
ORIGINAL ARTICLE

Synthesis of single-cell oil by Yarrowia lipolyticaMTCC 9520 utilizing
slaughterhouse lipid waste for biodiesel production

P. Radha1 & Sanjana Narayanan1
& Angana Chaudhuri1 & Sameena Anjum1

& Deborah Lilly Thomas1 & Ritwik Pandey1 &

K. Ramani1

Received: 11 July 2020 /Revised: 19 October 2020 /Accepted: 6 November 2020
# Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract
The present study explores biodiesel production from the single-cell oil (SCO) synthesized by Yarrowia lipolyticaMTCC 9520,
utilizing slaughterhouse lipid waste, goat tallow, as the carbon substrate. Various parameters, including cultivation time (96 h),
pH(6), substrate concentration (1.5%, v/v), inoculum size (5%, v/v), and C/N ratio (100), were optimized to attain the maximum
biomass and lipid yield and lipid content of 3.8 g/L, 2.6 g/L, and 69.3% (g/g dry weight), respectively. The presence of
intracellular lipid bodies in Y. lipolytica was confirmed by observing the Nile red-stained cells by fluorescence microscopy.
Besides, the fluorescence intensities of the intracellular lipid bodies were determined by the flow cytometer. The extracted SCO
from Y. lipolytica MTCC 9520 was analyzed by Fourier transform infrared (FT-IR) spectroscopy. Gas chromatography-mass
spectrometry (GC-MS) analysis of the transesterified SCO presented the fatty acid methyl ester (FAME) profile, including
palmitic acid (42.9%), stearic acid (21.5%), myristic acid (18.3%), and oleic acid (7.0%). The obtained FAME composition
was further used to predict the properties of the biodiesel. The revealed characteristics of the transesterified FAMEs signify the
candidature of the synthesized SCO as an alternate feedstock for biodiesel production.
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1 Introduction

In recent years, the use of fossil fuels has raised serious envi-
ronmental concerns. Furthermore, petroleum-based resource
availability has plummeted remarkably with an upsurge in
worldwide exigency for energy [1]. Biofuels are customarily
advocated as a cost-effective and environmentally benign al-
ternative to petroleum and other fossil fuels. Biodegradability
and descended toxicity of biodiesel ascertain it as a superior
substitute for petroleum-based fuels [2]. Biodiesel can be uti-
lized in ternary fuel blends, meaning a mixture of diesel, bio-
diesel, and bioethanol, in diesel engines [3]. The primary feed-
stock derived from plant sources like rapeseed oil, soybean
oil, palm oil, etc. is used for commercial biodiesel production.

More than 95% of feedstock comes from edible oils since they
are produced in many regions. The properties of biodiesel
produced from these oils are appropriate as a substitute for
diesel [4]. However, agricultural biomass as a substrate is
not economical, leading to food shortage, insecurity, and con-
secutively high prices [5]. Additionally, the consumption of
an enormous amount of these expensive raw materials may
lead to a deficiency of edible oils and, thereby, a massive
increase in food prices [6, 7]. Further, the use of agricultural
wastes, wastes from food industries, municipal wastes, and
waste cooking oils could not sustain the whole demand for
biodiesel, and the production process for employing these
wastes needs to be standardized [8]. Although lipid-rich
wastes, i.e., fat, oil, grease (FOG), would be the ideal material
for biodiesel production, the high production cost of
converting these lipidic wastes directly into biodiesel ob-
structs its feasibility in replacing the conventional diesel [9].
Thus, utilizing lipid-rich feedstock to synthesizemicrobial oils
and biodiesel conversion resolves the drawbacks of the direct
conversion of waste into biodiesel. Biodiesel production using
microbial oils has recently gained significant attention be-
cause of their high productivity, less labor, easy scaling up,
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and short life cycle. Microbial oils or single-cell oils (SCO)
are promising options and offer many advantages over vege-
table oils. They are devoid of seasonal or climatic require-
ments, easy maintenance, and can be easily modified to gen-
erate higher yields in small areas [5]. This paves the way for
developing green and sustainable biodiesel production pro-
cess without obstructing the food supply chain [10, 11].

