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Abstract

This study aimed to determine the usability of the identified fungus isolated from the marine-mucilage formation in the
biotechnological processes. For this purpose, the antimicrobial and antioxidant activities of the extract obtained from the
fungus were examined, and the fatty acid methyl ester composition was determined. The molecular identification of the
pure fungal culture was made using LSU regions. In addition, fungal extracts were prepared using different solvents, and the
antimicrobial activity of these extracts was investigated by disk diffusion and minimum inhibition concentration methods.
At the same time, the antioxidant properties of these extracts were analyzed using the DPPH and ABTS free radical removal
methods. Also, FAME analysis was performed to determine the fatty acid content of the fungal extract. According to the
study results, the new isolate was identified as the fungus Rhizopus stolonifer. Although fungal extracts have no significant
antimicrobial activity, it has been determined that they performed successful DPPH and ABTS scavenging activity without
needing additional reactions. FAME results indicate that the mucilage-originated fungus R. stolonifer is a valuable provider
of fatty acids that, when purified at large bioreactors, can be good and cheap sources of next-generation biologicals for wide-
ranging biotechnological applications.
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1 Introduction thin surface layer (1015 m thick) with a mean residence
time of about 4—5 months, and the sub-halocline waters are
separated from the saline ones by a sharp interface (pycno-

cline) that is about 10-20 m thick [1]. The Marmara Sea,

The Marmara Sea is placed between the European and Asian
Continents as a basin composed of the Black Sea region’s

saline waters and the Mediterranean region’s sub-halocline
waters. These two distinct water masses occupy the basin
throughout the year. The brackish water forms a relatively
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which serves as the transition zone between the Aegean and
the Black Sea, is important due to its location. The muci-
lage formation problem in the Marmara Sea started in April
2021, and there is concern that the mucilage will occur again
or spread to other seas [2]. It is assumed that the source of
mucilage formation may be the increase in marine organisms
consuming organic pollutants. Mucilage, called sea snow,
aggregated biomass, foam buildup, flocculation, and mucus
creation, is characterized as organic substances primarily
generated by marine organisms [3]. The toxins generated
by algae, fungi, and bacteria are accountable for the demise
or ailment of humans, marine mammals, and other sea
creatures. These toxins also give rise to various health and
environmental issues, from water discoloration, foam, and
deceased marine life to beach pollution. Also, transporting
these toxins through the food chain negatively affects marine
ecosystems by damaging many aquatic organisms. Accord-
ing to the literature, mucilage formation in marine areas
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was also observed in countries such as Italy [4]. In addi-
tion to biological and ecological problems, the appearance
of mucilage negatively affects a wide range of activities,
from the fishing industry to the tourism sector, harming the
economy [5]. For these reasons, determining and identify-
ing the microorganisms found in the mucilage formation is
very important to developing mucilage-fighting strategies.
Furthermore, assessing the potential of microbial biomass
from microorganisms derived from mucilage offers advan-
tageous prospects for their utilization in biotechnological
applications.

In biotechnological uses, certain metabolites synthesized
by microorganisms can serve as agents with antimicrobial or
antioxidant properties. Microorganisms possess physiologi-
cal adaptive traits, encompassing bioactive elements they
generate to safeguard against other organisms and varying
surroundings, consequently exerting a suppressive impact
on the proliferation of bacteria, viruses, and fungi. Further-
more, reports indicate fungi’s capacity to produce com-
pounds exhibiting antioxidant capabilities [6]. For instance,
fungi have different usage areas due to producing valuable
metabolites such as proteins, carbohydrates, fatty acids, vita-
mins, and minerals that accumulate in their cells [7]. Beyond
the range of biotechnologically significant outputs yielded
by fungi, fungal-derived products hold considerable benefits
due to their affordability and biological compatibility. As
an illustration, the initial commercialization of antibiotics
in the biotechnological realm included penicillin, a product
of fungal origin.

Today, fungi serve as valuable sources for fabricating
numerous health-related commodities through biochemical
pathways. Fungal products, especially used in the medical
sector, have a large market share worldwide due to their high
economic value. For example, butyric acid, a fatty acid that
fungi can produce [8], can be used as a therapeutic agent in
treating diseases such as diabetes and obesity [9]. Addition-
ally, fatty acids obtained from fungi find utility across vari-
ous commercial sectors, including food, healthcare, and the
manufacturing of diverse chemicals like pesticides [10]. Fur-
thermore, the nutrients assimilated by fungi play a pivotal
role in shaping intracellular and extracellular metabolites,
which hold crucial significance as biotechnological outputs.
For instance, the nutrients that fungi ingest are stored as fatty
acids. As a result, the fatty acid makeup of fungal species
that thrive in nutritionally diverse environments, including
those containing mucilage, displays variations attributed to
their adaptation to prevailing environmental circumstances
[11]. Hence, it holds significance to analyze the fatty acid
composition of species isolated from such environments, as
this aids in acquiring valuable products. This study aimed
to determine the fungal fatty acid content and examine the
antimicrobial and antioxidant activities of the fungus newly
isolated from the mucilage sea sample and identified by
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molecular methods. To the best of our knowledge, this is
the first study to show the content of the fungus, identified as
Rhizopus stolonifer, newly isolated from a mucilage-contam-
inated marine environment, in terms of various fatty acids of
high economic importance. The fungus, newly isolated and
identified within the scope of this study, holds significant
promise for utilization across diverse commercial sectors
due to its abundant reservoir of valuable fatty acids.

