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Crude Oil Biodegradation Performance in
Natural Seawater of a Trichoderma species
from Decaying Mangrove Wood in East
Kalimantan

ABSTRACT

Large-scale petroleum production poses environmental and human health risks,particularly
due to petroleum contamination in marine environments.The aim of this study was to isolate
and screen fungi inhabiting decaying mangrove wood in East Kalimantan with theirability to
degrade crude oil in seawater. In the initial step, fungi were isolated using standard methods
and screened for crude oil degradation and biomass production. Selected fungi were based
on their significant biomass production. Subsequently, the selected fungus was cultured in
three types of media based on natural seawater and crude oil at initial concentrations
ranging from 1% to 5% (v/v). The biodegradation of crude oil was assessed
spectrophotometrically at 420 nm. Out of the 17 decaying wood fungi, MG-07 exhibited
significantly higher biomass production compared to the control medium (without crude oil).
Gas chromatography-mass spectrometry analysis indicated that MG-07 degraded 20%—-80%
of the normal aliphatic compounds in the tested crude oils within 2 weeks. Furthermore, the
growth and degradation efficiency of MG-07 was significantly enhanced when cultured in a
natural seawater medium containing crude oil, supplemented with glucose (20 g/L) and
Tween 80 (1% v/v). The highest observed biomass gains were 867%, with a biodegradation
efficiency of 31.6% at a crude oil concentration of 1%. MG-07 was identified as Trichoderma
sp. based on the internal transcribed spacer region. The results obtained from this
studydemonstrate thatMG-07 has significant potential for degrading crude oil in saline
environments. These findings provide valuable insights for the application of fungi in marine
oil spill remediation.
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1. INTRODUCTION

Economic and social activities (e.g., commercial activities, electric generation, industrial
activities, residential activities, and transportation) depend on petroleum hydrocarbon
products (crude oil, diesel, and motor oil) [1,2]. Large-scale petroleum production can pose
environmental and human health risks because petroleum is carcinogenic, mutagenic, and
toxic and can accumulate through the food chain [3]. One of the most important issues is the
occurrence of petroleum pollution in the marine environment [4]. Most events in which the
marine environment becomes contaminated with petroleum occur during petroleum use,




offshore drilling, production, refining in coastal areas, shipping, and unintentional spills [1-5].
Oil spills at sea often extend into coastal areas, reaching and spreading within salt marshes
and mangrove forests [6,7]. Petroleum hydrocarbons have limited solubility in water and are
readily adsorbed onto particles that can enter and persist for long periods in marine
sediment, harming benthic aquatic communities [8].

Bioremediation employs microorganisms to break down and neutralize harmful
environmental pollutants, converting them intocarbon dioxide and water, biomass, and by-
products with lower toxicity than the original compounds [8,9]. Bioremediation of petroleum
in marine environments using microorganisms is significantly influenced by various
environmental factors, including bioavailability, nutrient availability, salinity, pH, and
concentration of hydrocarbon [2]. Microorganisms require essential nutrients such as carbon,
nitrogen, phosphorous, sulfur, oxygen, and hydrogen for their growth and energy. Among
these, carbon plays a crucial role in bioremediation, enhancing the metabolic activity of
microorganisms and, consequently, accelerating pollutant degradation [10]. Petroleum
hydrocarbons are hydrophobic pollutant compounds characterized by high-carbon
components such as saturates, aromatics, asphaltenes, and resins, which microorganisms
can utilize as a carbon and energy source [11]. However, these components resist dissolving
in water, making it challenging for microorganisms to degrade and mineralize them [9,11]. To
facilitate microbial adaptation to environments with limited carbon bioavailability, the addition
of a simple carbon source, such as glucose, as a co-metabolic substrate can be effective
[12]. In addition to glucose, microorganisms can accelerate the degradation and
mineralization of petroleum pollutants by utilizing surfactants like Tween 80 [13]. A field
study demonstrated that the addition of surfactants to support Pseudomonas sp. in the
restoration of petroleum-contaminated soil can both decrease the levels of petroleum
hydrocarbons and stimulate the growth of other soil microbes [14].