SCOs are intracellular lipids comprising triacylglycerols
(TAGs) produced by oleaginous yeasts, potential sources for
lipid production. They exhibit a fast growth rate, and their
cultures are more easily scaled up [12, 13]. Yarrowia
lipolytica is one of the specific oleaginous yeasts that can
convert hydrophobic substrates into lipids through the ex novo
synthesis pathway. The ex novo synthesis of lipids is the
biomodification of fats and oils by Y. lipolytica [14, 15].
Y. lipolytica, a dimorphic yeast, can exist as single cells or
as filamentous hyphae and is considered as GRAS
(Generally Regarded as Safe) microbial strain [16]. Lipid ac-
cumulation in Y. lipolytica starts when nitrogen in the cultur-
ing medium is low, and the carbon source is excessive [17].
Y. lipolytica is known to have the proficiency in assimilating
hydrophobic substrates like TAGs, fats, and oils and in pro-
ducing single-cell oils, lipase, and organic acids [18–20]. In
this context, the production of microbial lipids using low-cost
raw materials like slaughterhouse lipid wastes would signifi-
cantly reduce the lipid production cost. The produced lipids
have characteristics similar to vegetable oils and can be used
as an alternate feedstock to produce biodiesel [6, 21].
Hydrophobic sources like waste oils and waste fish oil are
utilized as substrates to produce microbial lipids [22, 23].
The fatty acid composition of the hydrophobic substrates af-
fected the lipid accumulation and fatty acid composition in the
Y. lipolytica cells [19]. The ex novo synthesis of lipids in
Y. lipolytica is a growth-coupled process in the presence of
fat or hydrophobic materials as the carbon source to convert
and accumulate them as SCO [24]. However, there are less
reported studies on the utilization of industrial wastes, i.e.,
animal fats as a substrate for microbial lipids (or SCO) pro-
duction and their conversion into biodiesel [15, 19–21].
Therefore, there is a need to explore the potential use of in-
dustrial wastes as substrates in the production of SCOs and
their further conversion into biodiesel. Goat tallow is a slaugh-
terhouse lipid waste, which serves as a substrate for the pro-
duction of SCO. The high-lipid content of goat tallow can
make it a suitable carbon source rather than the standard car-
bon sources like glucose or glycerol [25]. Hence, in the pres-
ent study, the goat tallow was utilized as the substrate by
Y. lipolytica MTCC 9520 for the synthesis of SCO, which
was further converted to biodiesel through trans-esterification,
a catalyzed chemical reaction involving SCO and methanol to
yield fatty acid methyl esters (FAMEs), i.e., biodiesel. The
effect of various parameters was optimized to achieve the
maximum production of SCO. The accumulated lipid bodies

were visualized by fluorescence microscopy, and its fluores-
cence intensity was measured with the flow cytometer. The
extracted SCO from Y. lipolytica MTCC 9520 was analyzed
by Fourier transform infrared (FT-IR) spectroscopy. The
FAME profile of the trans-esterified SCO was determined
using gas chromatography-mass spectrometry (GC-MS) anal-
ysis. Further, the FAME composition was used to determine
the synthesized biodiesel properties and compared with stan-
dards stated by the American Society for Testing Materials
(ASTM) and the European Nations (EN) to signify SCO’s
aptitude as an alternative feedstock for biodiesel production.

2 Materials and methodology

2.1 Materials

The goat tallow was obtained from the local slaughterhouse.
The oleaginous yeast Yarrowia lipolytica MTCC 9520 was
procured from Microbial Type Collection Centre (MTCC),
Chandigarh, India. The strain was preserved in maltose, glu-
cose, yeast extract, and peptone (MGYP) agar slant at 4 °C at a
pH of 6.2 [5]. All chemicals and reagents entailed for the
production and the extraction have been purchased from
RANKEM RFCL Ltd. and Sisco Research Laboratories Pvt.
Ltd. (SRL).

2.2 Characterization of the substrate

The goat tallow collected from the local slaughterhouse was
heated up to 60 °C and filtered usingWhatman filter paper No.
1, which was then stored at 4 °C until further use. The bio-
chemical properties of the goat tallow, including the total or-
ganic carbon (TOC) content and total Kjeldahl nitrogen
(TKN), were determined using the standard methods de-
scribed by APHA (2005) [26]. The carbohydrate, protein,
and fat contents were determined using the anthrone,
Bradford, and sulfosalicylic acid assay, respectively [27, 28].
The goat tallow was converted to FAMEs through acid-
catalyzed trans-esterification, as described by Dobrowolski
et al. [11] with slight modifications. A total of 20 mg of goat
tallow oil was added to 20 mL of 5% (v/v) H2SO4 in methanol
and was transferred to a round bottom flask. The round bottom
flask was immersed in a silicone oil bath placed on a heating
mantle at 90 °C for 6 h. Finally, the sample was quenched by
adding water, and FAMEs were extracted using hexane as a
solvent. The solvent phase was evaporated using a rotary vac-
uum evaporator; the FAMEs were filtered using a 0.45-μm
syringe filter and given for GC-MS analysis (Agilent
Technologies, GC-7890B, and MS-5977A). The elution was
performed with an HP-5MS 5% phenyl methyl siloxane col-
umn with dimensions 30 m × 250 mm × 0.25 mm. Helium
was used as the carrier gas with a flow rate of 1.0 mL/min. The
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analysis was carried out at a temperature of 60 °C for 2 min,
and then, the temperature was increased to 200 °C at a rate of
10 °C/min, and further to 240 °C at 5 °C/min, and was held at
240 °C for 10 min. The peaks obtained were identified with
reference to the National Institute of Standards and
Technology (NIST) standard library [5].