2 Materials and methods
2.1 Isolation studies

The seawater samples with mucilage, collected from the
Bostanci Coast of Istanbul (Turkey) in June 2021, were
taken with plastic water bottles sterilized by dilute sodium
hypochlorite solution. Samples were transferred to the labo-
ratory within the same day and spread on Petri plates [12].
The sample was spread on Petri plates containing PDA
(potato dextrose agar). The Petri plates were incubated at
30+2 °C for 7 days. The fungal colonies on the plates were
isolated and purified by repeatedly streaking the cells on the
PDA medium agar plate. The pure cultures were kept at 4 °C
and were transferred to PDA media every 3 months [12].

2.2 Molecular identification studies

The isolated fungal cells from an exponentially growing
isolate culture were used for molecular identification. The
fungal DNA isolation studies were carried out with the EurX
GeneMATRIX Plant & Fungi DNA isolation kit (Poland).
Spectrophotometric measurement was performed in a
Thermo Scientific Nanodrop 2000 (USA) device to control
the amount and purity of DNA obtained after DNA isolation.

The PCR study amplified gene regions targeted for
species identification with the primers LROR (forward),
5'-(ACCCGCTGAACTTAAGC-3" and LRS5 (reverse):
5'"TCCTGAGGGAAACTTCG-3" in LSU locus [13]. Also,
the PCR conditions are given in Table 1.

The amplification results obtained by PCR (kyratec ther-
mocycler) were carried out in 1.5% agarose gel prepared
with 1 X TAE buffer at 100 Volt current for 90 min, and
their images were taken in UV light using ethidium bro-
mide dye (Fig. 1). One-step PCR was performed to amplify
the region of approximately 600 bases. The PCR reaction
was performed using Solis Biodyne (Estonia) FIREPol®
DNA Polymerase Taq polymerase enzyme. After PCR, a
single band was obtained on the agarose gel, and the success
of the PCR process was checked. During the purification
step of the PCR product, the obtained single band samples
were purified according to the kit’s procedures using the
MAGBIO “HighPrep™ PCR Clean-up System” (AC-60005)
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Table 1 PCR conditions

Component Stock concentration  React.
concen-
tration

PCR buffer 10x 1x

MgCl, 25 mM 1.5 mM

DNTP mix 20 mM 0.2 mM

F. primer 10 uM 0.3 M

R. primer 10 uM 0.3 M

Taq DNA polymerase 5 U/uM 2U

DNA template 3uM

Makeup to 35 pL. with PCR-grade water
95 °C, 5 min—initial denaturation
40 cycles:
95 °C for 45 s—denaturation
57 °C for 45 s—annealing
72 °C for 60 s—extension
72 °C for 5 min—final extension
The temperature is reduced to 4 °C, and the PCR is completed

purification kit. For Sanger sequencing, the ABI 3730XL
Sanger sequencing device (Applied Biosystems, Foster City,
CA, USA) and the BigDye Terminator v3.1 Cycle Sequenc-
ing Kit (Applied Biosystems, Foster City, CA, USA) were
used in the Macrogen Netherlands laboratory. CAP contig
assembly algorithm was used in BioEdit software to perform
this process.

2.3 Extract preparation

The isolated and identified fungus was grown in potato dex-
trose broth (PDB) media, and the biomass was harvested by
filtration, washed twice with distilled water, and then dried
in an oven at 60 °C [14]. After drying, 4 g of powdered

biomass was weighed and poured into cartridges of blotting
paper closed with a stapler. The cartridges were hung inside
the 250-mL flasks containing 100 mL of ethanol and kept in
an incubator at 35 °C with a 150-rpm shaker for 24 h. The
cartridges were taken into Petri dishes to evaporate etha-
nol. The same processes were repeated with methanol, the
most commonly used solvent. After the processes with each
solvent, 0.16 g of extract was obtained, so the extraction
efficiency percentage was calculated as 4%. Stock fungus
extracts with a concentration of 1 mg/mL (1000 ppm) were
prepared and stored at+4 °C.

2.4 Antimicrobial activity studies
2.4.1 Disk diffusion method

Firstly, the disk diffusion method [15] was used to test the
antimicrobial activity of the obtained extract. The fungal
extract was impregnated with 6-mm-diameter sterile blank
discs and dried in an oven at 30 °C for 30 min. The test
organisms having different cell structures listed in Table 2
were used for antimicrobial activity testing. Muller Hin-
ton Agar-Broth (MHA-MHB) and Sabouraud Dextrose
Agar-Broth (SDA-SDB) were used for bacteria and yeasts,
respectively. The bacterial and yeast strains were adjusted
to Mc Farland 0.5 (1.5x 10%) and Mc Farland 2 (6 x 10®),

Table2 Tested microorganisms and used media in antimicrobial
activity assays

Microorganisms Medium

Staphylococcus aureus ATCC 29213 Gram +bacteria  MHB, MHA
Escherichia coli ATCC 05922 Gram — bacteria MHB, MHA
Candida albicans ATCC 24433 Yeast SDB, SDA
Candida krusei ATCC 6258 Yeast SDB, SDA

Fig. 1 The morphology of R. stolonifer a in liquid PDB medium; b in Petri with PDA; and ¢ microscopic image (Optica B-20CR, 100 x)
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respectively. The discs impregnated with sterile distilled
water were used as a negative control, and the discs impreg-
nated with commercial antibiotics azithromycin (for bac-
teria) and voriconazole (for yeasts) were used as a positive
control. Then, bacteria and yeasts were incubated at 37 °C
for 24 h and at 30 °C for 48 h in an oven, respectively. At
the end of the incubation period, it was observed whether
inhibition zones were formed around the discs, and the inhi-
bition zones formed around the discs were measured using
a caliper. Trials were carried out under aseptic conditions
and in two parallels, and the tests were repeated twice to
determine their accuracy [16].

