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Abstract: The Cunninghamella genus has been utilized for the production of PUFA-rich lipids. There-
fore, we investigate the impact of plant oil supplementation in the culture medium (soybean oil, rice
bran oil, and perilla oil), selected based on their different fatty acid predominant, on lipid production
and fatty acid composition in C. elegans (TISTR 3370). All oils significantly boosted fungal growth,
each influencing distinct patterns of lipid accumulation within the cells. The cells exhibited distinct
patterns of lipid accumulation, forming intracellular lipid bodies, influenced by the different oils.
Monounsaturated fatty acids (MUFAs) were found to be the most abundant, followed by polyun-
saturated fatty acids (PUFAs) and saturated fatty acids (SFAs) in the fungal lipid cultures. Oleic
acid was identified as the primary MUFA, while palmitic acid was the predominant SFA in perilla
oil supplements. Remarkably, perilla oil supplement provided the highest total lipid production
with arachidonic acid being exclusively detected. The percentage of PUFAs ranged from 12% in the
control to 33% in soybean oil, 32% in rice bran oil, and 61% in perilla oil supplements. These findings
offer valuable opportunities for advancing biotechnological applications in lipid production and
customization, with implications for food and nutrition as well as pharmaceuticals and cosmetics.
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1. Introduction

Fatty acids play a crucial role in various physiological functions within the human
body and other organisms. The majority of naturally occurring fatty acids typically consist
of an even number of carbon atoms, ranging typically from 14 to 22 atoms. Among these,
fatty acids containing either 16 or 18 carbon atoms are particularly prevalent. Fatty acids are
commonly classified into two primary types: saturated fatty acids (SFAs) and unsaturated
fatty acids (UFAs). Unsaturated fatty acids further divide into monounsaturated fatty acids
(MUFAs), such as oleic acid and palmitoleic acid, and polyunsaturated fatty acids (PUFAs),
which encompass omega-3 (n-3 PUFAs), omega-6 (n-6 PUFAs), and omega-9 (n-9 PUFAs)
fatty acid groups [1,2]. Among these, polyunsaturated fatty acids (PUFAs) play crucial roles
in higher eukaryotes as energy stores and membrane constituents [3,4]. Their biological
activities make them potential candidates for food additives or pharmaceuticals, with ap-
plications in the treatment of cardiovascular disorders, cancer, inflammatory reactions, liver
lipid disorders, and postpartum mental health [1,5-9]. Unlike other organisms, humans are
unable to synthesize PUFAs in sufficient quantities, necessitating their acquisition through
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dietary sources [10,11]. Seed oils and fish are currently the primary sources of PUFAs,
although with limited yields and high manufacturing costs relative to the extracted fatty
acid quantity [11,12].

Certain microorganisms from various sources, including bacteria, yeast, mold, and
algae, have the ability to accumulate lipids comprising over 20% of their dry biomass,
while oleaginous yeasts and molds can even reach over 70% lipid content [13-16]. The
biosynthesis of PUFAs in microorganisms commences with the conversion of MUFAs,
such as oleic acid, through enzymatic processes analogous to those found in higher or-
ganisms [17]. This process involves pivotal steps including elongation of the carbon chain
facilitated by elongate enzymes and desaturation catalyzed by fatty acyl desaturases, lead-
ing to the incorporation of double bonds. Typically, the initial double bond is introduced
at the A9 position of saturated fatty acids, yielding prevalent monoenes like palmitoleic
(16:1 cis 9) and oleic (18:1 cis 9) acids. Subsequently, oleic acid undergoes desaturation by
A12 desaturase to produce linoleic acid, which may further convert to o-linolenic acid via
A15 desaturase. These MUFAs serve as precursors for the synthesis of n-9, n-6, and n-3
fatty acids. Further PUFA synthesis requires desaturation mediated by A6 desaturase of
appropriate fatty acid precursors, followed by chain elongation and additional desaturation
steps, ultimately yielding C20 and C22 PUFAs [2,15-17]. Among the fungi, species of the
Cunninghamella genus, belonging to the oleaginous Zygomycetes, have been utilized for
the production of PUFA-rich lipids such as y-linolenic acid (GLA) [6,18-20]. The Muco-
ralean fungus C. elegans CFR C07 has emerged as a promising source of y-linolenic acid
(GLA), exhibiting a preference for glucose as the primary carbon source under submerged
conditions, while fructose and sucrose have demonstrated efficacy in biomass production.
Notably, GLA production reached a maximum of 882 mg/L in shake flasks and 733 mg/L
in a 3 L fermenter [21]. Furthermore, the addition of vegetable oil to cultures enhanced
GLA production by C. elegans CCF 1318, yielding 14.2 mg of GLA per gram of dry substrate,
composed of a mixture of barley, spent malt grains, and peanut oil [22]. Notably, the fatl
gene in C. elegans encodes a novel omega-3 desaturase capable of introducing a double
bond at the omega-3 position of C18 and C20 fatty acids [23].