2.3 Preparation of growth media

The minimal salt media comprises yeast extract—0.5;
KH2PO4—7; Na2HPO4—2.5; CaCl2·2H2O—0.15;
(NH4)2SO4—1.0; MnSO4·H20—0.06; ZnSO4·7H2O—0.02;
FeCl3·6H2O—0.15; and MgSO4·7H2O—1.5 in (g/L) [19].
The pH was adjusted to 7.0. A total of 1.5% of pre-
processed goat tallow was added to the prepared growth me-
dia and sonicated at 20 kHz for 15 min using Bandelin
Sonoplus ultrasonic homogenizers (BANDELIN electronic
GmbH & Co. Germany). The growth medium was then inoc-
ulated with 5%, v/v of the 24-h grown culture of Y. lipolytica
MTCC 9520, and was incubated at 37 °C for 96 h in an orbital
shaker with a speed of 150 rpm. Simultaneously, samples
were periodically removed from the fermentation broth, and
optical density was measured at 600 nm.

2.4 Optimization of parameters

One factor at a time (OFAT) optimization was carried out in
order to analyze the effect of various process parameters for
lipid production such as cultivation time (24, 48, 74, 96, and
120), pH (4, 5, 6, 7, and 8), substrate concentration (0.5, 1,
1.5, 2.0, 2.5, and 3.0% (v/v)), inoculum size (2.5, 5, 7.5, 10,
12.5, and 15% (v/v)), and C/N ratio (25, 50, 75, 100, 125,
and 150). The influence of these factors on lipid and bio-
mass yield and lipid content were examined. All the mea-
surements were analyzed by one-way ANOVA followed by
Dunnett’s post hoc test.

2.5 Recovery and estimation of biomass and SCO

After 96 h, the growth media was centrifuged at 8000 rpm for
20 min at 4 °C, and the harvested cells were rinsed twice with
distilled water. The biomass pellets were dried at 80 °C in a
hot air oven until it attained a consistent dry weight, following
which the biomass yield was quantified gravimetrically. The
dried biomass was suspended in chloroform/methanol (2:1)
and sonicated at 20 kHz for 15 min. The lipid (SCO) was
further extracted using chloroform/methanol (2:1) solution
and sonicated at 20 kHz for 20 min within an ice bath using
Bandelin Sonoplus ultrasonic homogenizers (BANDELIN
electronic GmbH & Co. Germany). Further, the solution was
centrifuged at 8000 rpm for 20 min at 4 °C, and the superna-
tant was added with chloroform-methanol (2:1, v/v) solution
again and incubated for an hour. The upper organic phase was

removed after washing the solution with 0.9% (w/v) NaCl.
The organic layer was retained and dried using a rotary vacu-
um evaporator. The lipid concentration (g/L), through gravi-
metric analysis, and the quantity of lipid obtained to the bio-
mass quantity were expressed as a percentage of lipid content
in the biomass (%, g/g) [29, 30].

2.6 Analytical techniques

2.6.1 Fluorescence microscopy

The accumulation of intracellular SCOwas visualized through
a fluorescence microscope. The biomass obtained from the
centrifuged fermentation broth was washed with phosphate
buffer saline (PBS) (1 mL). Nile red stock solution of 1 mg/
mL in acetone was further added to the PBS cell suspension,
followed by incubation in the dark for 10 min at room tem-
perature [5]. The samples were then visualized under a Zeiss
microscope using a 465–565-nm excitation filter, and Prog
Res Capture Pro 2.7 software (Jenoptik optical systems,
USA) was used for capturing the images.

2.6.2 Flow cytometry

Flow cytometry is a non-invasive technique for the detection
and quantification of a population of cells or particles. Four
samples of biomass (48 h, 72 h, 96 h, 120 h) after centrifuga-
tion were washed with phosphate buffer saline (PBS) (1 mL).
Nile red stock solution of 1 mg/mL in acetone was further
added to the PBS cell suspension, followed by incubation in
the dark for 10min at room temperature [31]. The sample cells
were visualized by BD FACS Calibur flow cytometer. Non-
stained cells were used as control during the data analysis of
these cells.

2.6.3 FT-IR analysis

The FT-IR analysis method uses infrared light to scan test
samples and observe chemical properties. The extracted
SCO was investigated for functional groups using the
Perkin-Elmer infrared spectrophotometer (Agilent
Technologies, Cary 600 Series/a Perkin-Elmer infrared spec-
trophotometer) [5]. The samples with dimensions of about
10 mm diameter and 1 mm thickness were prepared with
KBr (spectroscopic grade) pellet. The samples were scanned
in the frequency range of 400 to 4000 cm−1 [32].