2.4.2 Minimum inhibition concentration

Minimum inhibitory concentration (MIC) tests will be per-
formed using 96-well microplates and microdilution stand-
ard methods for bacteria and yeasts [17, 18], respectively.
A series of test tubes were prepared from the extracts at
different concentrations. Wells of sterile 96-well microplates
were prepared by adding MHB (bacteria)/SDB (yeast),
an inoculum of tested microorganism given in Table 2
(1.5x 108 CFU/mL bacteria/6 x 108 CFU/mL yeast), and
fungal extract. Stock fungal extract solutions were used, and
the fungal extract concentration was adjusted to 1250 ug/
mL in the first well; then, serial dilutions were made in a
1: 2 ratio into the subsequent wells. Plates were covered
with sterile lids and incubated for 24 h at 37+0.1 °C for
bacteria and 48 h at 30+ 0.1 °C for yeasts. All extracts have
been tested twice against each organism. The MIC value was
determined as the lowest concentration of the extracts that
killed the microorganisms, and standard antibiotics (azithro-
mycin for bacteria and voriconazole for yeasts) were used
as positive controls.

2.5 Antioxidant activity assays

Several methods have been developed for the determina-
tion of antioxidant activity. Important in vitro methods for
assessing antioxidant capacity include the 2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTSe+) radical
scavenging assay and the 1,1-diphenyl-2-picrylhydrazyl
(DPPH") radical scavenging assay [19].

2.5.1 Preparation of solutions used in ABTS: + scavenging
activity

Phosphate buffer (0.1 M) at pH 7.4 Dissolve 2.84 g Na,HPO,
in 150 mL of distilled water. Adjust the pH to 6.6 using a
pH meter. Finally, bring the volume to 200 mL with distilled
water.
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ABTS (2 mM) solution Stir 11 mg of ABTS in 0.1 M phos-
phate buffer at pH 7.4 overnight until completely dissolved.
Bring the volume to 100 mL with distilled water.

Potassium persulfate (2.5 mM) solution Stir 66.25 mg
K,04S, with a magnetic stirrer in 0.1 M phosphate buffer
at pH 7.4 until completely dissolved. Bring the volume to
100 mL with distilled water.

2.5.2 Preparation of solution used in DPPH: free radical
scavenging activity

DPPH (10-3 M) solution Forty milligrams of DPPH was dis-
solved entirely in 100 mL of 96% ethanol by stirring with
a magnetic stirrer overnight in a beaker covered with alu-
minum foil.

2.5.3 Determination of ABTS- + scavenging activity

ABTS radical scavenging activity was determined using a
commonly used method [20]. First, a 7-mM ABTS solu-
tion was prepared, and then, ABTS radicals were gener-
ated by adding a 2.5-mM persulfate solution. As a control,
500 pL of ABTS radical solution and 1500 pL of 96%
ethanol were used. Before using the ABTS radical solu-
tion, the absorbance of the control solution was adjusted
to 0.900+0.025 nm at 734 nm using a 0.1 M phosphate
buffer at pH 7.4. For the evaluation of ABTS radical scav-
enging activity, different concentrations (10-20-40 pg/mL)
of samples (E1, E2, E3, E4) were added to 0.5 mL of ABTS
radical solution, and the final volume was adjusted to 2.5 mL
with 96% ethanol. After incubating in the dark for 30 min,
the absorbance values at 734 nm against a blank of etha-
nol were measured and recorded. A decrease in absorption
was observed as the sample concentrations increased. The
experiments were conducted with two biological replicates,
each with three technical replicates.

2.5.4 Determination of DPPH- free radical scavenging
activity

The DPPH free radical scavenging assay was performed
using the Blois method [21]. A 1-mM DPPH solution was
prepared immediately before the experiment and used. E1,
E2, E3, and E4 samples were pipetted into test tubes from
their stock solutions, with concentrations of 10, 20, and
40 pg/uL, respectively, and the final volume was adjusted
to 2 mL with 96% ethanol. Then, 0.5 mL of freshly pre-
pared DPPH solution was added to the tubes containing the
samples and standard substances, and the tubes were vor-
texed. After incubating the tubes in the dark for 30 min, the
absorbance values at 517 nm against a blank of ethanol were
measured, and the results were recorded. Two milliliters of
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ethanol and 0.5 mL of DPPH solution were used as a control.
The decreasing absorbance value indicates the amount of
DPPH radical scavenged. The experiments were conducted
with two biological replicates, each with three technical
replicates.

2.6 Fatty acid methyl ester (FAME) analysis
2.6.1 Sample preparation

H,SO, and heneicosanoic acid precipitated in heptane were
added to 10 mg of Rhizopus stolonifer. It was treated with
a thermomixer at 750 rpm at 80 °C for 2 h. After 2 h, NaCl
solution and hexane were added and mixed with vortex
for 20 s. Refrigerated centrifugation was done at 3000 g
(5000 rpm) for 3 min at 20 °C. With phase separation, the
supernatant was collected in a vial.