Plant seed oils contain a diverse array of crucial fatty acids, varying depending
on the plant species and extraction technique employed. These oils are rich sources of
saturated, monounsaturated, and polyunsaturated fatty acids, including linolenic acid
and linoleic acid, essential for human nutrition [24]. Additionally, n-9 and n-6 fatty acids
are commonly present in plant seed oils, playing significant roles in cellular health and
overall wellbeing [1,5,9,24]. Rice bran oil, extracted from the outer layer of rice bran, is
predominantly composed of unsaturated fatty acids, constituting approximately 76% of
its composition. This includes essential linoleic acid (n-6) and «-linolenic acid (n-3) at
concentrations of up to 31.7%, along with oleic acid at 30-40%. Furthermore, it contains
vitamins E and B, as well as antioxidant compounds such as tocols (tocopherols and
tocotrienols) [25]. Soybean oil, in addition to its high oleic and linoleic acid content,
contains beneficial fatty acids, with linolenic acid comprising approximately 50%, oleic
acid 22%, and linolenic acid (C18:3) at 7%, alongside palmitic and stearic acids at 7% [26].
Perilla oil is predominantly composed of unsaturated fatty acids, particularly high in
a-linolenic acid, with a fatty acid composition ratio of saturated, monounsaturated, and
polyunsaturated fatty acids at 1:1:8. Major PUFAs in perilla oil include alpha-linolenic acid
(18:3, n-3) at 55-60%, linoleic acid (18:2, n-6) at 18-22%, and oleic acid (18:1) at 11-13% of
total fatty acids [27].

By utilizing exogenous fatty acids as alternative carbon sources, fungi can incorporate
and modify the composition of accumulated lipids, reflecting the carbon chain length and
structure of the oil used [27,28]. In previous studies, the addition of plant oils as precursors
to fungi (Mortierella alpine), black yeast (Melanodevriesia melanelixiae), and growth media
has been demonstrated to increase the production of PUFA [28-30]. However, no such
investigation has been conducted in C. elegans, particularly concerning different fatty acid
patterns. Moreover, there is limited information available regarding plant oil supplements
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that promote fungal cell growth and PUFA production. These supplements encompass
plant oils containing diverse predominant PUFAs, such as oleic acid (rice bran oil), linoleic
acid (soybean oil), and a-linolenic acid (perilla oil). Consequently, the objective of this study
was to examine the effects of various plant oils added to the medium on C. elegans fungal
lipid production and fatty acid composition. We anticipated obtaining valuable insights for
subsequent applications in lipid production and customization, with implications for food
and nutrition, pharmaceuticals, and cosmetics.

2. Methods
2.1. Microorganism, Culture Medium, and Growth Conditions

Cunninghamella elegans TISTR 3370, a fungus, was obtained from the Thailand Institute
of Scientific and Technological Research (TISTR). To maintain the cultures, Sabouraud agar
(HiMedia Laboratories Pvt. Ltd., Mumbai, India) was utilized and stored at 4 °C. For
lipid production, C. elegans was cultivated in a semi-synthetic liquid medium containing
the following components per liter: KHyPOy (2.5 g), ZnSO4-7H,0 (0.01 g), CuSO4-5H,0
(0.002 g), MnSO4 (0.01 g), MgSO4-7H,0 (0.5 g), FeSO4-7H,0O (0.02 g), CaCl, (0.1 g), yeast
extract (5.0 g), KNOj3 (1.0 g), and glucose (30 g), adjusted to pH 5.5. Before adding it to the
culture medium, a mixture of oil and Tween 20 (0.5%) was prepared. The medium was
supplemented with three different oils (15 g/L): soybean oil, rice bran oil, and perilla oil.

Sporangioles of C. elegans were collected from cultures grown on PDA (HiMedia
Laboratories Pvt. Ltd., Mumbai, India) for seven days at room temperature. Ten 1 cm
diameter mycelial disks from stock cultures on PDA plates were inoculated into the media.
The cultures were then transferred to 250 mL Erlenmeyer flasks containing 50 mL of
the semi-synthetic medium supplemented with each oil. Incubation was carried out at
25 °C, with shaking at 150 rpm, for eight days. Transmission electron microscopy (TEM)
was employed to investigate cell morphology, lipid body number, and size, as well as
to analyze lipid accumulation. Biomass, lipid accumulation in cells, and the fatty acid
profile were determined, with duplicate analyses performed every two days throughout the
cultivation period.

2.2. Transmission Electron Microscopy (TEM) Assay

To prepare the cultivated cells of C. elegans for transmission electron microscopy (TEM),
a modified version of the protocol described by Jeh et al. [31] was followed. The mycelium
was collected from the culture and subjected to centrifugation at 10,000x g at 4 °C for
10 min. The resulting cell pellet was immediately immersed in 3% glutaraldehyde at room
temperature for 24 h for chemical fixation. Following fixation, the cells were washed three
times with 1 M phosphate buffer and subsequently postfixed with 1% osmium tetroxide
(OsOy) at 4 °C for 2 h. Another three washes were performed using the same buffer.
Dehydration of the cells was carried out by sequential immersion in 70% ethanol for 10 min,
followed by 100% ethanol for an additional 10 min. The cells were then embedded in spur
resin. Ultrathin sections of approximately 70 nm were obtained and mounted on copper
grids. Staining was conducted using 2% uranyl acetate and lead stain solution (Sigma-
Aldrich, Inc., St. Louis, MO, USA) in a consecutive manner. Finally, the samples were
observed using a transmission electron microscope (JEOL Ltd., Tokyo, Japan, JEM-1200).

