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production.

trichloroacetic acid method, respectively.

Purpose The microorganisms that possess diverse and improved traits for biotechnological applications provide
an opportunity to address some of the current industrial challenges such as the sustainability of fuel energy and
food. The aim of this study was to isolate and select the potential yeast isolates from sugarcane bagasse for single oil

Methods The oleaginocity of the yeasts was confirmed through a gravimetric analysis of lipids, Nile red, sulfo-
phosphovanillin (SPV) and a gas chromatography method for fatty acid methyl esters (FAME). The identification of the
selected yeasts was carried out through a 5.8S of the ribosomal internal transcribed spacer (ITS) and 26S ribosomal
DNA (rDNA) sequences. The carbohydrate and protein contents were estimated using phenol-sulfuric acid and hot

Results The yeast isolates accumulated lipids of between 28% and 67% of the dry cell weight, and 22-33% based

on the SPV assay, qualifying them as oleaginous yeasts. The selected yeasts were identified as Candida ethanolica and
Pichia manshuriica. The lipids contained high levels of fatty acids in the following order: oleic acid, palmitic acid, stearic
acid, and linoleic acid, which made up 82% of the total lipids.

Conclusion All the six selected yeast strains have the potential to produce single cell oils and other metabolites. The

single cell oils to be cost effective.

fatty acids composition of the selected yeast species was found to be suitable for the applications in biofuel, nutra-
ceutical, and food industry. The yeast strains require evaluation in lignocellulosic hydrolysate for the production of

Keywords Screening, Oleaginous yeast, Pichia manshurica, Candida ethanolica, Sinlge cel oil

Introduction

There is a global consensus about the need for sustain-
able and yet renewable energy to substitute and minimize
the dependence on fossil fuels and the need to supply
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polyunsaturated fatty acids (PUFA) for food supplement.
Apart from the environmental pollution caused by fossil
fuels, its reserves over time will be depleted, thus mak-
ing it unsustainable. The alternative fuel such as biodiesel
is synthesized from oils derived from edible plants. The
continuous usage of food crops for fuel has sparked pub-
lic debate and concerns about future food security (El
Kantar et al. 2021). These concerns resulted in the need
to find alternative sources of oil. Microbial oils or single
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cell oils (SCOs) can provide a sustainable supply of oil for
biodiesel and other valuable products such as PUFA-rich
lipids (Diwan et al. 2018; Gorte et al. 2020). The produc-
tion of yeast-derived SCOs for renewable oleo-chemicals
is at the preliminary stages and has attracted enormous
interest for a diversified application as alternatives to
edible and other non-edible oleo-chemical commodi-
ties (Bandhu et al. 2018). Single cell oils are produced by
many oleaginous microorganisms, including filamentous
fungi, microalgae, bacteria and yeasts (Matsakas et al.
2015). These are intracellular stored lipids comprising
mainly triacylglycerols (TAGs). Microorganisms that
are capable of accumulating between 20% and 80% lipid
per dry biomass are called oleaginous microorganisms
(Ratledge and Wynn 2002; Donot et al. 2014; Lamers
et al. 2016; Ochsenreither et al. 2016; Galdn et al. 2019).

High lipid content is required to decrease the pro-
cessing cost per unit biomass products, just as a high
growth rate is required to increase the yield (Shokrari
et al. 2020). Intracellular lipid accumulation in oleagi-
nous microorganisms is triggered by the depletion of
essential nutrients, particularly nitrogen and phospho-
rus in the excess of carbon. Under such conditions, the
cellular functions like nucleic acid and protein synthesis,
eventually culminating in the cessation of cell growth.
The excess carbon is metabolized into lipids through a
cascade of biochemical reactions (Diwan et al. 2018).
The accumulated intracellular lipids showing as lipid
bodies were detected by using fluorescent Nile red dye
(Younes et al. 2020). Oleaginous yeasts are a good can-
didate for SCOs production, mainly due to their ability
to grow to high cell densities in a short time and their
diverse metabolism (Lamers et al. 2016). The known ole-
aginous yeasts include Cryptococcus sp., Yarrowia sp.,
Candida sp., Rhodotorula sp., Rhodosporidium sp., Tri-
chosporon porosum and Lipomyces sp. (Zhang et al. 2011;
Schulze et al. 2014; Bardhan et al. 2020; Sagia et al. 2020;
Caporusso et al. 2021; Chattopadhyay and Maiti 2021)
and other unconventional yeasts such as Debaryomy-
ces hansenii, Kluyveromyces marxianus, Kazachstania
unispora, and Zygotorulaspora florentina (Gientka et al.
2017). The lipid content and fatty acid composition dif-
fers from one yeast species to the other.

Yeasts are attractive for SCOs and biomass produc-
tion because of their ability to utilise a variety of carbon
sources under limited nutrients, particularly nitrogen.
These carbon sources include glucose, xylose, glycerol,
starch, cellulose, and hemicellulose hydrolysate and
industrial and municipal organic waste (Thevenieau
and Nicaud 2013). Many of the known yeast species are
meeting the requirements for the large-scale produc-
tion of SCOs and are amenable to genetic manipulation.
However, their drawback is the failure to achieve a yield
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that is close to theoretical lipid yields. Theoretical yields
are influenced by the substrate used, with the yields of
0.32 g/g for glucose, 0.34 g/g for xylose (Ratledge and
Wynn 2002; Donot et al. 2014; Wang et al. 2020), and
0.30 g/g for glycerol (Wang et al. 2020). This limitation
encourages the continuing search for new yeasts, screen-
ing and identification of those alternative potential oleag-
inous yeasts with improved traits such as diverse carbon
assimilation, growth in the presence of inhibitors, and
tolerance to osmotic pressure (Sreeharsha and Mohan
2020).

In an effort to maximize the economic viability of
SCOs production by the oleaginous microorganisms,
the choice of strategy must consider the benefits of other
value-added products that are co-produced in the pro-
cess (Sreeharsha and Mohan 2020; Parsons et al. 2020).
These products include proteins, amino acids, carbohy-
drates, carotenoids as well as alcohols and other oleo-
chemicals (Parsons et al. 2020). In addition to SCOs, this
study was limited to single cell protein (SCP) and carbo-
hydrates. The use of microorganisms, mainly yeast, fungi,
bacteria, and microalgae as food and feed with high
SCP content is increasingly gaining research and com-
mercial interests (Ratledge and Wynn 2002; Ritala et al.
2017; Nyyssold et al. 2022). Yeast protein is an attractive
alternative nutrient to traditional protein sources such as
plants and meat; in addition, yeast protein biomass also
contains trace minerals and vitamin B-group (Saed et al.
2020; Jach et al. 2022). Yeast and fungi have 50% to 55%
of SCP content and contain a high protein-carbohydrate
ratio, with more lysine and less methionine and cysteine
(Chama 2019).