2.6.2 Chromatography protocol

The experiments were conducted using GC-2010 PLUS
equipped with FID (Shimadzu, Japan). One microliter of the
sample was injected at 250 °C using split mode (ratio 1/10)
through the autosampler into the system. The TRB-WAX
capillary column 30 m X 0.53 mm X 1.00 um (TR-131035/
Teknokroma, Spain) was installed for FAME analysis. The
flow control mode was pressure, and the run was completed
in 47 min. Supelco 37 Component FAME Mix (Supelco,
USA) was used as a quantitative standard. The standard
calibration curve for each of these reference fatty acids was
plotted. Subsequently, the FAME concentrations in the sam-
ples were calculated from the calibration curves of these
reference fatty acids [22].

3 Results and discussion
3.1 Identification of fungus

The fungus isolated from mucilage in seawater of the Mar-
mara Sea is identified as Rhizopus stolonifer using both
morphological and molecular techniques. The morphology
of the newly isolated is given in Fig. 2. The fungus has a
mycelial structure and a cotton-candy-like texture (Fig. 2a).
Initially, the colony is white and then turns gray to yellow-
ish brown (Fig. 2a and b). There are black round sporangia
at the upper end of non-septate white filaments (Fig. 2c).
Rhizopus stolonifer, commonly known as black bread mold,
is a member of Zygomycota and has a widespread ecology
[23]. It is an important species that feeds on saprophytes. R.
stolonifer can be used in various biotechnological processes
such as enzyme production [24].
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Fig.2 Radical scavenging activities for different extracts of Rhizo-
pus stolonifer. a ABTS and b DPPH free radical scavenging activity
plots. ¢ The comparison of ABTS and DPPH scavenging capacities
(%) for different extracts of Rhizopus stolonifer in 40 ng/mL con-
centration. Control, ABTS or DPPH where applicable; E1, Rhizopus
stolonifer extract in diethyl ether; E2, Rhizopus stolonifer extract in
dichloromethane; E3, Rhizopus stolonifer extract in methanol; E4,
Rhizopus stolonifer extract in ethanol

3.2 Antimicrobial activity

The antimicrobial activity of R. stolonifer extracts was
tested on five different structured microorganisms using the
disk diffusion method. Bacillus subtilis and Staphylococ-
cus aureus represent gram-positive bacteria; Escherichia
coli represent gram-negative bacteria; Candida albicans
and Candida krusei represent the yeasts (Table 2). As a
result of the agar disc diffusion assays, the inhibition zone
diameters with discs having azithromycin were 26.75 +3.59
and 27.75+2.87 against E. coli and S. aureus, respectively.
The inhibition zone diameters with voriconazole discs were
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determined as 35+5.00 and 34 +1.41 for C. albicans and
C. krusei, respectively. However, no inhibition zone was
observed with discs having fungal extracts (all extracts) for
all test organisms. MIC (minimum inhibitory concentration)
tests of higher sensitivity were also conducted on all fungal
extract samples [25]. The MIC values are given in Table 3.
As can be seen in the table, the extracts do not have a sig-
nificant antimicrobial effect. However, ethanol and methanol
extracts seem to slightly affect S. aureus, a gram-positive
test bacterium, compared with other bacteria. Its impact on
gram-positive, which does not have a lipopolysaccharide
layer, is related to the interaction of the substances in the
extract [26]. The antimicrobial effect may be due to the fatty
acids or other compounds contained in the fungus extract
[27]. No research has been found in the literature showing
the antimicrobial effect of extracts of R. stolonifer prepared
with the solvents used in this study. It is known that solvent
polarity used in extraction affects the presence of differ-
ent substances in the extract [28]. For this reason, solvents
with different polarities, such as ethanol, diethyl ether, and
dichloromethane, have been tested in this study. However,
no significant antimicrobial effect was detected.

3.3 Antioxidant activity

Antioxidants provide electrons or hydrogen to free radicals,
thereby reducing them and preventing their negative impact
on health in a certain way [29]. These molecules, mainly
present in the human body, serve a protective function by
donating their electrons to eliminate free radicals without
becoming free radicals themselves [19-30]. The presence
of compounds or systems that exhibit antioxidant effects
in living organisms is a crucial requirement for life. These
antioxidant molecules are responsible for various biologi-
cal functions such as anticarcinogenic, antimutagenic, and
antiaging effects [31]. The mechanisms of action of antioxi-
dant substances occur by influencing reactive oxygen species
(ROS), either by capturing them or converting them into
weaker and different compounds. Antioxidants interact with
ROS, facilitating the transfer of an electron or hydrogen,
thereby reducing their activity or causing them to become
inactive. Molecules with antioxidant activity prevent damage
caused by free radicals by disrupting chain reactions through

Table4 The IC50 values of fungal extract (El, R. stolonifer extract
in diethyl ether; E2, R. stolonifer extract in dichloromethane; E3, R.
stolonifer extract in methanol; E4, R. stolonifer extract in ethanol)

Extract/standard DPPH (IC50), ug/mL ABTS
(1C50), ug/
mL

Trolox 4.12 31.50

BHT 10.66 32.10

El 43.31 28.87

E2 25.66 36.47

E3 31.50 27.72

E4 27.72 32.99

binding to ROS, thus inhibiting their functions [32]. Recent
studies have demonstrated that antioxidants protect biologi-
cal systems against oxidative stress.

The ABTSe +radical scavenging activity of samples
obtained from different solutions, namely E1 (Rhizopus
stolonifer extract in diethyl ether), E2 (Rhizopus stolonifer
extract in dichloromethane), E3 (Rhizopus stolonifer extract
in methanol), and E4 (Rhizopus stolonifer extract in etha-
nol), was compared. When compared to the standard anti-
oxidants Trolox and BHT (butylated hydroxytoluene), it was
observed that E1, E2, E3, and E4 samples showed similar
values in scavenging the ABTSe +radical. Specifically, the
radical scavenging activity of E1 and E3 samples was close
to that of the standard antioxidants. It is determined that
R. stolonifer extracts exhibited antioxidant properties to a
certain extent (Fig. 2a).