2.6.4 GC-MS analysis of extracted SCO

The extracted SCO was converted to FAMEs through acid-
catalyzed trans-esterification; the analysis was carried out with
specifications, as mentioned in section 2.2. The fatty acid
profile of the SCO extracted from Y. lipolytica MTCC 9520
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was studied to envisage its physical and chemical properties of
biodiesel [33, 34]. Properties, including the degree of
unsaturation (DU), cetane number (CN), iodine value (IV),
oxidative stability (OS), long-chain saturated factor (LCSF),
and cold filter plugging point (CFPP), were determined using
correlation equations given by Wang et al. [35] and Guldhe
et al. [36]. DU was calculated from the fatty acid profile using
the equation:

DU ¼ %composition of MUFA Cn : 1ð Þ þ 2

� %composition of PUFA Cn : 2ð Þ þ 3

� %composition of PUFA Cn : 3ð Þ þ 4

� %composition of PUFA Cn : 4ð Þ ð1Þ

The equations to calculate CN, IV, OS, LCSF, and CFPP
were given as follows:

CN ¼ −0:1209� DUð Þ þ 65 : 0958 ð2Þ
IV ¼ 0:6683� DUð Þ þ 25:0364 ð3Þ
OS ¼ −0:0384� DUð Þ þ 7:770 ð4Þ
LCSF ¼ 0:1 %composition of C16 : 0ð Þ

þ 0:5 %composition of C18 : 0ð Þ
þ 1 %composition of C20 : 0ð Þ
þ 1:5 %composition of C22 : 0ð Þ
þ 2 %composition of C24 : 0ð Þ ð5Þ

CFPP ¼ 3:1417� LCSFð Þ−16:477 ð6Þ

Moreover, other properties like density, kinematic viscosi-
ty, saturated fatty acids (SFA), cloud point (CP), pour point
(PP), saponification value (SV), and high heating value
(HHV) were determined using the software ‘Biodiesel
Analyzer version 2.2’ [37]. The biodiesel properties derived
from goat tallow and SCO of Y. lipolytica MTCC 9520 were
compared with the international biodiesel standards (ASTM
D6751 and EN 14214 standards) to assess its quality.

3 Results and discussion

3.1 Characterization of goat tallow

Firstly, the biochemical composition of the goat tallow was
analyzed and presented in Table 1. The fat content in the
substrate was obtained as 57 ± 0.05%. The carbohydrate and
protein content of the substrate was found to be 4.3 ± 0.04%
and 3.01 ± 0.009%, respectively. Predominantly, the fat con-
tent in the substrate was the highest, which reveals its hydro-
phobic nature. The ex novo synthesis of lipid in Y. lipolytica

MTCC 9520 occurs in the presence of fat or hydrophobic
materials as the carbon source to convert and amass them as
SCO [24]. Hence, the high-fat content of goat tallow canmake
it a suitable carbon source for SCO production. Moreover, the
total organic carbon (TOC) and the total Kjeldahl nitrogen
(TKN) content in the goat tallow were 8.91 ± 0.21% and
0.00126 ± 0.07%, respectively. Furthermore, the goat tallow
was subjected to acid transesterification, and the fatty acid
composition of the trans-esterified goat tallow was identified
from GC-MS analysis (Fig. S1). The various fatty acids were
identified from their retention time, and their abundance was
observed from the peak percentage areas. From the analysis, it
was exemplified that palmitic acid (C16:0), stearic acid
(C18:0), myristic acid (C14:0), and oleic acid (C18:1) were
the major FAMEs with peak percentage areas of 40.7%,
24.9%, 8.3%, and 5.5%, respectively.

3.2 Growth profile of Y. lipolytica MTCC 9520

Periodically, the samples were taken from the fermented me-
dium, and the optical density was measured at 600 nm. The
growth curve (Fig. 1) represents the lag phase, log phase, and
stationary phase. The log or exponential phase was observed
to be begun approximately after 10–15 h of microbial growth.
Cell doubling has been reported to occur during the exponen-
tial phase; thus, the mid-log stage, which was at 24 h, was
considered for inoculum transfer. Figure 1 denotes that the log
phase had been over by 40 h and by 45 h; it had already

Table 1 Composition of goat tallow

Composition Percentage

Fat content 57.7 ± 0.05

Carbohydrate content 4.3 ± 0.04

Protein content 3.01 ± 0.009

Total organic carbon (TOC) 8.91 ± 0.21

Total Kjeldahl nitrogen (TKN) 0.00126 ± 0.0007

Fig. 1 Growth curve of Yarrowia lipolyticaMTCC 9520
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reached the stationary phase. The stationary phase is generally
procured because of essential nutrient depletion and inhibition
by specific metabolites. The specific growth rate (μ) of the
Y. lipolytica MTCC 9520 was found to be 0.036 h−1.