Numerous fungi from saline environments have been isolated and characterized for crude oil
degradation [15]. Recent studies have increasingly focused on exploring the capability and
effectiveness of halophilic fungi in the degradation of crude oil and its derivatives, such as
genera belonging to Penicillium, Aspergillus, Fusarium, Alternaria, and Trichoderma [1,2,16].
These fungi can adapt through diverse mechanisms, such as ion homeostasis, accumulation
of compatible solutes, maintaining plasma membrane fluidity, and utilizing the high
osmolarity glycerol (HOG) signaling pathway [17].

On 31 March 2018, Balikpapan Bay in East Kalimantan experienced an accidental crude oil
spill from a cracked underwater pipeline operated by the Indonesian national oil and gas
company [6]. The spill, estimated at 40,000 barrels, affected 120 km? of Balikpapan Bay,
including mangrove areas. Balikpapan City hosts a crude oil refinery that supplies 26% of
the fuel in Indonesia, making Balikpapan Bay one of the busiest ports in the Kalimantan
ports for cargo, passenger, and tanker traffic. These activities pose significant risks of crude
oil contamination to both land and marine environments.Conversely, East Kalimantan is a
tropical region rich in natural resources, including fish, forests, microorganisms, oil, and gas.
Despite this richness, little attention has been given to the biota of East Kalimantan,
particularly microorganisms [18]. Therefore, the aim of this study was to isolateand screen
fungi from East Kalimantan with the ability to degrade crude oil. Additionally, the influence of
glucose and Tween 80 on the ability of the selected fungus to degrade crude oil degradation
in natural seawater was investigated.

2. MATERIAL AND METHODS

2.1 Chemical



Three types of crude oil were obtained from Pertamina Refinery Industry Unit V, Balikpapan,
Indonesia: crude oil A (COA, from Bekapai oil field, East Kalimantan), crude oil B (COB, from
Handil oil field, East Kalimantan), and crude oil C (COC, from Banyu Urip oil field, Central
Java). Data on the crude oils as provided by the company is presented in Table 1. Toluene
(purity 99.9%) was purchased from Merck (Darmstadt, Germany). All other chemicals were
from HiMedia Laboratories (Mumbai, India) or were purchased from SIP Chemicals
Industries (Mumbai, India).

Table 1 Physicochemical characteristics of the Crude oils

Parameter Method Unit COA CcoOB cocC
API gravity at
15 56°C ASTM D1298 38.4 36.3 32.1
Asphaltenes
(Heptane IP 143 mass % 0.14 0.69 0.20
insoluble)
Viscosity
Kinematic at ASTM D445 mm?/s 2.55 3.70 10.5
37.8°C
Metal content: Ni :;5%2/ UOP 391/ASTM massppm 1/-/- -/-/193 -/-/0
IP 470/ UOP 391/ ASTM
\/ D5708 mass ppm 1/-/- -/-/0.68 -/-/0
IP 470/ UOP 391/ ASTM
Fe D5708 mass ppm 3/-/- -/-/547 -/-/0
Na IP 470/ UOP 391 mass ppm 171/ - -10.40 -/3

2.2 Sources and isolation of fungi

Sample of crude oil contaminated decaying mangrove wood in Balikpapan (East Kalimantan,
Indonesia; 1°13'34"S 116°49'24"E) was collected and cut into small pieces. Fraction of the
pieces were inoculated directly onto mineral salt potato dextrose agar (MSPDA) medium
[19]. Inoculated medium were incubated at 28 + 3 °C for 4—7 d. The composition of the
MSPDA medium is presented in Table 2. The medium was sterilized by autoclaving at 121
°C for 15 min.A pure culture was obtained by subculturing an inoculum two or three times in
a sterile medium. Stock cultures of the isolates were maintained on PDA slantsat 28 + 3 °C.

Table 2 Composition of the mineral salts PDA medium

Components Concentration (mg/L)
CaCl,.2H,0 1.47
CuS0,.5H,0 0.025
FeS0,.7H,0 5.56
KCI 7.46
KH,PO, 136
MgSO, 246.5
MnSQO,.H,0O 0.34

NaCl 5.35



NH,CI 5.35

ZnS0,.7H,0 0.29
Potato dextrose
agar (PDA) 39,000

The type and concentration of the mineral salts were adapted from Ameen et al [15] with
slight modifications.