The DPPH radical scavenging activity of E1, E2, E3, and
E4 samples at different concentrations was also monitored.
The E2 and E4 samples showed more pronounced activ-
ity than the others based on the decreasing absorbance val-
ues. The radical scavenging rate increased with increasing
concentrations of the samples (Fig. 2b). Furthermore, the
ABTSe +and DPPH radical scavenging percentages of E1,
E2, E3, and E4 samples at a concentration of 40 ug/mL were
compared. Based on the determined percentage values, E3
and E4 samples exhibited a balanced percentage of radical
scavenging (Fig. 2c¢).

IC50 values of extracts are shown in Table 4. As known,
lower IC50 values indicate stronger antioxidant activity,

Table 3 The MIC values of fungal extract (E1, R. stolonifer extract in diethyl ether; E2, R. stolonifer extract in dichloromethane; E3, R. stoloni-
fer extract in methanol; E4, R. stolonifer extract in ethanol; controls, azithromycin for bacteria and voriconazole for yeasts)

Test organisms MICg;, (pg/L) MICyg, (ug/L) MICg; (ug/L) MICyg, (ng/L) MICgpiror (Mg/L)
Escherichia coli ATCC 05922 >250 >250 250 250 <0.97
Staphylococcus aureus ATCC 29213 >250 >250 125 125 <0.97

Candida krusei ATCC 6258 >250 >250 250 250 3.90

Candida albicans ATCC 24433 >250 >250 250 250 3.90
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meaning the substance is more effective at lower concen-
trations. Accordingly, E1 has moderate antioxidant activ-
ity in both assays (DPPH IC50, 43.31 pg/mL; ABTS IC50,
28.87 ug/mL), being more effective in the ABTS assay than
in the DPPH assay. E2 shows relatively better antioxidant
activity in the DPPH assay (IC50, 25.66 ug/mL) compared
to the ABTS assay (IC50, 36.47 ug/mL), but it is less effec-
tive than E1 in the ABTS assay. E3 has moderate antioxi-
dant activity, performing slightly better in the ABTS assay
(IC50, 27.72 pg/mL) compared to the DPPH assay (IC50,
31.50 ug/mL). E4 demonstrates better antioxidant activity
in the DPPH assay (IC50, 27.72 pg/mL) compared to the
ABTS assay (IC50, 32.99 pug/mL), similar to E2 but slightly
less effective overall.

In a research endeavor, the green algae Botryococcus
braunii was harnessed to produce palladium and platinum
nanoparticles. The investigation centered around the capac-
ity of the fungal extract to counteract DPPH free radicals.
The fungus exhibited its activity after incorporating palla-
dium and platinum elements [33]. Furthermore, fungi were
employed in the biogenic synthesis of platinum nanoparti-
cles, and the result was examined for its free radical scav-
enging capacity [34]. Following the synthesis of three novel
butenolide compounds from fungi, original chemical entities
were derived. Most of these compounds demonstrated strong
antioxidant properties by scavenging DPPH and ABTS free
radicals, highlighting the potent antioxidant nature of bute-
nolides [35]. A previous study confirmed the ABTS and
DPPH free radical scavenging abilities of indigenous endo-
phytic fungi, in which the molecular identification, profiling
of volatile metabolites, and assessment of bioactivities were
also studied [36].

In a study conducted to increase the bioactivity poten-
tial, edible Rhizopus strains were used, and fermentation
was performed. In the study, the use of Rhizopus oli-
gosporus (ATCC 64063, DSM 1967, NRRL 2710) and R.
oryzae (CBS 372.63) strains increased the concentration
of bioactive components in pumpkin seed cake. R. oli-
gosporus ATCC 64063 was considered the most effective
strain among the tested fungal strains. Pumpkin seed cake
fermented with this strain for 2 days was characterized by
a 368% higher ABTS" + scavenging activity [37]. Another
study used DPPH to measure the antioxidant activity of
different types of tempeh, a traditional Indonesian dish
produced from soybeans fermented by R. microsporus.
Tempeh was produced using various microorganisms
under laboratory conditions. The antioxidant activities of
tempeh from different producers were found to vary. As
a result, it was observed that the fermentation process of
soybeans increased antioxidant activity. Depending on this
diversity, it was observed that some groups of tempeh had
the highest antioxidant activity. In conclusion, the tem-
peh fermentation process increases antioxidant activity

to varying degrees (approximately 52-76%), which can
vary depending on the types of microorganisms used and
the fermentation duration [38]. A comparative study was
conducted on the ABTS +radical scavenging activity of
Acremonium charticola isolated from fermented and dried
mushrooms commonly used in Indonesia, R. oryzae fun-
gus, and ascorbic acid. It was observed that A. charticola,
R. oryzae, and ascorbic acid exhibit ABTS + radical scav-
enging activities of 93.11%, 14.20%, and 77.63%, respec-
tively. As seen, A. charticola showed the highest removal
rate. This research has demonstrated that fungi can also
possess antioxidant activity and may serve as a source of
antioxidant compounds [39].