3.3 Optimization of process parameters

3.3.1 Effect of incubation time on SCO production

Cultivation time is an essential factor for the accumulation of
SCO by the oleaginous yeast. The effect of time was deter-
mined by culturing Y. lipolyticaMTCC 9520 in the media for
various lengths of time (24–120 h). As time increased from 24
to 96 h, there was a sharp increase in the biomass yield and the
lipid yield (Fig. 2a).Moreover, the lipid content was estimated
and noted a gradual increase from 24 to 96 h. However, the
lipid content and the lipid yield decreased rapidly from 96 to
120 h. The maximal biomass yield was achieved at 96 h when
the cells enter into the stationary growth phase, and after that,
it was gradually decreased. The decrease can be caused by the
depletion of nutrients from the production media [38]. The
highest biomass yield of 3.8 g/L, lipid yield of 2.6 g/L, and
lipid content of 69.3% (g/g) was obtained at 96 h. Reports
from various studies have indicated that the growth rate of
Y. lipolytica MTCC 9520 is maximum between a range of
72–96 h. During this time, the organism has proficiency in
utilizing the medium’s nutrients for its maximum growth.
Similarly, in this study, the sharp upsurge from 24 to 96 h
epitomizes the utilization of the nutrients by the yeast,
Y. lipolytica MTCC 9520, to produce lipid intracellularly
(SCO). The present study involving goat tallow as a carbon
source by Y. lipolyticaMTCC 9520 reported a higher lipid and
lipid content at 96 h. Sestric et al. [39] reported lipid synthesis
by Y. lipolytica on various substrates, where culture medium
containing glycerol yielded 31% (g/g) lipid content and me-
dium containing glycerol and dextrose produced 38% (g/g)
lipid content. Besides, El Bialy et al. [40] reported lipid yield
of 2.73 g/L and lipid content of 34.02% (g/g) for Y. lipolytica
by utilizing meat product fat. These reports signposted that
hydrophobic substrates could be considered as an appropriate
substrate for the synthesis of SCO by Y. lipolytica compared
with the hydrophilic substrates such as glucose/glycerol.

3.3.2 Effect of pH on SCO production

The pH is one of the vital attributes for SCO production. It is
evidenced from the literature that studies have been conducted
to determine the effect of pH on the SCO production by using
the oleaginous strain Y. lipolyticaMTCC 9520, as it is vitally
essential for the assimilation of carbon. The variation in pH
affects the cell membrane permeability and hence the carbon
assimilation process [41]. The lipid and biomass yield were
significantly influenced by the difference in the pH and

thereby the lipid content. As the pH is increased from 4.0 to
7.0, the biomass and lipid yield, along with the lipid content,
also increased (Fig. 2b). However, after obtaining a pH of 7, it
decreased significantly. The highest biomass yield of 3.72
g/L, lipid yield of 2.33 g/L, and lipid content of 62.5% (g/g)
were obtained at pH 7 at the optimum time of 96 h. The yields
of biomass and lipid content attained in the present study
corroborate with the previous study reported for the valoriza-
tion of palm oil mill effluent into lipid by Y. lipolytica TISTR
5151, where the similar process conditions were maintained
[15].

3.3.3 Effect of substrate concentration on SCO production

The substrate (goat tallow) concentration is the primary factor
for SCO production. The oleaginous yeast utilizes the goat
tallow provided in the medium as a growth substrate and ac-
cumulates the lipid components in the form of SCO intracel-
lularly. The optimization of substrate concentration is essen-
tial to decelerate substrate inhibition. Therefore, in the present
study, the substrate concentration was optimized by varying
the concentrations from 0.5 to 3.0%. The yeast strain tends to
proliferate rapidly under higher substrate concentration. Still,
after some point, they stop utilizing the substrate due to the
excessive substrate concentration, which further leads to the
substrate inhibition and the decrease in the biomass yield as
well as lipid content (Fig. 2c). The biomass yield, lipid yield,
and the lipid content had a significant increase up to 1.5%,
after which it decreased rapidly. At 1.5% of substrate concen-
tration, the highest biomass yield of 3.69 g/L, lipid yield of
2.39 g/L, and the lipid content of 64.7% (g/g) were observed.