Carbohydrate in the yeast cells is stored in the form
glycogen and trehalose. An accumulation of glycogen
and trehalose in nutrient-limited cultures of Saccharomy-
ces cerevisiae has a negative correlation with the specific
growth rate. Thus, growth limitations by nutrients other
than glucose are often resulting in a high-level accumu-
lation of storage carbohydrates (Hazelwood et al. 2009).
The variations in the content of the glycogen and treha-
lose within the yeast cell in response to environmental
changes indicate that their metabolism is controlled by
complex regulatory systems (Francois and Parrou 2001;
Chen and Futcher 2017). The roles of glycogen and tre-
halose in controlling glycolytic flux, stress response, and
energy stores for the building process, confer a survival
and reproductive advantage to the yeast cell (Francois
and Parrou, 2001).

Sugarcane bagasse pith is reported to be a good source
of microorganisms (Martinez-Hernandez et al. 2018;
Gebbie et al. 2020). To date, about 8.2% of the total num-
ber of known yeasts is made up of oleaginous yeast spe-
cies, and a majority of such species are isolated from
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their native habitats (Poontawee et al. 2023). In this study,
yeast species were isolated from sugarcane bagasse and
screened for their ability to accumulate lipids in glucose
medium as a sole carbon source. The yeast species were
identified as strains of Candida and Pichia species. The
study further analyzed fatty acid methyl ester (FAME)
and determined the carbohydrates and proteins from the
de-fatted yeast biomass.

Materials and methods

Chemical and reagents

The chloroform, methanol, hexane, hydrochloric acid,
sulfuric acid, Follin-Ciocalteu Phenol, and Trichloro-
acetic acid were obtained from Sigma-Aldrich, Germany.

Sample collection

Sugarcane bagasse (SCB) was collected in a plastic bag
from a local sugar mill in Durban, KwaZulu-Natal, South
Africa, and transported to the laboratory for storage at
4-8°C.

Isolation of microorganisms

Microbial propagation

Three grams (g) of SCB were soaked in a 100-mL Scott
bottle containing 100 mL of sterile distilled water for
1 h making microbial suspension. One thousand micro-
liters of the suspension was added into 250 mL Erlen-
meyer flask containing 100 mL of YPD (1% yeast extract,
2% peptone, 2% glucose) medium and Chloramphenicol
(final concentration 100 pg/mL), (Ho et al. 2000) was
added to inhibit bacterial growth and 0.025% (w/v) Na-
propionate to suppress fungal growth (Brock and Buckel
2004; Gowda et al. 2004; Jiru et al. 2016). The culture was
incubated at 30 °C, 150 rpm (Biobase Incubator, BJPX-
1102C) for 24 h.

Microbial enrichment

A 10 mL of culture propagated in YPD medium con-
tained in 15 mL conical tube was centrifuged at 2250xg
using a bench top HERMLE centrifuge (Model Z326K,
Rotor 221.19V20, Germany) for 5 min and discarded the
supernatant. The pellet was re-suspended in 10 mL sterile
water and used to inoculate 100 mL of nitrogen-limited
medium by Ghanavati et al. (2014), with modification in
a 250-mL Erlenmeyer flask. The medium composition
was as follows: 40 g/L glucose, 5 g/L (NH,),SO,, 1 g/L
KH,PO,, 0.5 g/L MgSO,.7H,0, 1 g/L Na,HPO,, 0.25 g/L
Na-propionate, 100 pg/mL Chloramphenicol and the pH
was adjusted to 5.5. The culture was incubated at 30 °C,
shaking at 150 rpm for 48 h.
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Isolation of yeasts on the agar medium

The composition of the agar medium with carbon-to-
nitrogen (C:N) ratio of 13 was as follows: 20 g/L glu-
cose or xylose, 3 g/L (NH,),SO,, 1 g/L KH,PO,, 0.5 g/L
MgSO,.7H,0, 1 g/L Na,HPO,, 0.25 g/L Na-propionate,
1 g/L yeast extract, 100 pg/mL Chloramphenicol and the
pH was adjusted to 5.5. One milliliter of the enriched cul-
ture was diluted up to 10 and 100 pL of the diluted cul-
ture was spread plated onto the glucose and xylose agar.
The agar plates were incubated at 30 °C, static conditions
(Biobase Incubator, BJPX-1102C) for 72 h on the agar
containing glucose and the 120 h agar containing xylose.
Larger colonies showing different morphologies obtained
from the glucose and xylose agar media were further
streaked onto either the glucose agar or the xylose agar
for two passages to obtain pure yeast isolates. The iso-
lates were suspended in a sterile glycerol-enriched solu-
tion containing the following in (w/v); 2% glucose, 1%
yeast extract, 1% bacto-peptone and 40% (v/v) glycerol.
The yeast suspensions were stored at — 80 °C until further
characterization.

Primary screening of oleaginous yeasts for single cell oils
production

The following medium composition: 30 g/L glucose
or xylose, 2.5 g/L (NH,),SO,, 1 g/L KH,PO,, 0.5 g/L
MgSO,.7H,0, 1 g/L Na2HPO4, 0.25 g/L, 1 g/L yeast
extract and the pH adjusted to 5.5 with C:N ratio of 23
was used for the production of lipid. A total of 14 iso-
lates were screened for their ability to accumulate lipid. A
single colony from a revived culture for each isolate was
inoculated into 30 mL medium contained in a 100 Erlen-
meyer flask. The culture was incubated at 30 °C, shaking
at 150 rpm for 72 h. After cultivation, the isolates were
denoted as follows: B1, B2, C2, E1, E2, as obtained from
the isolating agar medium with glucose as carbon source
whereas the isolates 5-XP, 11-XP, 15-X, 6-XP, 13-X, 10-XP,
3-XP, 12-X, and 4-X xylose were the carbon source. The
primary screening was effected by Nile Red dye (NR-
9-diethylamino-5H-benzo [a] phenoxazin-5-one) stain-
ing, a qualitative. A Nile Red dissolved in dimethyl
sulfoxide (DMSO, stock solution 0.1 mg/mL) was used as
staining agent to visualize lipid bodies within the yeast.
One milliliter of yeast culture harvested after 72 h was
centrifuged at 7378%g using a bench top refrigerated
microfuge SIGMA 1-14K, (Angle rotor 24 X 1.5/2 mL)
for 5 min and the supernatant was discarded. The pellets
of the yeasts were washed with PBS 1 X, pH 7.4 and re-
suspended in the same buffer. Cell density was adjusted
to ODgy, nm ~ 1. For fluorescence microscopy, 250 pL
of yeast culture was mixed with 25 puL of DMSO. A solu-
tion of NR was added to the above mixture to a final
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concentration of 5 pg/mL (Priyanka et al. 2020), and
incubated in the dark at room temperature for 10 min.
The lipid bodies within yeast cells were visualized using
a fluorescence Microscopy equipped with a Zeiss fil-
ter set 09 (Carl Zeiss, 980714, Germany), 450—-490 nm
excitation, 515 nm emission and 510 nm beam splitter.
The presence of lipids was observed under X 100 objec-
tive lens, which enabled the visualization of stained lipid
bodies. Six promising isolates were selected based on
the intensity of lipid bodies for identification and further
evaluation.