2.3. Dry Biomass Inspection

The mycelia were collected from 50 mL samples and underwent two washes with
distilled and deionized water using filter paper for filtration. Subsequently, the harvested
mycelia were gently dried at 80 °C and placed in a vacuum desiccator until reaching a
constant weight, indicating biomass stability. The dried mycelia were then prepared for
lipid acid profile analysis, as described in the subsequent sections.
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Fatty acid composition = |

2.4. Lipid Extraction

Lipids were extracted from the desiccated mycelia following the method outlined
by Bligh and Dyer [32], with some modifications. Approximately 3 g of finely ground
samples were mixed with 50 mL of chloroform-methanol (2:1, v/v) containing 10 mg/L of
butylated hydroxytoluene and 0.1 mg/mL of nanodecanoic acid (C19:0, Sigma-Aldrich,
Inc., St. Louis, MO, USA) as an internal standard. The samples were stored overnight in a
fume enclosure. Afterward, each sample was filtered and transferred to a separate funnel,
followed by the addition of 15 mL of 0.9% sodium chloride. The phases were separated
by vigorous shaking, and the lower phase was evaporated and transferred to a 10 mL
volumetric flask.

2.5. Fatty Acid Analysis

This analysis was performed using the method of Liu et al. [33], with some modifica-
tions. Transesterification using HySO4 (0.9 mol/L in methanol) was employed to convert
the total lipid extract into fatty acid methyl esters (FAMEs). FAMEs were filtered through
a Sep-pak silica column before injection into the gas chromatograph. A Shimadzu model
GC-2014 system equipped with flame ionization detection and a fused silica capillary
column (DB-Wax, USA; 30 m x 0.25 mm, 25 m film thickness) was used for quantitative
analysis. Nitrogen served as the carrier gas, and the temperature programming ranged
from 150 °C to 230 °C. The emergent peaks were identified by comparing their retention
time with internal standard fatty acid nanodecanoic acid (C19:0). Lipid content, fatty acid
composition and concentration were calculated as the following formulas.

area under each peak
total areas of all fatty acids appeared in the chromatogram

| x 100

area under each peak
area of internal standard

Fatty acid composition = [[ | x 100] x 10/g sample

2.6. Statistical Analysis

All statistical analyses were performed in triplicate using the XLSTATTM software for
Windows (https:/ /www.xlstat.com/en/, accessed on 18 January 2024). One-way analysis
of variance (ANOVA) was conducted to assess differences, with a significance level set at
p < 0.05. Tukey’s test was utilized for mean comparisons.

3. Results and Discussion
3.1. Impact of Plant Oils on Growth Profile and Lipid Content in C. elegans Cells

This experiment aimed to evaluate the effects of three different plant oils (soybean,
rice bran, and perilla) when added to standard media (basal media) on the lipid content
and fatty acid composition of C. elegans cells. The fatty acid compositions of the three oils
were analyzed using gas-liquid chromatography (GLC) and are presented in Figure 1. Each
oil exhibited a distinct fatty acid composition, with soybean oil being rich in 18:2n-6, rice
bran oil dominated by 18:1, and perilla oil containing significant amounts of 18:3n-3, as
shown in Figure 1. By supplementing fungal growth media with various oils, the intention
was to provide precursors for long-chain fatty acids. Instead of synthesizing these fatty
acids from scratch, fungi can modify the ones supplied through supplementation.

The growth profile of C. elegans cultivated in different plant oils is depicted in Table 1.
The biomass production gradually increased with cultivation time, reaching the stationary
phase by approximately day 6. The maximum cell growth of C. elegans occurred during
the early growth phase, and the highest biomass content was observed as 14.15 + 0.14 g/L
and 27.67 £ 0.35 g/L on the 6th day for soybean and rice bran oils supplemented media,
respectively, while for the perilla oil supplementation, the highest biomass occurred as
21.32 £ 0.19 g/L on day 8. Based on the total biomass obtained throughout the cultivation
period, rice bran supplementation resulted in the highest biomass production, followed by
perilla and soybean oil, respectively; all of which were significantly higher than that in the
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normal media. A study by Khoomrung et al. [34] that investigated the effect of exogenous
fatty acids on Mucor rouxii cell growth, reported that fatty acid supplementation led to
increased biomass, with the highest biomass was observed when linoleic acid (18:2n-6)

was used.
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Figure 1. Chromatograms of fatty acids using different substrates. (A) Soybean oil, (B) rice bran oil
and (C) perilla oil.
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Table 1. Time course of growth (A) and lipid content (g/100 g) (B) of Cunninghamella elegans grown
in different oils supplemented media.

D Biomass (g/L) Lipid Content (g/100 g)

ays

Y Control Soybean Rice Bran Perilla Control Soybean Rice Bran Perilla
2 3.24 +0.594 6.74 £1.29°¢ 8.02 +0.234 10.76 + 0.04 4 13.54 +0.09 © 17.614+£0.04¢  16734+0.732  2333+0.21P
4 6.53 £0.38 ¢ 713 £0.08 ¢ 8.88 £0.24 ¢ 14.81+£0.34°¢ 1018 +£038¢ 17.75+030°¢ 17.734+0.692 2433 +£0.112
6 862+£0662 1415+0.142 2767+035% 19.75+040° 14.13+086° 183140.05P 1490+0.67° 2429 +£0.57°2
8 735+024° 1118 +026°> 1770+2.76% 21.324+0.19° 172540242 2061 £044°% 1742+£1.677 1998+0.19°¢

Data are expressed as the mean =+ standard deviation of three replicates. Data with the same letters in the same
column of each day with different superscripts are significantly different at p < 0.05.