3.3.4 Effect of inoculum size on SCO production

The inoculum size has a considerable impact on the SCO
accumulation by the yeast. The present study (Fig. 2d) reveals
a maximum lipid yield of 2.35 g/L, maximum biomass yield
of 3.5 g/L, and 67% (g/g) lipid content at 5% inoculum size. A
steady increase was observed in the biomass yield, lipid yield,
and lipid content until 5% of inoculum size; after that, a rapid
decrease was observed in the biomass yield, lipid yield, and
lipid content. It can be predicted that up to an inoculum size of
5%, all the yeast cells get enough nutrients to grow and accu-
mulate single-cell oil. Beyond this inoculum size, the yeast
cells are devoid of nutrients that prevent them from growing
and accumulating lipid (Fig. 2d). Thus, the results suggested
that 5% inoculums size is optimum for the better yield of
biomass, lipid, and lipid content. Louhasakul et al. [15],
Juanssilfero et al. [42], and Jiru et al. [43] also conducted
studies on the effect of inoculum size on the proliferation
and the lipid accumulation process in oleaginous yeasts,
which revealed an optimum inoculum size ranging from 4 to
6%.
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(c) (d)

(e)

The data is represented as Mean ± SEM. Bars labelled by letters (a,b,c,d) on 
the graph indicate they are significantly different from each other (p<0.05) 
by one way ANOVA followed by Dunnett's post hoc test. a: 24h vs 96h, b: 48h 
vs 96h, c: 72h vs 96h, d: 120h vs 96h

The data is represented as Mean ± SEM. Bars labelled by letters (a,b,c,d) on the 
graph indicate they are significantly different from each other (p<0.05) by one 
way ANOVA followed by Dunnett's post hoc test. a: pH 4 vs pH 7, b: pH 5 vs pH 
7, c: pH 6 vs pH 7, d: pH 8 vs pH 7

The data is represented as Mean ± SEM. Bars labelled by letters (a,b,c,d,e) on 
the graph indicate they are significantly different from each other (p<0.05) by 
one way ANOVA followed by Dunnett's post hoc test. a: 1% vs 3%, b: 2% vs 
3%, c: 4% vs 3%, d: 5% vs 3%, e: 6% vs 3%

The data is represented as Mean ± SEM. Bars labelled by letters (a,b,c,d,) on the 
graph indicate they are significantly different from each other (p<0.05) by one 
way ANOVA followed by Dunnett's post hoc test. a: 2.5% vs 5%, b: 7.5% vs 5%, 
c: 10% vs 5%, d: 12.5% vs 5%

The data is represented as Mean ± SEM. Bars labelled by letters (a,b,c,d,e) on the 
graph indicate they are significantly different from each other (p<0.05) by one way 
ANOVA followed by Dunnett's post hoc test. a: C/N 25 vs C/N 100, b: C/N 50 vs C/N 
100, c: C/N 75 vs C/N 100, d: C/N 125 vs C/N 100, e: C/N 150 vs C/N 100

(a) (b)

Fig. 2 Optimization of a Time, b pH, c substrate concentration, d inoculum size and e C/N ratio
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3.3.5 Effect of C/N ratio on SCO production

C/N ratio is the most crucial factor that regulates the SCO
accumulation process. The C/N ratio was modified by altering
the goat tallow, yeast extract, and (NH4)2SO4 concentrations,
respectively, to obtain the desired value. On subjecting to dif-
ferent proportions of carbon and nitrogen, the biomass and
lipid yields were observed to increase until the ratio of 100
(Fig. 2e). Maximum biomass yield of 3.5 g/L, lipid yield of
2.25 g/L, and lipid content of 64.28% (g/g) were observed at
100 C/N ratio. This can be explained due to the intensified
production of intracellular lipids in the yeast due to the excess
availability of carbon source in a limited nitrogen environment
[20]. Nitrogen depletion causes the decline in nicotinamide
adenine dinucleotide-isocitrate dehydrogenase content that fi-
nally results in the suppression of the TCA cycle and, thus, the
inhibition of protein synthesis [34]. This allows the carbon to
be channeled towards the SCO synthesis. After achieving a C/
N ratio of 100, a gradual decline in the biomass yield, lipid
yield, and lipid content were due to a distinguished nitrogen
source reduction. A similar profile was discerned in the studies
conducted by Dobrowolski et al. [11], Radha et al. [34], and
Kuttiraja et al. [44], with an optimum C/N ratio of 100, in
which lipid production by Y. lipolytica in the nitrogen-rich
medium was lower than that observed in the low-nitrogen
medium. The previously reported studies for Y. lipolytica
using hydrophobic substrates such as sesame oil, rapeseed
oil, borage oil, and industrial wastes like crude glycerol report-
ed lower lipid content in a range of 25–51% (g/g) [8, 19, 44].

3.4 Fluorescence microscopy

The accumulated intracellular oil in Y. lipolyticaMTCC 9520
was visualized for various C/N ratios using a lipophilic fluo-
rescent dye such as Nile red. Nile red was observed to be
intensely fluorescent in the lipid-rich environment of biomass,
resulting in a robust golden-yellow emission, which was visu-
alized under a fluorescence microscope (Fig. 3). Golden-
yellow fluorescence was observed to be highest at 100 C/N
ratio (Fig. 3d). As formerly explained, the excess availability
of carbon source in a limited nitrogen environment intensified
the production of SCO in Y. lipolytica [20]. Moreover, the
highest biomass yield and lipid content were noted in the
100 C/N ratio, resulting in the visualization of more lipid
bodies under a fluorescence microscope. In oleaginous yeasts,
neutral lipids are stored in lipid bodies that are assembled in a
specialized sub-domain of the endoplasmic reticulum where
most biosynthetic enzymes and structural proteins are situated
[5, 21]. The aggregated lipid bodies corroborate intracellular
TAGs accumulated in Yarrowia biomass, which is termed as
SCO. This was further extracted and converted to FAMEs for
the synthesis of biodiesel.