2.3Screening for potential crude-oil-degrading fungi

The abilities of isolated fungi to degrade crude oil were assessed by inoculating the fungi
into mineral salt medium containing 20 g/L glucose, 1 % (v/v) Tween 80, and 1 % (v/v) of
COA, COB, or COC.The total volume in each flask was 20 mL. The control was a mixture
containing no crude oil. Each flask was plugged with air-permeable silicone sponge T-24
(Nichiden-Rika Glass Co., Japan) and autoclaved, then the medium was inoculated with a 1
cm x 1 cm piece of fungal isolate that had previously been sub-cultured on PDA at 28 + 3 °C
for 7 d. The flasks were incubated at 28 + 3 °C for 2 weeks in a dark room. The contents of
each flask were then collected, and each suspension was passed through a Whatman No. 1
filter (GE Healthcare Bio-Sciences, Pittsburgh, PA, USA) to collect the mycelia. The fungal
biomass was determined from the mass of mycelia collected, and the liquid was analyzed by
gas chromatography-mass spectrometry to assess the degree of biodegradation of normal
aliphatic hydrocarbons in crude oil [20].

2.4Determinationofthe fungal biomass

The mycelia collected from a test suspension were dried at 105 °C for at least 8 h until a
constant mass was reached. The fungal biomass (in grams per liter) was determined from
the dry mass of the mycelia and the volume of medium the mycelia were collected from. The
biomass gain was defined as the difference between the fungal biomasses in the treatment
and control samples.

2.5 Identification of crude-oil-degrading fungi

The selected isolate was identified from the nucleotide sequences for parts of the genes for
small and large subunits of RNA and the complete sequence for the internal transcribed
spacer region [21,22]. The genomic DNA for the isolate was extracted using a Plant DNA
Isolation Reagent (Takara Bio, Shiga, Japan). The DNA was amplified using primers NS7 (5'
GAGGCAATAACAGGTCGTGATGC 3') and NL4 (5" GGTCCGTGTTTCAAGACGG 3'). The
PCR products were purified using NucleoSpin Gel and PCR Clean-up (Macherey-Nagel,
Duren, Germany) and sequenced using the Sanger method. The DNA sequences were then
compared with the International Nucleotide Sequence Database at the BLAST program at
the US National Center for Biotechnology Information. Alignments and the phylogenetic tree
were determined using MEGA version 11 software [23].

2.6 Determining the effect of media type and crude oil concentration on
hydrocarbon degradation by the fungus

The abilities of the selected fungus to degrade crude oil at concentrations of 1%, 2%, 3%,
4%, and 5% in three different media were assessed. The basal medium was natural fresh
seawater (3.5% w/v salinity, pH 8.1), sourced from the coastal area in Balikpapan (1°16'42"S
116°50'00"E) and supplemented with crude oil (COC). This basal medium was referred to as
Seawater Qil (SO) medium and used as a control. The second medium was SO with 20 g/L



glucose added (SOG). The third medium was SO with 20 g/L glucose and 1% Tween 80
added (SOGT). Each test was performed in a 100 mL Erlenmeyer flask at 28 + 3 °C and
incubated for 2 weeks. Each flask contained 20 mL of medium and the inoculum, which was
taken from a culture grown on PDA for 7 d. At the end of the incubation period, 20 mL of
toluene was added to each flask and then the mixture was passed through a Whatman No. 1
filter. The mycelium was dried and the remaining crude oil concentration in the liquid was
determined by spectrophotometry using a wavelength of 420 nm [24]. The difference
between the initial and final total hydrocarbon concentrations was defined as theExtent of
hydrocarbon degraded (EHD) and biodegradation efficiencyofthe fungus. EHD and efficiency
were calculated using the equations shown below [25].

EHD (%) = [(Initial concentration — Final concentration) / Initial concentration] x 100

Biodegradation efficiency (%) = EHD of the treatment (SOG or SOGT) — EHD of the control
(SO)

2.7 Determining the effect of incubation time, glucose concentration, Tween
80 concentration, and salinity on hydrocarbon degradation by the fungus

A series of tests were performed each using a 100 mL Erlenmeyer flask containing 20 mL of
basal medium (natural seawater containing 1% crude oil (COC), 20 g/L glucose, and 1%
Tween 80). The effects of incubation times of 1-8 weeks, glucose concentrations of 1, 5, 10,
15, and 20 g/L, Tween 80 concentrations of 0.5%, 1%, 2%, 3%, 4%, and 5% (v/v), and
salinities of 1%, 2%, 3%, 4%, and 5% (w/v) were determined. The effects of salinity were
investigated by performing tests using artificial seawater (HiMedia). The amount of artificial
seawater powder required to give the desired salinity was dissolved in distilled water. The
control was a mixture of COC, glucose, and Tween 80 in distilled water. Control tests for the
effects of different glucose and Tween 80 concentrations were performed with no glucose or
Tween 80 added. The flasks were incubated at 28 + 3 °C for 2 weeks in a dark room. At the
end of the incubation period, each flask was treated as described in the section above
(Effects of three types of media and crude oil concentration).