In a study that utilized the green alga Botryococcus brau-
nii for the synthesis of palladium and platinum nanopar-
ticles, the DPPH radical scavenging activity of the mush-
room extract was examined. The mushroom’s activity was
observed after the use of palladium and platinum elements
[33]. Additionally, fungi were employed in the biogenic syn-
thesis of platinum nanoparticles, and the synthesized prod-
ucts exhibited free radical scavenging activity [34]. After
isolating three new butenolide compounds synthesized from
mushrooms, new chemical compounds were obtained. It was
demonstrated that most of these compounds are potent anti-
oxidant agents, with an average of 30% scavenging activity
for DPPH and an average of 10% scavenging activity for
ABTS [35]. Additionally, a recent study was conducted on
the molecular identification, volatile metabolite profiling,
and bioactivities of an endophytic fungus. In this study, sig-
nificant scavenging activity was observed at a concentration
of 100 pug/mL, with rates of 61.53% for DPPH free radicals
and 85.62% for ABTS free radicals [36].

Within our study, it was found that the highest ABTS
free radical scavenging activity was 35.12+0.35%, and
the highest DPPH free radical scavenging activity was
36.23 +£0.31%. During the extraction process, four different
solvents diethyl ether (E1), dichloromethane (E2), methanol
(E3), and ethanol (E4) were used. Among these solvents, the
E3 solution showed the highest ABTS free radical scaveng-
ing activity at 35.12 +0.35%, while the E2 solution was the
most suitable for DPPH free radical scavenging activity at
36.23 +0.31%. In terms of IC50 values; E2 with an IC50
value of 25.66 pg/mL is the most effective extract in the
DPPH assay, indicating it has the strongest antioxidant activ-
ity among the extracts tested. However, E3 with an IC50
value of 27.72 pg/mL is the most effective extract in the
ABTS assay, showing it has the strongest antioxidant activ-
ity in this assay. Considering both assays, E3 emerges as the
most effective extract overall. Although E2 has the lowest
IC50 in the DPPH assay, E3 has a lower IC50 in the ABTS
assay and a comparable IC50 in the DPPH assay, making it
the most consistently effective extract across both types of
antioxidant activity assays.
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Overall, the extraction of the fungus yielded discernible
activities in scavenging DPPH and ABTS free radicals, all
without necessitating supplementary reactions. The stability
of our study has been ensured, providing a guiding frame-
work for future research. Thus, an advantageous process
has been established for the determination of antioxidant
activity.

3.4 Fatty acid methyl ester composition

Fungi obtain nutrients by breaking down and converting
organic matter, whether alive or dead, into substrates they
can use. This includes fatty acids, which fungi can store
inside their cells. Fungi can change their shape, physiology,
and behavior in response to various environmental factors
such as temperature, moisture levels, nutrition availability,
and proximity to other fungi. Fungi are also known for their
ability to produce and store fatty acids, which can benefit
certain types of fungi grown for their oil [27]. The fatty acid
composition of R. stolonifer extract is shown in Table 5. A

total of 28 fatty acids were identified in the content of the
extract; however, eight were found in high concentrations.
As shown in Fig. 3, the most abundant fatty acid was butyric
acid, with approximately 557 mg/mL. Moreover, lauric
(369 pg/mL) and caproic (314 ug/mL) acids were also found
in very high concentrations (Fig. 4a, b). R. stolonifer extract
also contains high concentrations of myristic (286 ug/mL),
pentadecanoic (205 pg/mL), caprylic (164 ug/mL), trideca-
noic (159 pg/mL), and palmitic (51 pg/mL) acids (Fig. 4c,
d and Fig. 5).

These results indicate that the mucilage-isolated fungus
R. stolonifer is a valuable provider of fatty acids that, when
purified at large bioreactors, can be good and cheap sources
of next-generation biologicals for wide-ranging biotechno-
logical applications.

Fungal fatty acids refer to the fatty acids produced and
stored by fungi. Fungi can synthesize various fatty acids,
including saturated, monounsaturated, and polyunsaturated.
These fatty acids can be stored inside the fungal cells and
used as a source of energy and nutrition when other nutrients

Table 5 The fatty acid composition of mucilage-isolated Rhizopus stolonifer extract

ID# Name Ret. time Conc Units  Peak# Peak area Peak height
1 Butyric acid methyl ester 2798  557,087.234 pg/mL 1 713,619,146 298,584,271
2 Caproic acid methyl ester 3.415 314.423 pg/mL 4 12,185 3676

3 Caprylic acid methyl ester 4.064 164.744 pg/mL 6,7 4547 2545

4 Capric acid methyl ester 4.409 0.033 pg/mL 8 12,346 5021

5 Undecanoic acid methyl ester 4.951 2908 pg/mL 9,1 11,015 4591

6 Lauric acid methyl ester 5.116 369.208 pg/mL 11,12 47,078 13,332
7 Tridecanoic acid methyl ester 5.590 159.637 pg/mL 13 16,650 4737