Molecular identification of yeast isolates

The identification of the selected yeasts was performed
by determining the ribosomal internal transcribed
spacer (ITS) and 26S ribosomal DNA (rDNA) sequences.
Genomic DNA was extracted using the Quick-DNA™
fungal/bacterial miniprep kit (Zymo Research, catalogue
no. D6005). The targeted regions were amplified using
oneTaq® 2X master mix (NEB, catalogue no. M0486).
The following sets of the primers, ITS-1 (5-TCCGTA
GGTGAACCTGCGG-3') and ITS-4 (5-TCCTCCGCT
TATTGATATGC-3') were used to amplify the small sub-
unit and large subunit of the 5.8S (White et al. 1990). A
primer set NL-1 (5'-GCATATCAATAAGCGGAGGAA
AAG-3’) and NL-4 (5-GGTCCGTGTTTCAAGACG
G-3’) were used to amplify the D1/D2 domain of the
large subunit 26S ribosomal DNA, rDNA (Kurtzman and
Robnett 2003). The components of the PCR mix were as
follows; 10 uL NEB oneTaq 2X Master mix with standard
buffer, 10-30 ng/uL Genomic DNA, 1 uL forward primer
(10 uM), 1 pL reverse primer (10 uM) and 7 pL nucle-
ase free water (catalogue no E476). The following PCR
conditions were used: 35 cycles including an initial dena-
turation step at 94 °C for 5 min. A subsequent denatura-
tion was at 94 °C, 30 s, annealing at 50 °C for 30 s, and
extension at 68 °C for 1 min. A final extension at 68 °C for
10 min was followed by holding at 4 °C.

The PCR amplicons were analyzed on a 1% agarose gel
and extracted with the Zymoclean™ Gel DNA Recov-
ery Kit (Zymo Research, catalogue no. D4001). The
extracted fragments were sequenced in the forward and
reverse direction using Nimagen, Brilliant Dye™ Ter-
minator Cycle Sequencing Kit V3.1, BRD3-100/1000.
The sequenced fragments were purified by using Zymo
Research, ZR-96 DNA Sequencing clean-up Kit" (cata-
logue no D4050). The purified fragments were analyzed
on the ABI 3500XL Genetic Analyzer (Applied Biosys-
tems, ThermoFisher Scientific) for every sample. A CLC
Bio Main Workbench v7.6 was used to analyze the .abl
files generated by the ABI 3500XL Genetic Analyzer and
the results were obtained by a BLAST (BLASTN 2.11.0+)
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search on NCBI following procedure by Altschul et al.
(1997).

Secondary screening and determination of lipid content

in oleaginous yeasts

The medium composition (section 2.4) with minor
adjustment for sugar (40 g/L glucose) and nitrogen
(5 g/L and 2.5 g/L (NH,),SO,, with C:N ratio of 15 and
30, respectively) was used for screening yeasts’ ability
to accumulate lipid. The following isolates B2, C2, E2, 6
XP, 11 XP, and 15 X xylose were selected based on NR
fluorescence results. A single colony from a revived cul-
ture for each isolate was inoculated into 100 mL medium
contained in 250 Erlenmeyer flask. The culture was incu-
bated at 30 °C, shaking at 150 rpm for 7 days. Samples
(2 mL) were withdrawn every 24 h to monitor growth by
the optical density, OD 600nm using spectrophotometer,
(Jenway 7315 Spectrophotometry, UK). Yeast samples
were harvested at the end of the cultivation period to
determine biomass and the lipid content gravimetrically
(Anschau et al. 2017). The lipid content was validated by
the Sulfo-phosphovanillin assay.

Gravimetric determination of yeast dry biomass and lipid
content

A 45-mL culture for each oleaginous yeast contained in
conical tubes was centrifuged at 2250xg, 4 °C for 10 min
using the bench top HERMLE centrifuge (Model Z326K,
Rotor 221.12V20, Germany) and supernatants were dis-
carded. The pellets were washed twice with 15 mL of BPS
1 X, pH 7.4 and dried at 60 °C using a hot air oven (Sci-
entific, 240 L Digital incubator, Model 298, S.A) for 24 h
(Pan et al. 2009; Ramirez-Castrillén et al. 2017; Bardhan
et al. 2020; Younes et al. 2020). The dried yeast biomass
weighed was determined by using a weighing balance
(RADWAG, Model AS 220. R2, Poland). The biomass
was recorded by subtracting the pre-weighed tubes from
the sample tubes weight after drying.

Lipid extraction was done by applying the Acid-Heat
Extraction method (Yu et al. 2015). Dried yeast biomass
samples were dissolved in 3.5 mL of 4 M HCI contained
in 15 mL conical tubes and incubated in a water bath
with the temperature set at 95 °C for 2 h. After the incu-
bation, the tubes were cooled to room temperature and
centrifuged at 2250xg for 10 min. Lipid extraction was
done according to Folch’s method. A supernatant was
decanted into a clean tube and a mixture of chloroform:
methanol (2:1 v/v) was added to the solid material (pel-
lets) to final volume of 10 mL. The tubes were shaken at
150 rpm, 25 °C for 3 h and later centrifuged using the
bench top HERMLE centrifuge (Model Z326K, Rotor
221.19V20 Germany) for 15 min. The lower phase (chlo-
roform/lipid mixture) was transferred into pre-weight
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tubes and the chloroform was evaporated at 60 °C using a
hot air oven. The amount of dried crude lipid was quanti-
fied gravimetrically and the lipid content was calculated.
The lipid content is presented as percentage of the lipid
weight relative to dry biomass weight (% w/w) (Ramirez-
Castrillén et al. 2017).

Sulfo-phosphovanillin colorimetric method

Two (g) of vanillin was dissolved in warm water (60 °C)
and further diluted with 85% of the Orthophosphoric acid
to 500 mL (Phosphovanillin reagent). A stock solution
for standard concentrations was prepared by dissolving
10 mg/100 mL of cholesterol in chloroform. A concen-
tration range of standard solution was 50-1000 pg/mL.
Both the standards and lipid samples (in triplicates) were
kept at 60 °C to evaporate the solvent. After the evapora-
tion, 0.5 mL of concentrated Sulfuric (H,SO,) was added
to each 15 mL conical tube and closed tightly. The con-
tents in the tubes were mixed by shaking and were later
submerged in a water bath at 95 °C for 30 min and cooled
at room temperature. Two hundred microliters of test
samples were transferred into a clean test tube and added
distilled water to make the final volume of 1 mL and
mixed. A 5-mL of phosphovanillin reagent was added
to the tubes for color development. The tubes were sub-
jected to 37 °C for 10 min and the absorbance was read
at 530 nm. The calibration curve was prepared with a
diluted cholesterol solution and with the aid of the best
fit polynominal line generated in Microsoft Excel 2010,
the unknown concentrations were determined. The lipid
content (Y} ,) was calculated according to the formula
below:

Y Li—L
L/X= X;—XZ

Where X; and L; are the dry cell weight and lipid con-
centration on day t; of harvest, respectively, and X, and
L, are the dry cell weight and lipid concentration on the
first day (t0), respectively.

Biochemical determination of biomolecule content
Carbohydrates content

A total carbohydrate was estimated by using phenol-sul-
furic acid following the method by Dubois et al. (1956).
Ten milligrams of cell dry weight (CDW) for each ole-
aginous yeast reacted with 5 mL of concentrated H,SO,
and 1 mL of 5% phenol in 15 mL conical tubes. The
conical tubes were submerged in a water bath with the
temperature set at 90 °C for 5 min and allowed to cool
prior to the reading of absorbance at A490 nm. The cali-
bration curve was prepared with a glucose stock solu-
tion (100 mg/100 mL) and with the aid of the best fit
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polynominal line generated in Microsoft Excel 2010, the
unknown concentrations were determined.