2.8 Statistical analysis

Each test was performed in triplicate. Each result is presented as the mean * standard
deviation of triplicate tests or controls. Differences between the results for different
experimental groups were identified by performing one-way analysis of variance using SPSS
version 25 software. Differences between the results for different treatments were identified
by performing post hoc Bonferroni tests using the significance level p< 0.05.

3. RESULTS
3.1 Increase in fungal biomass

The increases in biomass after a 2-week incubation period with different crude oil samples
are presented in Table 3. Six strains (MG-02, MG-04, MG-06, MG-07, MG-12B, and MG-
13A) exhibited a significant increase in biomass compared to other strains. The biomasses
of these six strains increased by more than 100% in the presence of crude oil compared to
the control (absence of crude oil). The biomass of MG-07 increased more than that of the
other five strains in the presence of all three crude oil samples, particularly in the case of
COC, where the biomass increased by 633% compared to the control. Meanwhile, MG-07



exhibited biomass gains of 300% and 367% for COA and COB, respectively. Statistically, the
growth of MG-07 in the three crude oil samples was not significantly different (p> 0.05).

Table 3 Biomass gains of the fungal isolates

Biomass Gain (%)

No Isolate COA COB coc

1 MG-02 250 + 50.0a*; a** 183+ 76.4a; ab 217 +£28.9a; b
2 MG-04 167 £ 115.5a; ab 250 £ 50.0a; a 300 £ 86.6a; b
3 MG-05 17.0 £ 14.4b; c 117 £28.9a; b 125 + 50.0a; bc
4 MG-06 189 + 50.9ab; ab 244 +50.9a; a 100 £ 57.7b; bc
5 MG-07 300 + 200a; a 367 £152.8a; a 633 +115.5a; a
6 MG-07A 3.00 + 2.50a; ¢ 3.00 + 3.60a; d 8.00 £ 4.20a; ¢
7 MG-07B 117 £28.9b; b 33.0+38.2c;c 167 £+ 38.2a; bc
8 MG-08DW.1 13.0 £ 30.6b; c 80.0 + 20.0a; bc 93.0 + 30.6a; bc
9 MG-08DW.2 21.0+14.43;c 0.00 = 0.00b; d 33.0+19.1a; ¢
10 MG-08FB 57.0 £ 14.3a; bc 57.0 £ 42.9a; bc 76.0 £ 29.7a; bc
11 MG-10 144 + 50.9a; ab 78.0 £ 117.1a; bc 156 + 19.2a; bc
12 MG-11A 28.0 + 9.60b; c 61.0 £ 9.6a; bc 83.0 £ 33.3a; bc
13 MG-11B 83.0 £ 76.4b; bc 0.00 £ 0.00c; d 283 +£160.7a; b
14 MG-12A 17.0+16.7b; c 67.0 +16.7 a; bc 56.0 £ 34.7a; bc
15 MG-12B 267 +28.9a; a 217 +76.4a; a 317 +152.8a; b
16 MG-13A 158 + 14.4a; ab 167 + 14.4a; ab 242 +57.7a; b
17 MG-13B 50.0 + 25.0b; bc 0.00 £0.00c; d 125 £ 66.1a; bc

* The first letter after a result (a, b, or ) indicates statistically significant differences between
the results for the same isolate in the presence of the different types of crude oil. The same
letter indicates that the results were not significantly different.

*The second letter or pair of letters (a, b, ¢, and/or d) indicates statistically significant
differences between the isolates in the presence of the same type of crude oil.