Typically, carbohydrates are metabolized through the Embden-Meyerhoff pathway to
produce pyruvate or acetyl-CoA, which are then utilized for protein synthesis, respiration,
and the synthesis of various compounds, including membrane and storage lipids. In
contrast, oil utilization by microorganisms involves the production of extracellular lipases
that release fatty acids from glycerol. The resulting fatty acids can either be incorporated
into lipid structures or broken down into basic substrates for biomass synthesis [35]. In
line with this, previous studies, such as the one conducted by Dyal et al. [10], reported
lower dry biomasses in supplemented media compared with unsupplemented media, with
canola and olive oils resulting in the highest biomasses.

Interestingly, in our study, the fungus exhibited significantly higher growth rates in
perilla oil compared with soybean and rice bran oils for up to 4 days (Table 1). This suggests
that perilla oil might contain certain factors that stimulate cell division and/or enhance
the production of cell wall components during the logarithmic growth phase. The lipid
content of cells in each condition corresponded to their respective growth profiles. Perilla
oil displayed the highest lipid yields from days 2 to 6 (23.33 &+ 0.21, 24.33 £ 0.11, and
24.29 £ 0.57 g/L, respectively), followed by soybean oil on day 8 (20.61 £ 0.44 g/L), and
rice bran oil (17.42 + 1.67 g/L) had the lowest yields (Table 1). The lipid content reached
its peak during the stationary phase, when nitrogen sources in the medium became de-
pleted, preventing further lipid production. This finding aligns with previous reports
where lipid accumulation ceased after 6 days in cultures of Mucor sp.1b and M. rouxii [36],
although exceptions have been observed in some strains like M. circinelloides [37]. The
decrease in malic enzyme activity following nitrogen exhaustion for approximately 24 h
could explain the decline in lipid accumulation [15]. Oleaginous fungi have the ability
to store lipids as reserves [38], and this accumulation occurs when the nitrogen source is
depleted, restraining cell proliferation and allowing the substrate to be converted into lipids.
Bajpai et al. [39] have reported maximum production of M. alpina IS-4 and ATCC 32222
after 3 and 4 days of incubation, respectively. Furthermore, Kendrick and Ratledge [40]
noted that M. isabellina did not grow on media containing linseed oil, but the medium
supplemented with safflower oil resulted in the highest cell yield, while perilla oil sup-
plementation led to significantly lower cell yields compared with glucose medium alone.
Regarding the lipid content of M. isabellina, safflower oil and perilla oil-supplemented
media yielded the highest lipid content [40]. Previous studies have identified several
additional variables that could potentially impact the lipid biosynthesis of fungi. Notably,
antioxidants, a high proportion of protein, carbohydrates, and various minerals inherent
in rice bran, soybean, and sesame oils have been implicated in this regard [41—43]. These
factors have demonstrated a significant influence on the lipid production of Oleaginous
Mucor circinelloides and Schizochytrium limacinum SR21 [44,45].

The findings of this study clearly demonstrate that plant oils have a substantial impact
on enhancing the growth rate of C. elegans compared with the basal medium. Moreover,
the increase in cell dry mass corresponded with higher lipid content. It is worth noting that
the growth profile of the fungus and the lipid content varied significantly depending on
the type of plant oil used [46]. Consequently, a detailed examination of cell morphology
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and lipid accumulation throughout the growth process was conducted to gain insights into
the growth stage and cellular characteristics.