Protein content

The protein extraction was done by modifying the
method by Slocombe et al. (2013), hot-trichloroacetic
acid (TCA). Ten grams of dry cell weight for each of the
oleaginous yeast was added to 10 mL of 10% of TCA in
15 mL conical tubed and vigorously vortexed for 2 min.
The mixture was submerged in a water bath with the
temperature set at 75 °C for 10 min and later allowed to
cool at room temperature. This was followed by a centrif-
ugation of the mixture at 2250%g for 10 min at 4 °C. The
supernatant was discarded and the cell pellets were re-
suspended in alkaline solution (2 M NaOH) and mixed by
vortexing. The alkaline reaction was allowed for 10 min at
room temperature. The yeast cells-alkaline mixture was
centrifuged for at 2250%g for 10 min at 4 °C. The super-
natant was retained for the protein assay. The protein
assay was carried out by following the Lowry method.
The reagents required for the assay are: Reagent A (2%
Na,COj, in 0.1 M NaOH), Reagent B (0.5% CuSO,.5H,0O
in 1% KNaC,H,0O4.4H,0) and Reagent C (2 mL of Rea-
gent B added to Reagent A, thus making final volume of
100 mL). The assay was carried out by mixing 250 pL of
the sample with 2.75 mL of reagent C, mixed and allowed
reaction for 10 min at room temperature. This was fol-
lowed by the addition of 300 pL of twice diluted Follin-
Ciaocalteu Phenol reagent and mixed. The mixture was
allowed to react for 30 min at room temperature prior
to reading absorbance A600nm. Again, the calibration
curve was prepared with a bovine serum albumin (BSA)
stock solution (100 mg/100 mL) and with the aid of the
best fit polynominal line generated in Microsoft Excel
2010, the unknown concentrations were determined.

Lipid trans-esterification and component profile analysis

The conversion of the lipid to fatty acid methyl ester
(FAME) followed the methods described by Yook et al.
(2016) with some modifications. One milliliter of 2.5%
H,SO, in methanol (v/v) was added to the dried lipid
extract (100-200 mg) and vigorously mixed. The lipid
samples were incubated at 75 °C in a water bath for
45 min and cooled prior to any further processing. After
cooling, 1 mL of H,O and 2 mL of n-hexane was added
and the mixture was vortexed for 5 min. This was fol-
lowed by centrifugation at 2250Xg using the bench top
HERMLE centrifuge (Model Z326K, Rotor 221.19V20,
Germany) for 5 min. The upper phase (n-hexane with
FAMEs) was transferred into a glass vials for analysis. A
mixed FAME standard (37 components) and methyl hep-
tadeconoate were obtained from Sigma-Aldrich, USA.
The FAME was determined using Gas Chromatography
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equipped with a flame ionization detector (Shimadzu
GC 2014-FID, Japan) and a capillary column (SP2380,
Supelco Analytical) following the method by Guldhe
et al. (2014). The oven temperature was programmed to
start at 60 °C and kept at hold for 2 min, then increased
to 160 °C at a rate of 7 °C.min"" and again kept holding
for 1 min. The injector and detector temperature was
250 °C and nitrogen was used as a carrier gas.

Results

Screening of oleaginous yeasts and molecular
identification

Subsequent to the culturing of yeasts on either the glu-
cose or the xylose agar medium, a total of 14 isolates
were screened for their ability to grow and accumulate
the lipid when cultured in limited nitrogen and high
sugar media. After harvesting yeast cells at 72 h, fol-
lowed the staining with NR dye denoting the presence
of lipid bodies fluoresced as yellow-gold bodies (Fig. 1).
The fluorescence intensity corresponds to the amount of
intracellular lipids and the intensity varied between the
isolates. Only six isolates showed high fluorescent inten-
sity and the other yeast isolates fluoresced poorly (data
not shown).

The exponential growth of yeasts began after 24 h of
cultivation and maximum ODgy,, nm of 10-15.5 was
attained at 168 h. The yeast biomass increased over time
of cultivation until 168 h. The positive yeasts with regards
to lipid accumulation were genetically identified. The
genetic identification relied on the sequences of the ITS
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region of the 5.8S rDNA and D1/D2 domains of the 26S
rDNA, which revealed that these isolates belonged to two
genera viz. Candida and Pichia species. The six yeasts
are Candida ethanolica B2, C. ethanolica C2, C. ethanol-
ica E2, C. ethanolica 6-XP, Pichia. manshurica 11-XP, and
P. manshurica 15-X, where the last letter and number
denoted strain type. These yeasts were further subjected
to secondary screening for lipid production in high sugar
(40 g/L glucose) and limited nitrogen (i.e., C:N ratios of
15 and 30) media.

Secondary screening of oleaginous yeasts in shake flask
cultivation

Microbial lipid production involves numerous phases,
namely; cultivation and lipid accumulation, biomass har-
vesting, and lipid extraction. There exist challenges to
effectively extract the lipid due to the structural complex-
ity of the microbial cell wall, which is a barrier to solvent
penetration. Therefore, pretreatment or cell disruption of
the cell wall is a key step prior to solvent extraction (Zai-
nuddin et al. 2021). The synthesis and accumulation of
lipid in oleaginous microorganisms is known to be acti-
vated when the nutrients, particularly nitrogen or phos-
phorus becomes deficient (Pan et al. 2009). At the end of
cultivation, the yeast cultures were harvested for deter-
mining the yeast biomass, lipid content. The biomass was
influenced by the level of nitrogen source in the medium.
This ranged from 258 mg to 339 mg of yeast biomass in
low C: N ratio of 15 and from 123 mg to 186 mg of yeast
biomass in high C: N ratio, nitrogen limited medium

Fig. 1 Microscopic examination lipid bodies within yeast cells stained with Nile red fluorescent dye
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Fig. 2 Biomass of yeast species grown in limited nitrogen conditions

(Fig. 2). Candida ethanolica 6-XP, C. ethanolica B2 and
C. ethanolica E2 attained higher biomass under both C:
N ratios’ conditions. These yeast strains exceed 300 mg
biomass in a medium with low C:N ratio whereas the
biomass of C. ethanolica C2, P. manshurica 11-XP and
P. manshurica 15-X was slightly over 250 mg. The least
yeast biomass recovered was for all the Pichia strains
under the studied conditions.

The ability of yeast strains to accumulate lipid is
expressed as lipid content. The lipid content for C. eth-
anolica strains E2 (47%) was higher than all other yeast
species in low C:N ratio. When the nitrogen in the
medium was reduced to 2.5 g/L, all the yeast species
increased the accumulated lipids with the exception of C.
ethanolica E2 strain (Fig. 3). Pichia manshurica 15-X, P.