3.2 Crude oil degrading ability of the fungus (MG-07) having the highest
increase in biomass

The ability of MG-07 to degrade COA, COB, and COC is presented in the chromatograms in
Fig. 1. Comparisons of test and control chromatograms show that there was degradation of
some hydrocarbon components.The intensities of crude oil peaks varied among COA, COB,
and COC controls, indicating different hydrocarbon concentrations. Treatment with MG-07
led to decreased areas of hydrocarbon peaks, signifying degradation. MG-07 exhibited lower
degradation efficiency (~20%) for COA aliphatic hydrocarbons than COB and COC.
Comparing Fig. 1 with fungal biomass growth in Table 3 revealed that MG-07 obtained less
biomass in the presence of COA. MG-07 effectively degraded Cis—C, aliphatic
hydrocarbons in COB, completely degrading C;s and ~80% of C;,—C,,. More than 50% of
C,3—Cg aliphatic hydrocarbons in COB were degraded. Remarkably, MG-07 extensively
degraded COC, reducing major and minor peak areas by ~80%. Short-chain hydrocarbons
were fully degraded, while long-chain hydrocarbons were partially degraded, leading to a
decrease in chain length range.



Intensity

Intensity

Intensity

3.90E+07

—— MG-07 COA

2.60E+07

1.30E+07

0.00E+00

3.90E+07

y
a0 G200, S, Cra, Co

2.60E+07 G

Gy
29 Cs
|
1.30E+07 1 KLL f
JVL“‘-‘ W/ Lw.

0.00E+00

1 1 1 1 1 1

5 10 15 20 25 30 35

Retention time (min)

3.90E+07
—— MG-07 COB
2.60E407 [
1.30E+07 |
0.00E+00 |- R T E 11 VY W WU
3.90E+07 ! L L - 1
— Control
2.60E+07 [
Casc, Cas
Cis e o e 0 Cas
130E407 | e
(=1} 0 o
1-nonanaic acid”| " ‘ [ ﬂm
Octanoic acid Cie h |
0.00E+00 |- ctanoic aci ! J *JL,A\<
1 i 1 i 1 n 1 i 1 . 1 "
5 10 15 20 25 30 35
Retention time (min)
3.90E+07

——MG-07] COC

D=
- _‘\A__LA_‘AL_UJUJ—LJ«LJ_JJLLL
0.00E+00 -

3.90E+07 " L : : L -

; c [« C
——— Control o [T 0 G Cac,

Cis ‘ Gy
2.60E+07 |- 28
Cy
1.30E+07 |-
0.00E+00 |- —
L ! i !

ML [

5 10 15 20 25 30 35

Retention time (min)

chromatography-mass spectrometry chromatograms

degradétion of crude oil samples COA, COB, and COC

3.3 Identity of fungal isolate MG-07

indicating



The relatedness of MG-07 to other fungal genotypes is illustrated in Fig. 2. Branching in the
phylogenetic tree indicated a high similarity between MG-07 and Trichoderma harzianum
KC330218 (96 % similarity).The DNA sequences have been deposited in the DNA Data
Bank of Japan (DDBJ), and the assigned accession number is LC797959.
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Fig. 2.Phylogenetic tree of fungal isolate MG-07 and closely related fungi

3.4 Effects of media types and crude oil concentration on the ability of MG-07
to degrade crude oil

In the medium containing natural seawater and crude oil (SO), MG-07 exhibited slow growth
with no observed crude oil degradation (Tables 4 and 5). However, in the presence of
glucose (SOG), MG-07 demonstrated an increased biodegradation efficiency ranging from
7% to 14%. When both glucose and Tween 80 (SOGT) were present, MG-07 exhibited a
biodegradation efficiency approximately two times higher than that in the SOG medium at an
initial crude oil concentration of 1% to 5%. More fungal growth was also produced when both
glucose and Tween 80 were present than when neither was present or when only glucose
was present. The results show that the biodegradation efficiency of MG-07 was facilitated by
its growth in the culture medium. The highest observed biomass gains were 867%, with a
biodegradation efficiency of 31.6% at a crude oil concentration of 1%. Thus, the order of
increasing biomass gains and biodegradation efficiency of MG-07 on the three types of
media is as follows: SOGT > SOG > SO.

Table 4 Extent of hydrocarbon degradation (EHD) and biodegradation efficiencies of
fungus MG-07 (Trichoderma sp.)