8 Myristic acid methyl ester 5.832 286.523 pg/mL 14,15, 16 16,571 4753
9 Myristoleic acid methyl ester 6.648 2.117 pg/mL 18,19, 20, 21 12,527 5861
10  Pentadecanoic acid methyl ester 6.774 205.952 pg/mL 22,23, 24, 25, 26 79,155 22,705
11 cis-10-Pentadecenoic acid methyl ester 8.253 11.743 pg/mL 33, 34, 35, 36, 37, 38, 39 94,334 31,873
12 Palmitic acid methyl ester 9.824 51.283 pug/mL 46, 47, 48, 49, 50 152,146 30,807
13 Palmitoleic acid methyl ester 10.683 7474 npg/mL 51, 52,53, 54,55, 56,57,58 35,921 11,927
14  Heptadecanoic acid methyl ester 11.652 4.861 pg/mL 59, 60, 61, 62, 63, 64 50,988 12,446
15  cis-10-heptadecenoic acid methyl ester 12.767 10.439 pg/mL 65, 66, 67, 68, 69, 70, 71 54,808 12,007
16  Stearic acid methyl ester 14.076 6.021 pg/mL 72,73,74,75,76 32,969 6042
17  Oleic acid methyl ester 14.721 0.917 pg/mL 77,78,79 7729 1792
18  Elaidic acid methyl ester 15.590 4.182 pg/mL 80, 81 11,245 2083
19  Linoleic acid methyl ester 16.294 2.390 pg/mL 82 12,688 1416
20 Linolelaidic acid methyl ester 17.320 8.123 pug/mL 83 135,036 23,917
21  y-Linolenic acid methyl ester 18.405 0.946 pg/mL 84 2558 499
22 a-Linolenic acid methyl ester 19.385 3.445 pg/mL 85, 86 18,516 2541
23 Arachidic acid methyl ester 20.643 1.758 pg/mL 87 9521 858

24 cis-11-Eicosenoic acid methyl ester 21.916 11.366 pg/mL 88 120,274 15,817
25  cis-11,14-Eicosadienoic acid methyl ester 22.704 2427 pg/mL 89 38,962 4953
26  cis-8,11,14-FEicosatrienoic acid methyl ester  24.308 1.287 pg/mL 90 13,469 1575
27  cis-11,14,17-Eicosatrienoic acid methyl ester 25.532 12.492 pg/mL 91 31,151 3278
28  Erucic acid methyl ester 34.273 8.776 pg/mL 92 43,796 3170

Bold type indicates the high concentrations of fatty acids in the R. stolonifer extract
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are scarce. Some fungi have been found to produce high
levels of specific fatty acids, making them potential sources
for producing biofuels and other industrial products. Fungal
fatty acids may have various biological and medical applica-
tions, such as antimicrobial and antitumor properties [40,
41]. Additionally, it has been shown in previous studies that
microbial metabolism is directed to butyric acid production
in environments containing carbohydrate-rich wastes [42].
In this study, we found that the fungus has a tendency to

@ Springer

produce high amounts of butyric acid in an environment
rich in organic matter, such as mucilage. The production
of butanol, a green alternative solution to fossil fuels, uses
butyric acid (C:4) as a substrate [43]. Butyric acid, a short-
chain fatty acid, is emerging as one of the renewable green
C4 platform chemicals that can give an alternative solution
to fossil fuels and reduce health and environment-related
issues.

Studies suggest that linoleic acid and a-linoleic acid are
vital for consumption because the human body cannot pro-
duce them independently. Although these compounds can
be found in many different organisms, fungi are a valuable
source of fatty acids that offer additional advantages. [44].
Fungi have been reported to be rich and global sources of
fatty acids such as myristic, palmitic, palmitoleic, stearic,
oleic, linoleic, a-linoleic, arachidic, and eicosenoic acids
[45]. Research conducted on different fungi from Turkey
found that the most prevalent fatty acids were linoleic, pal-
mitic, oleic, stearic, and arachidic acids [46]. Another study
from Turkey identified caproic, caprylic, lauric, myristic,
pentadecanoic, palmitic, tridecanoic, etc. fatty acids among
37 fatty acids in the composition of Caesar’s fungi [47].

Ensuring a balanced intake of essential fatty acids, with
a 1:1 or 2:1 between omega-6 and omega-3, may aid in pre-
venting obesity since an imbalanced ratio of these fatty acids
has been linked to adipogenesis. Moreover, essential fatty
acids are involved in the formation of high-density lipopro-
tein (HDL), which facilitates the transportation of fat from
the bloodstream to the liver, where it can be metabolized,
thus reducing the risk of cardiovascular diseases. Addition-
ally, EPA and DHA, two omega-3 fatty acids, can alter the
structure of cell membranes, protein functions, the pro-
duction of lipid mediators, and gene expression patterns,
thereby improving overall health [45]. Butyrate is famous as
a potential therapeutic agent for various conditions, includ-
ing inflammatory bowel disease, type 2 diabetes, and obe-
sity. It is a short-chain fatty acid (SCFA) that contains four
carbon atoms and is produced in the colon.

Along with other SCFAs, such as acetate and propionate,
butyrate is a vital energy source for the cells lining the colon.
It also plays a crucial role in regulating the immune system
and reducing inflammation in the gut [48]. Butyrate has also
shown a strong negative and dose-dependent effect on the
biofilm formation of fungi [49]. On the other hand, medium-
chain fatty acids (MCFAs) are types of fatty acids that can
be either saturated or unsaturated and contain between 6 and
12 carbon atoms. Some examples of MCFAs include cap-
roic acid (C6:0), caprylic acid (C8:0), capric acid (C10:0),
and lauric acid (C12:0) [50]. The fatty acid composition
of fungi differs among species and is affected by different
intrinsic and external factors [44]. The previous study inves-
tigated the composition of fatty acids in various species of
macrofungi. The presence of numerous fatty acids such as
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caproic, caprylic, capric, undecanoic, lauric, tridecanoic,
myristoleic, myristic, pentadecanoic, palmitoleic, palmitic,
cis-10-heptadecenoic, heptadecanoic, y-linolenic, linoleic,
oleic, stearic, arachidonic, eicosapentaenoic, eicosatrien-
oic, eicosadienoic, eicosaenoic acid, a-linolenic, arachidic,
heneicosanoic, erucic, behenic, tricosanoic, nervonic, and
lignoceric acids was detected in the range from approxi-
mately 30 to 3175 mg/kg [51]. Researchers have previously
reported on the antimicrobial properties of several types of
fatty acids, including tridecanoic acid, tetradecanoic acid,
and pentadecanoic acid. Tridecanoic acid, in particular, has
been found to possess several biological activities, such as
anthelminthic, anti-inflammatory, antimicrobial effects, and
anticancer properties. It has been proposed that tridecanoic
acid could be used as an agent to control plant and human
diseases [52]. Pentadecanoic acid is a type of fatty acid not
naturally produced by the body but can be consumed as part
of the diet. Studies have shown that this fatty acid has vari-
ous health benefits, including anti-inflammatory and anti-
fibrotic effects. It also stabilizes red blood cells and helps
repair damaged mitochondria. By lowering cholesterol,
triglycerides, and glucose levels, pentadecanoic acid may
reduce inflammation, anemia, and liver fibrosis, leading to
improved health outcomes for conditions associated with the
heart, metabolism, liver, and aging [53].