6-XP

11-XP 15-X

manshurica 11-XP, and C. ethanolica 6-XP accumulated
higher lipids with their lipid content of 67%, followed by
50% and 46%, respectively. The lipid content for all the
Candida strains relative to their dry biomass was greater
than 20% for yeasts cultured in all nitrogen limited con-
ditions. For the Pichia strains, high nitrogen (i.e., 5 g/L
(NH,),SO,) suppressed the accumulation of lipids, which
were below 20%. Conversely, the low nitrogen in the
medium stimulated synthesis and accumulation of lipid
in Pichia strains more than the Candida strains. The lipid
content for all yeast grown under low nitrogen ranged
from 28 to 67% g lipids/g dry biomass (Fig. 3).

Since the gravimetric method is prone to the over esti-
mation of the lipid content, the SPV colorimetric assay
was used to validate the oleagenocity of the yeasts. When
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Fig. 3 Gravimetric determination of lipid content of yeast species grown under limited nitrogen conditions
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the SPV reacts with lipids, it produces a pink to purple
color. The color intensity is proportional to the lipid in
the mixture. Based on the SPV assay, the lipid content for
all yeast species grown in a medium with a low C:N ratio
were less than 20%, whereas it was slightly higher in a
high C:N ratio, which ranged from 22 to 33% (Fig. 4) and
was lower than the lipid recorded gravimetrically.

Both the gravimetric and SPV methods confirmed the
accumulation of lipids by all yeasts species when grown
in a low nitrogen medium (C: N ratio of 30). Based on the
SPV assay results, the de-fatted biomass harvested from
nitrogen limited medium were further used for deter-
mining the carbohydrates and proteins.

Carbohydrates and proteins contents
Apart from the lipids (or SCO), yeast cells contain car-
bohydrates, proteins and other components that can be

Lipid content (%)
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used in food and animal feed industries as nutritional
supplements. The six de-fatted oleaginous yeasts con-
tained carbohydrates and proteins in the range 10-35%
and 21-50%, respectively. Candida ethanolica 6-XP con-
tained the lowest carbohydrate level of 10%. The high-
est level of protein was attained by P. manshurica 15-X,
which was 50% of the yeast biomass. The results show
a trade-off between the two components, namely; car-
bohydrates and proteins of the oleaginous yeast cell dry
weight (Fig. 5).

The conversion of fatty acids to fatty acid methyl esters

The conversion of the extracted yeast lipids to FAME
was carried out using acid-catalyzed trans-esterification
reaction to determine fatty acid composition by Gas
Chromatography. The main FAME in the lipids from all
yeast species, with the exception of C. ethanolica B2 and
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Fig. 4 Sulfo-phosphovanillin determination of lipid content in yeast species grown under limited nitrogen conditions
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Fig. 5 Carbohydrates and proteins content in oleaginous yeasts after the production of lipids
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C. ethanolica 6-XP, were found to be palmitic (C16:0),
stearic (C18:0), oleic (C18:1n9c¢), and linoleic (C18:2n6c¢)
acids. Oleic acid dominated the fatty acids in C. etha-
nolica C2, C. ethanolica E2 and P. manshurica 15-X. The
dominating FAME for C. ethanolica B2 and C. ethanolica
6-XP, were only saturated fatty acids (SFA), palmitic and
stearic acids. Candida ethanolica B2 was the only strain
showing the presence of margaric acid (C17:0). Eicosadi-
enoic acid of over 4% was only present in C. ethanolica
B2 and C. ethanolica 6-XP. Arachidic acid and other fatty
acids were neither detected nor present in the smallest
amount for all the yeast strains (Table 1).

The myristic (C14:0) and palmitoleic (16:1) acids were
in moderate amounts in all the yeast species. Pichia
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manshurica 15 X lacked all the C20 fatty acids and only
had lower levels of uricic (C22:1) and lignoceric (C24:0)
acids. Candida ethanolica C2, C. ethanolica E2 and P.
manshurica 11-XP exhibited the presence of most of the
fatty acids with reference to the FAME 37 component
standard. All Candida and Pichia strains’ SCOs were
dominated by SFA ranging from 45.3 to 72.2%. Candida
ethanolica B2 and C. ethanolica 6-XP SCOs contained
a greater amount of SFA, more than 70% content. The
monounsaturated fatty acids (MUFA) and polyunsatu-
rated fatty acids (PUFA) were ranged from 16.3 to 38.7%
and 10.7-21%, respectively. The presence of PUFA,
which is dominated by omega-6-fatty acids a linoleic
(C18:2n6c¢), can be vital in food supplements.

Table 1 Composition of fatty acids methyl esters of lipids produced by the oleaginous yeasts

Fatty acid methyl esters composition (%)

Fatty acid Carbon FAME 37 C.ethanolica C.ethanolica C.ethanolica C.ethanolica P.manshurica P.manshurica
name number Standard mix B2 c2 E2 6-XP 11-XP 15-X
Myristicacid  C14:0 4.98 (8.9%) 0.66 (2.8%) 3.02 (7.0%) 3.10 (7.6%) 0.59 (2.6%) 3.5 (8.4%) 2.85 (7.6%)
Palmiticacid C16:0 760 (135%)  743(314%)  805(188%)  7.72(188%)  8.11(36.1%) 9.5 (23%) 7.38 (19.6%)
Palmitoleic  C16:1 2.22 (4.0%) 0.69 (2.9%) 2.88 (6.7%) 2.68 (6.5%) 045 (2.0%) 2.16 (5.2%) 2.01 (5.3%)
acid
Margaric acid C17:0 2.35 (4.2%) 0.30 (1.3%) ND - ‘ND - *ND— "ND - ‘ND -
Stearicacid  C180 533(9.50%)  7.13(302%)  6.76(158%)  6.90 (16.8%) 17 (32%) 839(20.1%) 806 (21.4%)
Linolenicacid C18:3 2.97 (5.3%) "ND - "ND - 1.80 (4.4%) 37 (1.6%) 34 (3.2%) 1.01 (2.7%)
Elaidicacid  C18:1n9t 2.28 (4.1%) 121 (5.1%) 0.35 (0.8%) 0.30 (0.7%) 17 (5.2%) 0.32 (0.8%) "ND -
Oleic acid C18:1n9c 467 (8.3%) 2.32 (9.8%) 1053 (24.6%)  10.13(24.7%) 03 (9.0%) 5(19.5%)  9.78 (26.0%)
Linolelaidic ~ C18:2n6t 143 (2.5%) 0.29 (1.2%) 0.18 (0.4%) "ND - .19 (0.8%) 0.18 (0.4%) "ND -
acid
Linoleicacid  C18:2n6¢ 129 (2.3%) 1.16 (4.9%) 629 (147%) 597 (146%)  1.04 (4.6%) 608 (14.6%)  5.67 (15.0%)
Arachidicacid C20:0 5.62 (10.0%) "ND - 0.55 (1.3%) 0.50 (1.2%) "ND - 039(090%)  'ND-
0.46 (1.1%)