Initial Oil . . o Extent of hydrocarbon Biodegradation
Concentration Final Gil Concentration (%) degradation (%) Efficiency (%)
(%) SO SOG SOGT SO SOG SOGT
1 1.00£0.12 0.84+0.12 0.68+0.10 0.00 14.1 31.6 14.1

2 200+0.17 1.78+0.13 150+0.34 0.00 111 25.2 111



3 3.00£0.06 273+0.31 2.33+0.06 0.00 9.12 22.2 9.12
4 4.00+0.01 3.70+0.08 3.38+0.22 0.00 7.59 154 7.59
5 5.00+0.01 4.64+043 4.42+0.06 0.00 7.18 11.7 7.18

Table 5 Biomass gain by MG-07 in the different media

Colr?(l,teliltgltlion Mycelia Dry Weight (g/L) Biomass Gain (%)

(%) SO SOG SOGT SOG SOGT
1 0.50 £ 0.50 3.50+0.87 4.83+0.29 600 867
2 1.33+£0.29 3.00 £ 0.50 417 +0.76 125 213
3 2.00£0.29 2.33+£0.29 3.50+0.00 17.0 75.0
4 1.83+£0.29 2.00 £ 0.50 3.00+0.50 9.00 64.0
5 2.50+0.76 2.67 £1.15 3.67 £0.58 7.00 47.0

3.5 Effects of the incubation time, glucose concentration, Tween 80

concentration, and salinity on crude oil degradation

The results from the incubation time effect indicate a noticeable increase in the proportion of
crude oil degraded by MG-07 as the incubation time extends (Fig. 3A). However, there was
a decrease in degradation efficiency in week 6, followed by an increase again from week 7
until week 8. The highest level of biodegradation occurred at 8 weeks, resulting in a 22.2%
decrease in crude oil concentration in the medium. Nevertheless, there were no significant
differences (p> 0.05) observed in the MG-07 biomasses after incubation for 1-8 weeks (Fig.
3B), with the average growth of MG-07 ranging from 2.00 g/L to 3.33 g/L.

The addition of glucose increased both the biodegradation ability and biomass of MG-07 at 2
weeks of incubation (Fig. 3C and 3D). MG-07 exhibited growth in the medium containing 1
g/L of glucose, but no crude oil degradation was detected. When glucose was added at
concentrations of 5 or 10 g/L, MG-07 reduced the crude oil concentration by 10.0%—-13.4%.
Furthermore, adding glucose at concentrations of 15 or 20 g/L enabled MG-07 to decrease
the crude oil concentration by 33.1%. There was no significant difference in crude oil
concentration reduction when glucose was added at concentrations of 15 or 20 g/L (p>
0.05). However, at glucose concentrations of 15 or 20 g/L, there was a significant decrease
in crude oil concentration compared to a glucose concentration of 1-10 g/L (p< 0.05). As
shown in Fig. 3D, the biomass in the medium increased with the rising glucose
concentration, reaching its peak at 4.00 g/L when the glucose concentration was 20 g/L.

The addition of Tween 80 markedly increased ability of MG-07 to degrade crude oll,
particularly at concentrations of 4% or 5%, where 87.0%-97.3% of the crude oil was
removed (Fig. 3E). The addition of Tween 80 had no negative effect on MG-07 biomass; in
fact, an increase in Tween 80 concentration corresponded to a marked increase in MG-07
biomass (Fig. 3F). Macroscopic observations revealed that, at high Tween 80 concentrations
(4%-5%), MG-07 exhibited more extensive growth and a thicker appearance on the surface
of the liqguid medium compared to lower Tween 80 concentrations (1%—-3%). MG-07 had
limited growth in the medium without Tween 80 (control) or at a concentration of 0.5%. The
biomass of MG-07 reached 6.67 g/L and 7.67 g/L at Tween 80 concentrations of 4% and
5%, respectively, while the MG-07 biomass in the control (with ho Tween 80 present) was
1.67 g/L.



The results of crude oil degradation at various salinities are presented in Fig. 3G. The
biodegradation efficiency remained consistent across salinities from 1% to 5%. No significant
differences in biodegradation efficiencies were observed at various salinities (p> 0.05), with
values ranging from 39.0% to 69.6%. This suggests that salinity did not significantly impact
the biodegradation ability of MG-07. However, the biomass of MG-07 was influenced by
salinity, as illustrated in Fig. 3H. MG-07 exhibited slow growth at a salinity of 1% (1.50 g/L)
compared to salinities of 2%-5% (3.00-6.25 g/L) (p< 0.05). Mycelial growth of MG-07
increased with higher salinity levels. The mycelial mass was slightly lower at a salinity of 5%
than at a salinity of 4%, although this difference was not statistically significant (p> 0.05).
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4. DISCUSSION

Biodegradation by fungi is strongly affected by environmental conditions (e.g., the types and
bioavailability of the pollutants present, salinity, nutrient concentrations, and competition with
autochthonous microbes). Isolating and selecting potent indigenous fungal strains and re-
introducing the strains into the area in which they originated can improve the adaptation and
proliferation of useful strains [26]. This method offers more promise for degrading pollutants
than by introducing externally obtained strains to a contaminated area [11]. MG-07 was
isolated from decaying mangrove wood in East Kalimantan that had been contaminated in
the past. This enables MG-07 to survive and adapt easily when applied to similar areas.