3.2. Lipid Accumulation in C. elegans during Growth on Oil Supplement Media

C. elegans cells were cultured in PDA medium until reaching the exponential growth
phase. Subsequently, the cells were transferred to media supplemented with various oils.
The observation of lipid bodies (LBs) in terms of their numbers and sizes was carried
out using TEM. Prior to oil supplementation, LBs appeared as black spherical structures
on the intracellular surface following osmium staining (Figure 2). Cells cultivated in oil-
supplemented media exhibited appendages, and the number of appendages increased over
time. From day 2 to day 8, the cells displayed heterogeneity in terms of size, diameter, and
appearance, ranging from 0.8 to 4.2 um, while LB sizes ranged from 0.1 to 2.6 pm. Notably,
cells from the perilla oil-supplemented medium were significantly smaller compared with
the other two oils. Differences in the thickness of the cell wall and the width of the
periplasmic space were observed in normal cells (Figure 2A) prior to oil supplementation.
Upon transferring the cells to oil-supplemented media, intracellular structural differences
were also observed (Figure 2B-G). The TEM images revealed approximately 8 LBs in
soybean oil supplementation and over 10 LBs in rice bran oil supplementation. After day 8,
the number of LBs increased to over 10 in soybean oil, while it decreased to less than 10 in
rice bran oil, although the LBs in the latter were larger in size (Figure 2B-E). In contrast,
the supplementation of perilla oil displayed a distinct pattern, characterized by a small
presence of LBs on day 2, which then expanded to completely fill the cell space by day 8
(Figure 2EG). These lipid accumulations in the form of LBs in the cytoplasm were confirmed
by TEM, which indicated that small LBs were observed on day 2 after cell transfer to oil-
supplemented media, and the number and size of LBs increased during growth, depending
on the oil supplement. By day 8, LBs filled a significant portion of the cell after induction.
The TEM analysis also confirmed that the observed structures in the cells were LBs with
variations in lipid accumulation levels. Unsupplemented cells exhibited a few small LBs
after transfer to oil supplementation (Figure 2A). Following two days of growth in oil-
supplemented media, the presence of one to six large LBs and a few small LBs was observed
in soybean and rice bran oil supplements (Figure 2B,D). In the rice bran oil supplement,
four large LBs almost completely filled the cell by day 8 (Figure 2E). Previous studies have
reported that eukaryotes retain triacylglycerols (TAGs) as spherical lipid particles with
diameters ranging from 0.1 to 50 um, depending on the species and cell types [47]. The
formation of LBs begins with the coupling of wax ester synthase/acyl-CoA:diacylglycerol
acyltransferase (WS/DGAT) to the cytoplasmic membrane, leading to the formation of
small lipid droplets (SLDs) that remain associated with the membrane-bound enzymes.
The coalescence of SLDs within lipid prebodies eventually results in the formation of
mature LBs in the cytoplasm [47]. Comparing the intracellular LB numbers and sizes to
cell biomass and lipid contents clearly revealed a correlation between LB size, cell biomass,
and lipid content. Cells with higher growth rates and lipid content, particularly those
supplemented with perilla and rice bran oils, exhibited larger intracellular LBs, especially
in the case of perilla oil. This suggests that the cells could rapidly assimilate fatty acids from
perilla oil to form mature LBs. The cell supplemented with perilla oil displayed the highest
lipid content among all oil supplements at day 2, which remained constant thereafter, even
though growth was still observed until day 6. These findings highlight the potential of
C. elegans as a promising strain for fatty acid production, particularly for overexpressing
polyunsaturated fatty acids (PUFAs). Therefore, the investigation and discussion of key
fatty acids associated with the alteration of the polyunsaturated fatty acid (PUFAs) profile
during cultivation will be presented in the next section.
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Figure 2. Transmission electron micrograph of C. elegans cells grown in soybean oil rice bran oil and
perilla oil medium. TEM micrographs reveal lipids (dark spot) as an intracellular accumulation of
lipid bodies. The characteristics of normal cells before the shift to soybean and rice bran oil-containing
medium (A), cell grown in soybean oil at day 2 (B) and day 8 (C), cell grown in rice bran oil at day
2 (D) and day 8 (E) and cell grown in perilla oil at day 2 (F) and day 8 (G). LB, lipid-body; LPB,
lipid-prebody; CP, cytoplasm; CW, cell wall; CM, cytoplasm membrane; app, appendages. Scale bar
(A,B,E) =2 um, (C,D) =1 um and (F,G) 0.5 um.

3.3. Fatty Acid Profiles of Plant Oils and Fungal Lipids

The fatty acid profiles of plant oils and fungal lipids are presented in Figure 1 and
Figures S1-S4. The relative proportions of fatty acids were determined by measuring peak
areas and comparing retention times to FAME standards for identification. The profiles of
unsupplemented and rice bran oil-supplemented media were nearly identical. However,
oil-supplemented media exhibited seven new components: Unknown 3, Unknown 4,
Unknown 5, Unknown 6, Unknown 7, Unknown 8, and C20:4 (ARA), which were absent
in unsupplemented media. In contrast, perilla oil supplementation only resulted in one
new component, C20:4 (ARA), not found in soybean oil supplementation, rice bran oil
supplementation, or unsupplemented media. Therefore, a total of six new unknown
components and one PUFA (C20:4 ARA) were introduced through fungal culture.
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The fatty acid profiles of unsupplemented media for C. elegans on different days
are depicted in Figure 1A. The major components were oleic acid (C18:1), linoleic acid
(C18:2), and palmitic acid (16:0), accounting for approximately 38-49%, 1.5-27%, and
17-21% of the total fatty acids, respectively. The remaining fatty acids constituted smaller
percentages. Figure 1B,C display the percentages of total saturated fatty acids (SFAs),
total monounsaturated fatty acids (MUFAs), and total polyunsaturated fatty acids (PUFAs)
in the lipids. Compared with soybean and rice bran oil supplementation, perilla oil
supplementation extended the profile to include short-chain polyunsaturated fatty acids.
The ratio of PUFAs to SFAs ranged from 14-24% to 31-61% of total fatty acids in this study.
Rice bran oil supplementation exhibited the highest percentage of MUFAs (42-47% of total
fatty acids) among soybean, perilla, and rice bran oil supplements. In soy oil-supplemented
cells, the production of PUFAs increased steadily over a four-day period, followed by
a slight decrease between days 6 and 8, and then stabilized thereafter. The addition of
soybean oil led to an increase in the unidentified product value, while the value of PUFAs
decreased slightly.

3.4. Fatty Acid Composition and Concentration

The fatty acid composition and concentration of C. elegans under different oil supple-
ments are presented in Tables 2 and 3. The analysis included total saturated fatty acids
(SFAs), total monounsaturated fatty acids (MUFAs), total polyunsaturated fatty acids (PU-
FAs), and unknown components (Table 2). The percentage of total SFAs ranged from 29%
to 38% in unsupplemented media and soybean oil, while total MUFAs varied from 40% to
50% in unsupplemented media and 42% to 47% in rice bran oil. The percentage of total
unknown components ranged from 2.2% to 26% in soybean oil. PUFAs were the dominant
category of fatty acids, accounting for 31% to 61% in perilla oil. The major MUFAs identified
in C. elegans was oleic acid (C18:1), and the major PUFAs were linoleic acid (C18:2), linolenic
acid (C18:3), arachidonic acid (C20:4), eicosapentaenoic acid (C20:5), and docosahexaenoic
acid (C22:6). Notably, arachidonic acid was present in perilla oil-containing media but
absent in unsupplemented media, soybean oil, or rice bran oil-containing media. Previ-
ous studies by Jang et al. [48] have also reported increased accumulation of arachidonic
acid, eicosapentaenoic acid, and docosahexaenoic acid with the addition of linseed oil and
sunflower oil.