Gondoicacid C20:1 0.27 (0.5%) 0.19 (0.8%) 0.18 (0.4%) "ND - ‘ND - ND - 'ND -

1.89 (4.4%)
Eicosadienoic C20:2 1.13 (2.0%) 1.07 (4.5%) 0.37 (0.9%) "ND - 0.97 (4.3%) "ND - "ND -
acid
Behenicacid C22:0 5.50 (9.8%) 0.44 (1.9%) 0.21 (0.5%) 045(1.10%)  0.36 (1.6%) "ND - "ND
Erucic acid C22:1 3.32 (5.9%) "ND - 0.38 (0.9%) 0.60 (1.5%) ND - 0.68 (1.6%) 0.56 (1.5%)
Docosanoic (222 4.95 (8.8%) 'ND- 0.38 (0.9%) 0.60 (1.5%) ND- 0.29 (0.7%) ND -
acid
Lignoceric 240 8 (0.3%) 0.75 (3.2%) 0.82(1.9%) 0.29 (0.7%) ND - 0.30 (0.7%) 0.36 (0.9%)
acid
Total fatty 56.09 (100%) 23.65(100%) 42.84 (100%) 41.04(100%) 22.45(100%) 41.74(100%) 37.68 (100%)
acids (FA)
Total satu- 3156 (563%) 1671 (70.7%) 1941 (453%)  18.96 (46.2%)  16.23 (72.2%)  22.54 (54%) 18.65 (49.5%)
rated FA
Total mono- 12.75(227%) 441 (18.6%) 16.59 (38.7%) 1371 (334%) 365(163%)  11.31(27.1%) 12.35(32.8)
unsaturated
FA
Total polyun- 1177 (21.0%)  2.52 (10.7%) 722(169%)  837(204%)  258(11.5%)  7.89(189%)  6.68 (17.7%)

saturated FA

" ND refers to non-detected
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Discussion

Screening of oleaginous yeasts and molecular
identification

After the processing of sugarcane, the bagasse is left piled
up in an open and uncontrolled environment. The sugar-
cane bagasse (SCB) becomes inhabited and colonized by
microorganisms which proliferate as they assimilate car-
bon and other nutrients. Sugarcane bagasse is a fibrous
lignocellulosic residue. The microorganisms include bac-
terial, yeast, fungi, etc., which in concerted efforts break
down the bagasse to make carbon accessible. The micro-
biotas on the SCB are a potential resource for the dis-
covery of useful, novel microorganisms and enzymes for
industrial applications (Gebbie et al. 2020).

Candida ethanolica and P. manshurica are normally
associated with alcoholic, vinegar fermentation and
cocoa bean fermentation and fermentation (or rotting)
of plant materials (Maura et al. 2016; Tolieng et al. 2018;
Xing et al. 2018). These yeasts are found associated with
the SCB and have not been studied extensively for their
ability to accumulate lipids. The most studied oleaginous
yeasts species belong to the genera of Rhodotorula, Rho-
dosporidium, Yarrowia, Candida, Cryptococcus, Rhizpus,
Trichosporon, and Lipomyces (Pan et al. 2009; Zhang et al.
2011; Thevenieeau and Nicaud, 2013; Schulze et al. 2014;
Bardhan et al. 2020, Caporusso et al. 2021). These ole-
aginous microorganisms store neutral lipids in the form
of TAGs and accounting between 20% and 80% of their
cell weight (Ratledge 2004; Lamers et al. 2016; Ochsen-
reither et al. 2016). The synthesis and accumulation of
lipid in oleaginous microorganisms is known to be acti-
vated when the nutrients, particularly nitrogen or phos-
phorus becomes deficient (Pan et al. 2009). Under these
conditions, oleaginous yeast strains produce lipids as a
protective mechanism (Shi et al. 2013). Among the heter-
otrophic microorganisms, oleaginous yeasts are regarded
as an alternative source for lipid production because of
the relatively high biomass yield, fast lipid accumulation,
lipid yield, and productivity (Vasconcelos et al. 2018).

Nile red dye used for primary screening is regarded as
an effective and quickest way for the detection of accu-
mulated lipids inside oleaginous microorganisms (Bajwa
et al. 2018). This fluorimetric assay is considered a suit-
able, accurate, and reliable method to estimate intracellu-
lar lipid production among yeasts of distinct genera and
species (Miranda et al. 2020). The yeasts differed in cell
sizes, which upon staining the cells, revealed different
degrees of fluorescence intensity. The yeast that appeared
larger fluoresced vividly, showing yellow-golden bodies
inside the yeast. This observation was in congruent with
the results reported by Elfeky et al. (2019). However, due
to the complex and relatively resistant cell wall of yeasts,
which limit the efficient permeability of fluorogenic dye
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or impede full recovery of the intracellular lipid, the pro-
cess requires a pretreatment step (Zainuddin et al. 2021).
The resistant cell wall causes inconsistencies of Nile red
staining, which makes it challenging to optimize and
present a robust protocol for all species or new strains
(Hicks et al. 2019). Although a yeast cell wall differs in
thickness, the addition of DMSO improves the dye pen-
etration, which makes it possible to detect lipid bodies
(Sitepu et al. 2012). The yeasts that revealed poor fluo-
rescence were excluded them in the subsequent analyses.
A low fluorescent intensity of the yeast strains suggested
non-oleaginocity, thus poor lipid accumulation (Ram-
irez-Castrillon et al. 2021). The higher the fluorescence
intensity, the higher intracellular the lipid content in
yeast strains (Miranda et al. 2020). There is a need for
using the fluorescence emission quantum yield (¢p5) when
standard fluorescence methods based on Nile red are
employed to estimate yeast lipids. This ¢y enabled a clos-
est correlation between Nile red and gravimetric method
for the determination of lipid content (Morales-Palomo
et al. 2022).

The C:N ratio represents the amount of carbon and
nitrogen available in the medium and they are essential
for microbial growth and functioning. Nitrogen facili-
tates the synthesis of amino acids, proteins, and nucleic
acids, whereas carbon serves as a structural unit and
energy source (Khanal et al. 2019). It is one of the impor-
tant parameters that has a greater influence on the pro-
duction of SCOs (Braunwald et al. 2013). A high C:N
ratio in the medium favours an increase in lipid yield
and productivity, and also has an adverse effect on the
yeast biomass and growth rate (Robles-Iglesias et al.
2023). This observation is congruent with the results in
Fig. 2, which showed a lower biomass when a C: N ratio
was 30 compared to a C:N ratio of 15. A strong depend-
ence between nitrogen concentration in the medium
and resulting biomass was evident in the current study.
An increase in C:N ratio from 2 to 100 affected the Rho-
dotorula kratochvilovae biomass by 4-fold reduction
(Robles-Iglesias et al. 2023). After cultivation, the SCOs
determination requires cell wall disruption or pretreat-
ment method prior to lipid extraction using solvents
(Zainuddin et al. 2021). The choice of a microbial cell wall
pretreatment technique depends on the type of microor-
ganisms studied because of their cell wall composition,
which limit the extractability of lipids (Patel et al. 2019).
After primary screening, yeast cells that displayed a high
fluorescence intensity were further screened following
the gravimetric and SPV methods before the selection
of the oleaginous yeasts. This was done to avoid false or
pseudo-oleaginous yeasts being selected. The Gravimet-
ric method, which determines the microbial lipid content
by weight of the extracted lipids relative to the weight of
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the yeast biomass, was used as a reference method to val-
idate other methods (Chen et al. 2018; Patel et al. 2019).