The isolation and screening of petroleum-degrading fungi are commonly carried out in a
mineral salt medium. A study by Ameen et al. [15] reported that fungi isolated from marine
environments, when incubated with diesel hydrocarbons for 4 weeks in a mineral salt
medium, exhibited biomass accumulations of 43.4% for Eupenicilliumhirayamae and 40% for
Cladosporium sphaerospermum.MG-07 exhibited remarkable performance, producing a
biomass increase of 633% after a 2-week incubation period. The growth rate of
microorganisms during incubation with pollutants is an important indicator of the success of



bioremediation. This signifies that these fungi can endure stressful environmental conditions
and are capable of accumulating pollutants as a source of carbon and energy [1,27].
Previous studies have also revealed that fungi and bacteria capable of generating
substantial biomass in a medium containing hydrocarbon pollutants exhibit a robust capacity
to degrade crude oil and its derivatives.

MG-07 exhibited lower growth and degradation efficiency in COA compared to COB and
COC, possibly attributable to the high metal compound content in COA (Table 1). Among the
three oil samples, COC had the least metal content, and MG-07 exhibited good growth in
this medium. Metals play a crucial role in supporting the metabolism of microorganisms;
however, at high concentrations, they can inhibit cellular functions [10]. Furthermore, the
presence and speciation of metals influence the biodegradation of organic matter by
microorganisms through both direct and indirect mechanisms.

The chromatogram showed that the degradation of normal aliphatic hydrocarbons (Cy4 to
Cs0) in COA, COB, and COC by MG-07 exhibits a preference for short chains over long
chains. These results align with previous studies, confirming that some fungi can
preferentially degrade shorter-chain aliphatic hydrocarbons, and the degradation proportion
decreases with increasing carbon chain length [13,20]. As suggested by Pandolfo et al. [28],
microorganisms prefer short chains over long chains, possibly because short chains are
more soluble and bioavailable. Moreover, toxicity typically increases with the molecular
weight of the hydrocarbon. Another contributing factor may be related to the presence of
specific enzymes in petroleum-degrading microorganisms [4].

MG-07 was identified as Trichoderma sp., a genus of filamentous fungi within the
Ascomycota division. Trichoderma is known to adapt to a wide range of environmental
conditions in both marine and terrestrial environments [29]. An increasing humber of studies
on the bioremediation of toxic materials by Trichoderma have been conducted, given its
resistance to persistent pollutants such as heavy metals, polycyclic aromatic hydrocarbons
(PAHs), and pesticides [29,30]. However, the effectiveness of Trichoderma species in
bioremediating crude oil in aquatic environments is limitedly studied [31], as these species
are typically employed for bioremediation in soil [13,30].

Natural seawater was utilized to gain a better understandingof the ability of MG-07 to
degrade crude oil, providing more relevant insights for its field application. MG-07 exhibited
limited growth in the SO medium, probably due to its inability to utilize crude oil as a carbon
and energy source because of low bioavailability. Consequently, metabolism is disrupted,
and the secretion of secondary metabolites is hindered. As mentioned by Essabri et al. [9],
one of the conditions that must be met for efficient pollutant biodegradation is the presence
of sufficient nutrients to support the growth and enzyme production of fungi. Numerous
studies have shown that Trichoderma sp. and other fungi rely on enzyme and secondary
metabolite secretion for pollutant degradation [5,13,31].

The presence of glucose (SOG) eases the adaptation of MG-07 by utilizing glucose as a co-
metabolic substrate for carbon and energy, supporting its growth [12]. Nazifa et al. [31]
observed that adding glucose as a carbon source resulted in higher biodegradation
efficiency in Trichoderma reesei compared to galactose and fructose. In the ocean, glucose
availability, typically derived from phytoplankton, is a crucial factor for fungal growth, serving
as the primary source of energy for eukaryotic microorganisms to carry out metabolic
processes [32].Hence, the findings of this study can serve as a basis for determining the
nutrient concentrations that MG-07 can convert into glucose, thereby functioning as a
potential energy source when applied in the field. This is because adequate nutrients play a
crucial role in helping microorganisms adapt to petroleum-contaminated environments



[2,10].MG-07 requires at least 15 g/L to achieve maximum biodegradation efficiency in a
natural seawater medium.