The addition of linseed oil to the culture medium of M. ramanniana species resulted
in higher proportions of EPA and LA [10]. EPA production increased with increasing
linseed oil concentration, regardless of the growth temperature. On the other hand, ARA
content decreased as linseed oil concentration increased. MUFA was the most predom-
inant fatty acid in the fungal oils analyzed, followed by PUFA and SFA. The concentra-
tion of total MUFAs ranged from 6152.12 to 6716.23, 4497.98 to 5767.50, and 4789.37 to
5903.60 mg/100 g in unsupplemented media, soybean oil, and rice bran oil-containing me-
dia, respectively (Table 3). The total PUFA concentration, primarily linolenic acid, was high-
estin cultures grown in perilla-containing media, ranging from 2019.24 to 3519.50 mg /100 g,
and accounting for 18% to 41% of total fatty acids. The concentration of total SFAs ranged
from 1065.28 to 6009.74 mg/100 g (Table 3). The main SFA found in fungal oils was stearic
acid, ranging from 3% of total fatty acids in rice bran oil-containing media to 20% in unsup-
plemented media, followed by palmitic acid, with composition ranging from 11% in perilla
oil-containing media to 26% in soybean oil-containing media.



Microorganisms 2024, 12, 992 10 of 15
Table 2. Fatty acid composition (% of total fatty acids) of Cunninghamella elegans grown with different oils supplement for 8 days.
Fatty Proportion of Fatty Acid
Acids
Saturated Fatty Acid (SFA) Monounsaturated Fatty Acid (MUFA) Polyunsaturated Fatty Acid (PUFA)
C14:0 C16:0 C18:0 Total c16:1 c18:1 Total c182 C183 C20:4 C20:5 Cc22:6 Total Unknown %
Days PUFA

2 UN 1240032 21340292 154 40162 37840.172 1.6+0.032 38.1+1.08€ 39.841.052 20.7 +0.80 € 01+001d ND 0.6 +0.02¢ 02+002¢ 215+ 083 ¢ 09+005d 100
SO 08+0.01P 207 +0.24P 914004 30.6 +0.27P 04+001P 392 +0.05P 39.6 +0.062 2.8 +023P 1.14001P ND 134009b 1140012 262 4030 € 36+0.03P 100
RO 0.4 +0.01¢ 201+ 0.84b 28+0049d 234 +081°¢ 0340.01¢ 41540032 41.840.042 30.8 4 0.862 0.8+ 0.01¢ ND 0.4 +0.01¢ 07 +0.04b 327 +092b 214013¢ 100
PO 03+0019 11.5+027°¢ 5.9 4 0.06 ¢ 17.8 +0.334 04 +0.01be 23140309 23540310 1334+035¢ 31140292 33 40.02 3040012 07 +£001P 51440682 7340032 100
4 UN 0940152 17.9 + 0.02b 9.840.072 28.6+£0.242 13+0.142 384+ 070b 39.7 +0.84P 26.6+ 134 ¢ 1.1+ 0.04 be ND 0.6+0.01P 17+£0222 30.1 + 1.09 be 1.6 +£0.02€ 100
SO 0440010 188 +0.172 7.6 +0.10¢ 26.8 +0.27P 04+003¢ 37.7 +0.88P 38.1+085P 29.6 +0.50 P 1.7 4006 ND 0940023 08+004b 329 +055P 22+003b 100
RO 04+001P 18.6 +0.312 26+0029 217 +0349d 0.5+001P 43.6£0.132 441£0152 30.5+0.162 0.7 £0.01¢ ND 0.34+0.01¢ 0.8+001P 324+0.15P 1.8+0.15¢ 100
PO 04+0.02b 146 +0.60 € 8740350 23.7 +0.97 € 0340.02¢ 31.3+099¢ 317 £1.04€ 124 +0.54 ¢ 206 +0.172 14 +0.03 0.4+001¢ 1.3+0.102 36.0 4+ 0.652 8.6+2622 100
6 UN 0.8 40022 184 +0.19P 149 £0252 34240450 12+0052 438+031P 45140362 16.8 = 0.88 4 0.4 40.01¢ ND 0.6+0.01P 2.0 +0.042 19.8 £ 0834 0.9 +0.01¢ 100
o) 05+0.020 259 +0.192 111 +0.13b 37540302 02+001¢ 34.7 +£0.78¢ 349+ 078b 206 +1.16° 074001 ND 1.0+0.052 1.0 +002b 233+124¢ 4340022 100
RO 04+001P 189 £020P 6.0 40.05¢ 254 4095 ¢ 06+0.02b 462+0.052 46.8 £ 0.072 23.0+£0.102 0.240.01¢ ND 0740020 1.8+001P 257 +0.14b 2140010 100
PO 03+001¢ 109 +0.01¢ 31+0029 143 +0.049 07 +£002b 233+ 0024 239 +0.02°€ 18.6 £ 0.01 ¢ 409 +0.022 0.1+ 001 03+0.00¢ 09 +001¢ 60.9 4+ 0.052 09+0.01¢ 100
8 UN 09 40,022 16.6 + 0.63 P 19.6 + 0.66 2 37241392 0.7+0052 49241192 499 +1.242 115+£011P 03 4 0.06 ¢ ND 0.140.01¢ 0.6+ 0020 12,5+ 0054 0.4 +000d 100
SO 044001 183 +0.032 8240060 269 +0.10° 05+001¢ 32,6+ 0.02¢ 33.1+003°¢ 119 +0.09P 03+001¢ ND 09 +0.042 1440042 14.7 +£0.18¢ 25340272 100
RO 03+0.01¢ 168 +0.22P 2740014 199 £0.20¢ 05001 432+010P 437 +011P 32,6 40092 07001 ND 03+0.01P 08+001P 34540122 1.94001°¢ 100
PO 05+001P 12.5+0.05¢ 7.5+0.07¢ 20.5+0.13°¢ 0.5+£0.01°¢ 278+ 0629 283 +0.634 114+ 0.14b 174 +£0.672 0.3 +0.01 0340010 14+0012 309 +0.84P 20340200 100