The C:N ration of less than 20 results in poor lipid accu-
mulation, whereas the C:N ration of 30 or more enhances
the synthesis and lipid accumulation. The optimum C:N
ratio for lipid production is affected by the substrate
used. For instance, R. toruloides exhibited varying C:N
ratios that yielded maximum lipid in xylose, acetic acid,
glycerol, and hydrolysate (Lopes et al. 2020), and was also
influenced by the microorganisms employed (Beopoulos
et al. 2009). The theoretical lipid yield is 0.32 g/g carbon
consumed from glucose and 0.34 g/g carbon consumed
from xylose (Ratledge and Wynn 2002; Donot et al. 2014;
Wang et al. 2020), and 0.3 g/g carbon consumed from
glycerol (Wang et al. 2020). However, it is reported that a
C:N ratio less than 20 results in poor lipid accumulation,
whereas C: N ratios between 30 and 80 enhances the syn-
thesis and accumulation of lipid (Beopoulos et al. 2009).

In this study, a hot-acid pretreatment method was
applied, followed by Folch’s method to extract lipids. All
the yeast species, viz. C. ethanolica strains and P. man-
shurica accumulated the lipid content of over minimum
20% (w/w) under cultivation of a high C:N ratio of 30
medium. Candida ethanolica strains showed a high
capacity to accumulate lipid under both C: N ratio of 15
and C: N ratio of 30 of nitrogen cultivation conditions as
shown in (Fig. 3), thus making them oleaginous yeasts
(Patel et al. 2020). However, the lipid content of P. man-
shurica strains was between 50 and 67% higher than for
C. ethanolica strains (28—46% w/w) in a high C: N ratio
of 30, thus nitrogen-limited conditions. Consistent with
these results, to demonstrate efficiency of acid-pretreat-
ment of yeast cells, Bonturi et al. (2015) reported lipid
content of 42% (w/w) and 40% (w/w) for Rhodotorula
toruloides and Lipomyces starkeyi, respectively. Acid-
treatment of L. starkeyi improved a higher lipid recov-
ery yield, irrespective of the solvent used (Bonturi et al.
2015; Kruger et al. 2018). Rhodotorula glutinis var. rube-
scens LOCKR13 has accumulated lipid content of 34.15%
(w/w) (Gientka et al. 2022). For Rhodosporidium toru-
loides-1588, the optimum C:N ratio of 70 produced 43%
(w/w) of lipid in undetoxified wood hydrolysate medium.
In addition, the strain consumed 70% of xylose (Saini
et al. 2021). Acid treatment combined with a heating pro-
cess seems to facilitate the lipid extraction by disintegrat-
ing the cell walls.

The ability of Candida ethanolica and P. manshurica to
accumulate lipids was previously reported; however, the
lipid content was below 20% (w/w). For instance, the lipid
content from C. ethanolica AM320 was 15% (w/w) (Wang
et al. 2018) and for C. ethanolica M1 and P. manshurica
were 12% (w/w) and 15% (w/w), respectively (Arous et al.
2017). These results arguably show that the accumulation
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of lipid inside the microorganisms could be dependent
on the species type or strain, and cultivation conditions
(e.g., substrate, temperature, pH, aeration). This effect
was demonstrated in this study where a nitrogen con-
centration in the medium influenced how much of lipid
synthesis and accumulation resulted. To the best of our
knowledge, we are the first to report the oleaginocity (i.e.,
lipid content over 20%) of the C. ethanolica. The growth
stage at which cells are harvested also has an effect on the
accumulated lipid (Liu et al. 2010). The lipids content for
the P. manshurica CHC34 was 11.43% (w/w) and 9.52%
(w/w) at the early and late stage of cultivation, respec-
tively (Areesirisuk et al. 2015). The maximum lipid con-
tent is also dependent on the type of nitrogen source.
Using ammonium sulphate and ammonium nitrate as a
nitrogen sources at a C:N ratio of 200, R. toruloides RZL2
accumulated 59% (w/w) and 63% (w/w), respectively (Ye
etal. 2021).

Only a few studies, Polburee et al. (2015) and Planonth
and Chantarasiri (2022) reported higher lipid content
in P. manshurica. The P. manshurica strain DMKU-
UbC9(2) accumulated lipid content of 64.8% (w/w)
in glycerol medium (Polburee et al. 2015), which was
comparable to the lipid content of P. manshurica 15-X.
Recently, P. manshurica strain Y2 that was isolated from
Lansium domesticum fruit had lipid content of 43.03%
(w/w), (Planonth and Chantarasiri 2022). These observa-
tions are congruent with our results that oleaginous P.
manshurica strains exist, which also reveals that numer-
ous known yeast species or strains and even new micro-
organisms have not been extensively studied for their
ability to produce lipids intracellular.

The oleaginocity of C. ethanolica and P. manshurica
strains under the current study were verified by the SPV
method. This method also requires cell disruption, fol-
lowed by lipid extraction and was used to quantify the
lipid content of Candida and Pichia species. It has advan-
tages over both the Folch extraction and gravimetric
methods for lipid analysis since the latter in its estima-
tion of lipids may erroneously include lipophilic proteins
and pigments, and therefore record high lipid values. The
results of the SPV assay confirmed the oleaginocity of the
yeast species. However, the lipid content discrepancies
between the SPV assay and gravimetric method could
be attributed to lipo-proteins and other contaminants,
which contributed to the high lipid mass. The acid-ther-
mal reaction (treatment) of the SPV assay degraded the
lipophilic proteins and other products thereby reducing
contaminants of lipids (Mishra et al. 2014; Patel et al.
2019). Therefore, the SPV method could be employed as
a reliable assay for the quantification of lipids to facili-
tate an efficient screening of oleaginous microorganisms
(Byreddy et al. 2016). The results showed the percent lipid
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content of the C. ethanolica and P. manshurica reduced
to between 22 and 33% (w/w), less than gravimetric lipid
content. The lipid content of P. manshurica strains 15-X
remained higher when determined by both gravimetric
and SPV methods. It is pivotal to note that obtaining high
lipid content is crucial to off-set the processing costs per
unit biomass (Shokrari et al. 2020).

Carbohydrate and proteins

Yeast responds to stress by accumulating either carbo-
hydrates or lipids. The microbial response in nutrient
limitations, particularly nitrogen or phosphorus requires
robust metabolism to attain maximum cell growth (bio-
mass). In nitrogen limitation, cellular carbohydrates such
as glycogen and trehalose increase and further contrib-
ute to the increase of the lipid content while protein and
RNA content are reduced (Yu et al. 2020). The avail-
ability of carbohydrates and proteins as co-metabolites
with lipids is desirable as it would make the microbial oil
production process cost-effective. Not all studied yeasts
contained sufficient carbohydrates and proteins. Most of
the carbohydrates were obtained from Pichia and Can-
dida strains with the exception of the C. ethanolica 6XP
and P. manshurica strains 11-XP, which had less carbo-
hydrate and accumulated a higher protein content of
42-50% when grown in nitrogen limited and high glu-
cose medium.