3.5 Flow cytometry

The flow cytometry analysis gave a semi-quantitative approx-
imate amount of lipid that has been accumulated in the cells.
The mean fluorescence intensity (MFI) of the cells fermented
for 48, 72, 96, and 120 h was detected, which have flown
through the FL2 channel (Fig. S2). The highest MFI was
observed at 96 h. The MFI value directly relates to the amount
of lipid droplets in the cells detected via the FL2 channel,
emitted from the Nile red upon binding with lipophilic com-
pounds [31, 40]. The organism consumes time to convert the
external lipid into SCO and store it intracellularly. With the
shift of the M value towards the right side, it proves the pres-
ence of more lipids [34]. The highest values have been ob-
served between 72 and 96 h. On inferring theM2 values of the
cells at different time intervals, as represented in Fig. S2 (e),
the highest MFI was observed at 96 h (768.7). After 96 h,
there has been a decrease in the lipid content, which is corre-
lated with the time optimization study. The results implied that
the optimal time for the highest lipid accumulation was found
to be 96 h.

3.6 FT-IR analysis

The functional groups of extracted SCO (lipid) were identi-
fied using FT-IR, and the obtained spectra were compared
with a standard (cholesterol) to determine the functional
groups involved (Fig. 4). The FT-IR spectral analysis from
extracted SCO showed the transmittance spectra comparable
with standard cholesterol (Fig. 4). The peak at 3428 cm−1 in
the FT-IR spectra of SCO from Y. lipolytica MTCC 9520
indicated the presence of amine and hydroxyl groups.
Infrared peaks at 2934.937 and 2869.227 cm−1 in the FT-IR
spectra of cholesterol and extracted lipid, respectively, re-
vealed the presence of aliphatic C–H stretching vibration,
indicating a large amount of methyl and methylene groups
[34]. The bands obtained in the region of 2830 and 2695
cm−1, respectively, denoted the asymmetrical and symmetri-
cal C–H stretching [45]. The carbonyl group (C=O) stretching
vibration present in extracted lipids with a peak value of
1626.559 cm−1 was found similar to the FT-IR spectrum in
the study conducted by Booramurthy et al. [33]. Hence, the
observed peaks confirmed the lipidic nature of the extracted
SCO and justified its potential to be considered a suitable
feedstock for its further conversion to biodiesel.

3.7 Analysis of the fatty acid composition of extracted
SCO

The potential of Y. lipolytica MTCC 9520 lipid (SCO) to be
transformed into biodiesel was explored by GC-MS analysis
of the acid transesterified SCO. The fatty acid profile was
obtained through GC-MS analysis (Fig. S3). The various fatty
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acids were identified from their retention time, and their abun-
dance was observed from the peak percentage areas. From the
analysis, it was deciphered that palmitic acid (C16:0),
palmitoleic acid (C16:1), stearic acid (C18:0), myristic acid
(C14:0), and oleic acid (C18:1) were the major FAMEs with
peak percentage areas of 42.9%, 0.4%, 21.5%, 18.3%, and
7.0%, respectively. Besides, the biodiesel derived from direct
conversion of goat tallow exhibited three primary fatty acids,
including stearic acid (C18:0), myristic acid (C14:0), and oleic

acid (C18:1). Comparing the goat tallow and synthesized
SCO’s fatty acid composition, the goat tallow had exhibited
a higher percentage of stearic acid and lower content of
myristic acid and palmitic acid. Further, the FAME profile
of the SCO was corroborated with the FAME composition
of biodiesel produced from various lipid sources, as shown
in Table 2, where palmitic, palmitoleic, oleic, and stearic acids
were observed to be the major fatty acids in the transesterified
lipid. Studies have shown that the utilization of various wastes

Fig. 3 Fluorescence microscopy analysis of lipid bodies for a 25 C/N ratio, b 50 C/N ratio, c 75 C/N ratio, d 100 C/N ratio, e 125 C/N ratio, f 150 C/N
ratio
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such as industrial effluents, animal fats, wastewater, and crude
glycerol as feedstock for lipid production, which reported a
similar fatty acid composition of yeast lipids produced from
Pichia kudriavzevii [5], Yarrowia lipolytica [15, 34],
Cryptococcus psychrotolerans [45], Trichosporon cutaneum
[46], and Meyerozyma caribbica [47]. Additionally, the
SCO’s fatty acid composition was compared with several oth-
er plant oil-derived biodiesel, including palm oil, rapeseed oil,
and soybean oil [48–50]. Apart from goat tallow, other animal

fats like bovine tallow and chicken tallow have been explored
as a lipid source for their direct conversion into biodiesel [50,
51].