ND, not detected; data are expressed as the mean = standard deviation of three replicates. Data with the same letters in the same column of each day and with different superscripts are

significantly different at p < 0.05. UN, no supplement; SO, soy oil supplement; RO, rice oil supplement; PO, perilla oil supplement.
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Table 3. Fatty acid concentration (mg/100g) of Cunninghamella elegans grown with different oils supplement for 8 days.

:\a?:ly Concentration of Fatty Acid (mg/100 g)
clds
Saturated Fatty Acid (SFA) Monounsaturated Fatty Acid (MUFA) Polyunsaturated Fatty Acid (PUFA)
C14:0 C16:0 C18:0 Total C16:1 ci8:1 Total c18:2 C18:3 C20:4 C20:5 C22:6 Total Unknown
Days PUFA
2 UN 201.6 + 9432 35621+ 134042 23366+ 140623 6009.7 + 284093 2956+ 9.753 58565 + 12132 61521421883 40317 + 158612 22 +0974 ND 80.9 +0.24€ 25.8 +3.74€ 41606+ 16156 1561 + 12374
Ee] 90.9 + 1.64 P 31748 + 939 P 14258 + 11.87P 46915 + 2290 b 77.6 £0.70P 5689.9 + 11452 57675+ 12150 27583 +22146¢ 1225 +0.90P ND 167.3 +7.26P 137.8 £2.703 3185.8 +231.86 4 406.8 +2.76 P
RO 57.1 +0.14€ 24924 +59.71 € 353.8 + 4.80 4 2903.4 + 64.65 € 33.1+0.03¢ 47562 +8.00P 4789.4 +8.03 ¢ 3614.9 + 459 96.0 +0.89 € ND 449 40224 774 +4.82P 38332 +10.52 € 239.3 4+ 14.20
PO 338+ 0734 1221.1 +31.734 636.4 4773 ¢ 1891.3 + 40.19 4 39.9 £0.21¢ 1752.2 4 441 € 1792.1 + 4629 1426.9 + 33.36 4 33060 £38.643 35127 +121 321.8 40763 722 +0.03P 5478.1 + 146.17 3 7721 45492
4 UN 1132 + 2453 2398.8 +12.6 € 1597.0 4+ 13.923 40203428973 2179418873 62402413772 64582 +£32647 43349 + 288282 180.6 +3.93 € ND 914 +610P 263.9 43612 4870.8 + 301,923 270.2 4+ 1.60 €
Ee] 50.6 +282P 28115 + 96.96 2 1035.9 45200 3907.1 + 104983 579 + 658 5641.7 + 11.25P 5699.7 +17.83P  4427.9 + 187.982 252.4 +15.14 P ND 132546533 1139 + 2.45b¢ 49267 £212102 3216 +12.19P
RO 555 +0.47 P 20711 +9.154 301.4 4 052°¢ 24282 + 10,14 67.1+3.07P 48602 + 8.35¢ 49274 £1142¢  3524.4 +10219P 803 +0.479 ND 37240814 91.7 +031¢ 37337 + 10378 P 2439 + 1474
PO 417 +£0.20°€ 25263 + 40.63 P 15255 + 45,93 3 4093.7 + 86.76 2 335 +0.63€ 565772 +11.320 56912+ 11.95P 1395.3 4 167 € 3079.3 +3.353 13925 + 1.62 65.9 +3.40°€ 127.8 +13.89 P 48075 + 23932 851.9 + 285.713
6 UN 101.9 + 5292 2840.9 + 12313P 1949.8 422183 48927 + 150.60 P 161.85.55 6389.8 + 28,872 65516 +34422 21856 + 126.27P 50.3 +1.48 € ND 987 +215P 2779 +31.66 26124 + 161109 115.8 + 0.72 €
] 754 +0.350 346953 - 57.94 3 14848 £1810P 362557 +76.392 321+ 1474 46458+ 7.63€ 46779 4£9.10¢ 2591.6 + 24,942 88.9 + 1550 ND 141.8 +10.00 124.7 +0.97 € 29469 + 37.41P 5745 410733
RO 468+ 078°¢ 2298.1 + 94.00 € 661.3 + 14.95€ 30063 + 109.73 € 727 £1.31¢ 58309 +24.04P  5903.6 + 2535 25221 + 49,14 257 + 0724 ND 753 +0.71¢ 1935 + 3.46P 28167 + 54.03 € 2328 +233b
PO 20.6 +0.029 816.4 40834 228240724 1065.9 + 1574 90.8 +1.70P 2459.6 + 25.77 4 25504 + 26.84 23129 + 7404 P 3519.5 + 206,102 9.80 £ 0.26 21.3 40024 755 + 0494 5939.1 + 280.91 2 717 +0934
8 UN 143.6 + 2237 19837 + 126780 372424100443 58517 +249.153 82.7 +3.572 66335 + 15.56 2 67162 + 19132 1369.0 4 23.41 € 376 +85094 ND 133 +£1.98¢ 67.6 +0.06 4 1487.1 +33.824 524 +1.659
) 65.0 +4.33¢ 2350.1 + 28.09 3 11423 + 4327 357.4 + 75.69 4 486 +£0.43°¢ 4449.4 4 7.00€ 4497.9 +7.43¢ 2082.7 + 1947 53.1+1.05°¢ ND 139.2 2792 247.9 + 696 P 25229 +30.27 € 4406.1 + 40882
RO 350 + 1.474d 1867.1 + 31.47 € 3244 +525d 2226.6 + 68.71 € 60.1+051P 50575 + 81.38 P 5117.7 + 81.89 P 4083.0 + 8452 92140130 ND 42 +098b 1103 +£191°¢ 4327.6 £ 11472 142.1+£0.61°¢
PO 982 +1.34P 14342 +11.90 4 849.9 + 647 23824 +1971P 51.8 +0.02€ 30745 +3.349 31264 +3.36 4 1217.6 4 12.56 € 2019.2 + 49.612 69.32 + 151 33940160 2865 + 2753 3626.6 4 66.59 41099 + 4280