The presence of glucose and Tween 80 in SO (SOGT) increased the degradation
performance of MG-07 by two times compared to SOG. This enhancement may be attributed
to the presence of a simple carbon source (glucose) that facilitates co-metabolism, and
simultaneously, an increase in carbon bioavailability due to the solubility of crude oil by
Tween 80. Tween 80 is a nonionic synthetic compound, that enhances the mobility and
bioavailability of crude oil by reducing surface and interfacial tension, significantly affecting
the biodegradation performance of some fungi [16]. The increased solubilization of oil
contaminants leads to greater availability and accessibility of hydrocarbons, consequently
enhancing biodegradation activities through the affinity between the cellular membrane of
fungi and hydrocarbon compounds [3].

Variations in Tween 80 concentration (0.5%—-5%) revealed that higher concentrations led to
enhanced crude oil degradation by MG-07. The findings of this study indicate that MG-07
requires a high surfactant concentration to achieve optimal performance in a natural
seawater environment, but applying Tween 80 at concentrations of 4%-5% may be
considered too high for field use. To make the bioremediation carried out by MG-07 more
environmentally friendly in the future, the application of co-culture between fungi and
biosurfactant-producing bacteria appears very promising [33].

The growth and biodegradation efficiency of MG-07 continuously decreased as the crude oil
concentration increased from 1% to 5%, consistent with previous studies demonstrating that
higher crude oil concentrations reduce fungal degradation ability [1,16]. High concentrations
of hydrocarbons lead to limited microbial growth over time, primarily due to increasing levels
of toxic compounds, such as naphthalene [2]. These elevated hydrocarbon levels also result
in decreased microbial biodegradation activity, attributed to restricted nutrition and aeration.

Degradation by some species of Trichoderma was influenced by incubation time. As
observed, the incubation time in MG-07 was similar to that of T. viride [9]. In T. viride, the
proportion of degraded crude oil increased over time (~2-8 weeks), but biomass
accumulation began to decrease after 4 weeks. On the other hand, biomass accumulation in
MG-07 remained constant. In contrast, T. atroviride rapidly degraded crude oil during the first
2 weeks, but its biodegradation efficiency started to decline thereafter [13]. Different species
appear to exhibit characteristics related to the time needed for degrading crude oil.

Salinity plays a crucial role in fungal growth and crude oil biodegradation, as high salinity can
inhibit metabolic activity by inducing osmotic stress and cell lysis [3,4]. We observed that the
growth of MG-07 was lower in the absence of seawater compared to its presence. Similarly,
biodegradation of crude oil occurred in the medium with seawater. These findings indicate
that MG-07 performs better in the presence of seawater than in non-saline environments.
Fungal consortia were tested for their ability to biodegrade crude oil in salinities ranging from
2% to 8%, and the biodegradation efficiency increased with rising salinity up to 4% but
decreased with a further increase in salinity [16]. MG-07 could grow at a salinity of 5%
without losing its ability to degrade crude oil, exceeding the typical seawater salinity of
around 3.5%. MG-07 was a strain sourced from the marine environment, which enabled it to
survive and adapt to high salinity.

4. CONCLUSION

MG-07 was successfully isolated and demonstrated significant potential for degrading crude
oil in saline environments.MG-07 showed significantly higher growth than other isolates



when cultured in a medium containing crude oil, degrading~80% of the aliphatic
hydrocarbons within two weeks. Additionally, MG-07 demonstrated robust growth in natural
seawater supplemented with glucose and Tween 80, achieving optimal growth and
biodegradation efficiency at minimum concentrations of 15 g/L for glucose and 4% for Tween
80. Extended incubation times further enhanced the crude oil degradation effectiveness of
MG-07. Unlike its lack of growth or crude oil degradation in non-saline conditions, MG-07
thrived and efficiently degraded crude oil in media with salinity levels from 1% to 5%. These
findings may offer valuable insights for applying fungi in marine oil spill remediation.
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