Caproic acid, a versatile chemical compound, can now
be generated at high rates and specificities from low-grade
mixed organic waste through lab- and pilot-scale systems
[54]. Caproic acid has various applications, such as being
used directly as feed additives, antimicrobials, and plant
growth promoters. It can also serve as a precursor to pro-
ducing commodities, including lubricants, fragrances,
paint additives, and pharmaceuticals. Commercially avail-
able caproic acid produced from food crops is costly due to
these crop oils’ low caproic acid content. Therefore, pro-
cesses have been developed using mixed organic waste as a
feedstock via microbial fermentation, specifically through
chain elongation via a reversed -oxidation pathway. This
approach utilizes short-chain fatty acids like acetate and
butyrate, intermediates from the anaerobic degradation
of mixed organic waste, to yield caproate as the dominant
end-product with high production rates and specificity. This
process provides a more economical and sustainable way of
producing caproic acid for industrial use [54].

Caprylic acid is also an all-purpose compound with
remarkable properties, making it applicable in various fields,
including health promotion, disease control, cosmetics, and
industry. It is commonly consumed as a dietary supplement
and has been suggested to aid in weight management by
increasing calorie burning in the body, as indicated in some
studies. Caprylic acid is also part of a ketogenic diet to man-
age intractable epilepsy in children [55]. Caproic, caprylic,
and capric acids exhibited potent anticancer properties by

decreasing the viability of colon cancer cells by 70 to 90%.
These acids were also observed to down-regulate genes that
regulate the cell cycle and up-regulate genes involved in
apoptosis [56]. Similar results were seen in a human skin
epidermoid carcinoma cell line (A-431) [57]. Another
in vitro study demonstrated that lauric acid, when adminis-
tered at a dosage of 0.5 mM, induced apoptotic changes and
cell cycle arrest in the GO/G1 and G2/M phases. This treat-
ment also increased intracellular reactive oxygen species
levels while decreasing intracellular glutathione levels [58].
Lauric acid also significantly inhibited human hepatocellular
(HepG2) proliferation and murine macrophage (Raw 264.7)
cells. However, the extent of the impact varied depending on
the nature and origin of the cells [59]. Moreover, lauric acid
stimulated apoptosis in endometrial cancer cells (Ishikawa)
by activating EGFR phosphorylation events [56—60].

Several types of fatty acids, including capric, lauric,
palmitic, oleic, linoleic/linolenic, and eicosadienoic acid,
have demonstrated antibiofilm properties against microbial
biofilms of S. aureus and fungal C. albicans. Addition-
ally, various derivatives of fatty acids play a critical role as
cell-to-cell signals in many plant-associated bacteria [61].
The antibacterial effects of palmitic acid were also proven
against different pathogens [62]. A recent study found that
saw palmetto oil, which contains high levels of lauric acid
and myristic acid, can prevent the formation of biofilms in
single, dual, and three-species biofilm models of S. aureus,
E. coli, and C. albicans. Notably, this inhibition of biofilm
formation occurred without any impact on the growth of the
individual cells of these microorganisms in a liquid environ-
ment [61]. Reduced levels of diacylglycerol kinase in skel-
etal muscles have been associated with a decrease in glucose
uptake and are closely linked to the development of type 2
diabetes. Therefore, increasing the expression of diacylglyc-
erol kinase is believed to be a possible way to improve glu-
cose regulation and protect against diabetes. Recent findings
provide strong evidence that myristic acid can enhance glu-
cose uptake in myotubes and improve skeletal muscle mass
and that these effects depend on the expression of diacylg-
lycerol kinase [63]. Capric acid, myristic acid, lauric acid,
and palmitic acid were combined in binary mixtures and
evaluated as possible phase-change biomaterials to improve
the thermal performance of concrete [64].

4 Conclusion

In this study, the fungus was isolated from the sample taken
from the mucilage formed due to pollution in the Marmara
Sea and identified using LSU gene regions. According to
the results of molecular identification, it was understood
that the new isolate was R. stolonifer. Extracts of the new
isolate fungus were prepared using solvents with different
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properties, and their antimicrobial and antioxidant activi-
ties were investigated. The extracts were determined to be
ineffective in antimicrobial activity and showed effective
antioxidant activity. Also, the fatty acid profile of the new
isolate was examined, and it was determined that the fungus
can produce fatty acids such as butyric acid, lauric acid, and
caproic acid at high rates, which can be used in different bio-
technological applications. In conclusion, this study shows
that the fungus isolated from the mucilage formed due to
marine pollution can be used as a rich source of fatty acids.
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