ND, not detected; data are expressed as the mean = standard deviation of three replicates. Data with the same letters in the same column of each day and with different superscripts are
significantly different at p < 0.05. UN, no supplement; SO, soy oil supplement; RO, rice oil supplement; PO, perilla oil supplement.
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The addition of plant oils as precursors for desired fatty acid synthesis can increase
PUFA production in fungi. However, the fatty acid compositions of the added oils have
a significant effect on the types of fatty acids produced. In this study, supplementation
with perilla oil resulted in high production of linolenic acid and arachidonic acid, followed
by soybean oil and rice bran oil for EPA and docosahexaenoic acid production. Soybean
oil supplementation increased the yield of linoleic acid. Rice bran oil supplementation
led to the highest yields of oleic and linoleic acids as fungal oil. The addition of plant
oil to the growth medium significantly enhanced the yield of ARA and EPA, as these
fatty acid supplements served as precursors [49]. The oils used in the study had different
fatty acid compositions, with rice bran oil having a major content of oleic acid, soybean
oil rich in linoleic acid, and perilla oil abundant in linolenic acid. Supplementation with
rice bran oil, soybean oil, and perilla oil stimulated the production of total PUFAs and
individual PUFAs.

The nature of the oil substrate influenced PUFAs synthesis, with approximately 40%
of the substrate oil being converted to fungal lipid. PUFAs are crucial cellular metabolites,
and their yields depend on cell proliferation. However, due to cell lysis, PUFA production
gradually decreased during prolonged cultivation. The optimal duration for PUFA yield
varied depending on the fatty acid type, with a-linolenic acid and linoleic acid synthe-
sized before arachidonic acid and eicosapentaenoic acid. Further investigation into these
mechanisms is recommended in order to gain a deeper understanding of how medium
composition influences the synthesis of diverse fatty acids in fungal lipids. Such insights
could guide the development of strategies for producing lipid-based pharmaceuticals or
bioactive compounds.

4. Conclusions

The findings of this study highlight the significant growth enhancement of C. elegans
through the use of plant oils. Furthermore, the fungal lipids produced by this fungus
were identified as a valuable source of fatty acids. Remarkably, alterations in the fatty
acid composition of the cultivation media directly influenced the fatty acid composition of
the fungal lipids. The supplementation of plant oils rich in short-chain PUFAs (18:1, 18:2,
and 18:3) served as precursors for the synthesis of longer-chain PUFAs, including 20:5 and
22:6. These results align with previous research suggesting that the medium composition
and the endoenzymes present in fungi play significant roles in determining the diverse
PUFA compositions observed in fungal lipids. Additional research is needed to optimize
the production of specific fatty acids and increase overall lipid yield by enhancing fungal
growth and influencing lipid accumulation. These findings offer valuable insights into the
idea of refining culture conditions to boost lipid yields. The development of such microbial
platforms holds promise for upscaling industrial lipid production, providing a sustainable
alternative to conventional sources such as vegetable oils or animal fats. The insights
derived from this study present significant opportunities for advancing biotechnological
applications in lipid production and customization across various sectors, including food,
nutrition, pharmaceuticals, and cosmetics.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /microorganisms12050992 /s1, Figure S1: GC chromatogram of
fatty acids for perilla oil supplemented media; Figure S2: GC chromatogram of fatty acids for soybean
oil supplemented media; Figure S3: GC chromatogram of fatty acids for rice bran oil supplemented
media; Figure S4: Chromatograms of fatty acids for unsupplement media.
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