journal of Environmental and 467 

Ecological Engineering, 9(2), 123–129. 468 

62. Al-Othman, M. R., et al. (2021). Characterization of crude oil degrading yeasts isolated from Khafji oil field in 469 

Saudi Arabia. Saudi Journal of Biological Sciences, 28(1), 348–356. 470 

 471 

 472 

 473 

 474 



 

18 
 

 475 

 476 

 477 

 478 

 479 

 480 

 481 

Table 1 Surface tension, cell surface hydrophobicity and emulsification activity of fungal isolates 482 

after 14 days of incubation (Mean ±SD, n = 3) 483 

 484 

Fungal isolates Cell hydrophobicity (%) Emulsification activity (%) Surface tension (mN/m) 

Colletotrichum acutatum 44.9±1.98 36.7±2.51 41.2±0.72 

Aspergillus oryzae 53.4±1.26 35.9±3.26 35.9±2.64 

Control  

(distilled water) 

0 - 66±0.62 

Control  

(un-inoculated media) 

0 15.3±2.1 59±0.69 

In all of these assays, un-inoculated medium and distilled water served as the negative controls.  485 
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 516 

Fig. 1 (A) The oil biodegrading capacity of C. acutatum and (B) A. oryzae on crude oil. The 517 

colorimetric changes in DCPIP were measured at 420 nm during a 6-day incubation period at 25°C 518 

with the fungal isolates grown in MSM supplemented with 0.1% Tween 80 and 0.6 mg/ml DCPIP. 519 

The mean ± SD of three separate experiments determines the way the results are displayed. 520 
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 552 

Fig. 2 Gas chromatography analysis of crude oil degradation from the untreated control (A), and 553 

treated with C. acutatum (B), A. oryzae (C) after 10 days of incubation. 554 
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 575 

Fig. 3 Solvent extraction, ammonium sulfate, Acid precipitation, and zinc sulfate precipitation 576 

assays are used to recover biosurfactants of C. acutatum and A. oryzae. The mean ± SD of three 577 

separate experiments is how the results are displayed. 578 
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