Different types of substrates influence the amount of
carbohydrates and proteins (Kumar et al. (2017). Pichia
guillierrmondii contained 35%. 8—44.2% of carbohydrates
and 12.4-24.6% of proteins (Kumar et al. (2017). Tcha-
kouteu et al. (2015) studied the interaction between the
synthesis of intracellular total carbohydrates and cellular
lipids in Cryptococcus curvatus under nitrogen-limited
and nitrogen-excess condition with lactose and sucrose
as carbon source. The strain accumulated a high quan-
tity of intracellular total sugars (up to 68% w/w) at the
early stage of fermentation when nitrogen availability was
sufficient and at the end of fermentation when nitrogen
was depleted, the intracellular total sugar decreased to
20%. In excess nitrogen, the intracellular total sugar were
determined from the yeast culture in the late stage of cul-
tivation (168 h), which according to the above observa-
tion by Tchakouteu et al. (2015), may attribute the low
carbohydrate content (i.e., less than 50%) to that effect.
There seems to be a trade-off between accumulated lipids
and carbohydrates. Besides the fact that both macromol-
ecules compete for the available carbon flux from sugar
and that the excess lipid accumulation occurs at the
late stage of cultivation, carbohydrates accumulation is
favoured in the early stage under nitrogen limited condi-
tions. Growing under a nitrogen limited medium, a short
and transitory intracellular carbohydrates accumulation
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in Rhodotorula glutinis CECT 1137 occurred prior to
lipid accumulation (Cescut et al. 2014). From our results,
it also clear that the levels of these macromolecules
is dependent on the strain and species type. Another
important factor is the cultivation conditions, thus either
aerobic or anaerobic.

Yeast is the widely accepted microorganism for the
production of single cell protein (SCP) because of its high
nutritional quality and consumer acceptance (Lapeiia
et al. 2020). Microbial (including algal) proteins are
referred to as SCP, if the microorganism contains 30%
or more of proteins (Glencross et al. 2020; Lapena et al.
2020). Our results show that the protein contents are
higher than the carbohydrates, suggesting the existence
of continuous synthesis and accumulation of protein in
those yeasts at the late stage of cultivation (168 h) in lim-
ited or depleted nitrogen medium. The protein content
differed remarkably between yeast species, but remained
the same for the C. ethanolica strains with exception of
C. ethanolica strain 6-XP. The biomass of P. manshurica
strains contained the most protein (42-50%). Juszcyk
et al. (2013) reported protein content that ranges from
35.1 to 49%, with the highest protein content attained
from Y. lipolytica strain S21 biomass.

The biomass of Y. lipolytica clade species (YADE and
YAGA) contained protein content ranging from 13.2 to
31.9%. This protein content (31.9%) is comparable to the
reported protein content of C. ethanolica strain 6-XP in
this study. However, it is known that upon the depletion
of nitrogen in the growth medium, the synthesis of intra-
cellular proteins and nucleotides ceases as excess carbon
is redirected into lipid synthesis (Zhang et al. 2016). This
occurs to activate autophage, which is a mechanism that
allows yeast cells to maintain viability. This process makes
the proteins or amino acids resulting from cell death of
other yeasts available for a continuous synthesis of pro-
teins required for survival (Reggiori and Klionsky 2013).
For instance, Lipomyces starkeyi AS2.1560 in response to
limited-nitrogen condition after 96 h of cultivation acti-
vated protein degradation process and amino acid bio-
synthesis to salvage and redistribute nitrogen sources for
suboptimal cell growth (Liu et al. 2010). The requirement
for autophagy during starvation may be due to the need
to recycle biological polymers (proteins, nucleic acids,
carbohydrates, lipid bilayers, etc.) into building blocks for
reuse under conditions where they may not be available
outside the cell (Abeliovich and Klionsky 2001).

In de-fatted yeast biomass, the protein and lipid
content of approximately 30% protein and 12% lipid
would be sufficient for use in animal feed production
(Rakicka-Pustulka et al. 2021). The analysis of yeast
proteins, particularly Yarrowia reveal high lysine, leu-
cine, threonine and valine as well as small quantities of
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cysteine and methionine (Juszcyk et al. 2013). The com-
position of proteins varies between yeast and strains.
Rakicka-Pustulka et al. (2021) reported protein rich in
aspartic and glutamic acid, alanine, and lysine. The pro-
tein was poor in serine, methionine and cysteine.

Both SCO and SCP have biotechnological applica-
tions in food and animal feed diets as sources of amino
acids, omega-3-lipids and bioactive molecules (Glen-
cross et al. 2020). Co-production of SCO together with
either carbohydrates or proteins will make the process
of lipid production cost-effective and sustainable, par-
ticularly if a waste carbon substrate is used.

The conversation of fatty acids to fatty acid methyl

esters

Fatty acids composition is usually influenced by the
yeast strain type and the carbon source utilized dur-
ing growth (Gientka et al. 2017). The FA produced by
all the C. ethanolica strains and P. manshurica strains
are mainly SFA, followed by MUFA and PUFA. Then
again, P. manshirica 15-X produced abundance amount
of palmitic, stearic, oleic, and linoleic acids making up
82% of the total lipids. This composition was similar to
SFA in a lipid produced by R. toruloides-1588, namely
palmitic, stearic, oleic, and linoleic acids when grown
in undetoxified wood hydrolysate (Osorio-Gonzalez
et al. 2023) and fatty acids produced by Cryptococcus
curvatus DSM 70022 (Annamalai et al. 2018). These
fatty acids are reported to be comparable to those of
plant or vegetable oils (Annamalai et al. 2018). Other
oleaginous yeasts that showed similar fatty acids pro-
file include Trichosporon sp. (RW), Thodotorula glutins,
Rhodotorula babjevae, Lipomyces starkeyi, and Lipo-
myces lipofer species (Brar et al. 2017; Shapaval et al.
2019). These fatty acids profiles can also differ between
species and strains. For instance, Trichosporon myco-
toxinivorans S2’s major fatty acids were palmitic, oleic
and stearic (Sagia et al. 2020). The fatty acids for Rho-
dosporidium TJUWZ4 were oleic, palmitic and linoleic
acids (Wang et al. 2017). This confirms that specific
yeast strains will produce the lipids of different fatty
acids compared to the others. Polyunsaturated fatty
acids for all yeast strains were dominated by linoleic
acid (C18:2n6c), constituted up to 20% of the total fatty
acids. To improve this content, Kolouchova et al. (2016)
found that under limited nitrogen using (NH4),SO, as
a nitrogen source, the unsaturated fatty acids increases
with cultivation time. The level of linoleic acid for Can-
dida sp., Rhodotorula glutinis, Yarrowia lipolytica, and
Trichosporum cutancum was between 15.6% and 53.4%.
Therefore, cultivation conditions and species or strain
type greatly influence the fatty acid profile.
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Conclusion

All the Candida and Pichia screened demonstrated the
potential to produce single cell oils. Pichia manshurica
15-X accumulated higher rate of lipid and protein than
the other yeasts. FAME analysis of lipid from P. man-
shurica 15-X revealed the suitability of the lipids based
on the fatty acids composition for application in the
biofuel and food industry. In addition, the co-products
of lipids such as carbohydrates and proteins make the
lipid production process cost-effective with potential
application in biofuel and animal feed. It is imperative
that all the selected yeasts be evaluated further under
optimized conditions using high C: N ratios in lignocel-
lulosic hydrolysate for lipid production.
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