The fatty acid profile of the fuel has a significant repercus-
sion on biodiesel’s physical and chemical properties. A high
degree of unsaturation is known to reduce viscosity and resist
frost [52]. However, biodiesels with larger quantities of satu-
rated fatty acids (SFA) bring out the advantage of higher ther-
mal efficiency and emission of fewer oxides of nitrogen,

Table 2 Fatty acid composition of lipid obtained from various sources

Lipid source Microorganism Substrate Fatty acid composition (%) References

Palmitic
(C16:0)

Palmitoleic
(C16:1)

Stearic
(C18:0)

Oleic
(C18:1)

Linoleic
(C18:2)

Others

Pichia kudriavzevii
NCIM 3653

Paper mill sludge 27.7 5.2 12.1 25.1 - 29.9 [5]

Single-cell oils
(SCOs)

Yarrowia lipolytica
TISTR 5151

Palm oil mill effluent 34.9 - 5.7 39.8 6.1 13.5 [15]

Yarrowia lipolytica
MTCC 9520

Chicken tallow 29.8 3.8 11.4 49.1 3.8 2.1 [34]

Cryptococcus
psychrotolerans
IITRFD

Groundnut shell
hydrolysate

29.4 - - 37.8 32.8 - [45]

Trichosporon cutaneum
ACCC 20271

Ethanol fermentation
wastewater

14.2 0.5 10.1 67.8 0.4 7.0 [46]

Meyerozyma caribbica
MH267795

Crude glycerol 26.9 0.7 6.9 47.1 6.2 12.2 [47]

Yarrowia lipolytica
MTCC 9520

Goat tallow 42.9 0.4 21.5 7.0 - 28.2 This study

Plant oils - Palm oil 36.7 0.1 6.6 46.1 8.6 1.9 [48]

- Rapeseed oil 3.9 - 2.1 65.1 17.1 11.8 [49]

- Soybean oil 10.9 - 3.1 26.7 51.8 7.5 [50]

Animal fats - Bovine tallow 25.0 3.8 22.8 34.5 - 13.9 [50]

- Chicken tallow 24.7 7.0 6.2 45.2 - 16.9 [51]

- Goat tallow 40.7 - 24.9 5.5 - 28.9 This study

Fig. 4 Comparison of FT-IR
spectrums of SCO from Yarrowia
lipolytica MTCC 9520 and stan-
dard cholesterol
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which further makes them eco-friendly [53]. The properties of
trans-esterified goat tallow and SCO have been compared
with the international standard specifications stated by
ASTM D6751 and EN 14214 (Table 3). The extracted
SCO’s fatty acid composition was found to be majorly mono-
unsaturated and saturated (high SFA), which ensures excellent
flow properties and oxidative stability (OS) of the biodiesel.
SCO-derived biodiesel achieved a density and kinematic vis-
cosity of 0.86 g/cm3 and 3.7 mm2/s, respectively, which was
observed to be within the range of EN standards. In contrast,
the biodiesel from goat tallow manifested lower density and
kinematic viscosity of 0.70 g/cm3 and 3.1mm2/s, respectively.
Cetane number (CN) is related to the ignition and combustion
quality of the fuel, where high CN (above 50) guarantees good
cold start properties. The IV reflects the stability of biodiesel
to oxidation (i.e., OS), which depends on both the number and
position of the double bonds in the FAMEs [54]. Hence, both
goat tallow and SCOwere found to have a moderate degree of
unsaturation since the estimated CN, IV, and OS satisfied the
limits imposed by EN 14214 standards. Concerning the
CFPP, transesterified goat tallow depicted a considerable dif-
ference compared with trans-esterified SCO; thus, SCO-
derived biodiesel is more suitable than biodiesel derived from
goat tallow. Although SCO would not be advisable for cold
climates due to its high CFPP value, whichmight be due to the
high percentage of long-chain saturated fatty acids, such as
palmitic acid (C16:0), stearic acid (C18:0), and other saturated
fatty acids [36], EN 14214 does not specify limits for cold
filter plugging point, but each country can establish limits

according to time of year and local climate [48]. Moreover,
other properties of SCO, including cloud point, pour point,
long-chain saturated factor, higher heating value, and saponi-
fication index value, were comparable between transesterified
goat tallow and SCO. Thus, it was inferred that the SCO-based
biodiesels from oleaginous yeast, Y. lipolytica, could be used
as fuel blends [55].

4 Conclusion

In this study, the utilization of slaughterhouse lipid waste, goat
tallow, as the substrate for single cell oil (SCO) production
from Yarrowia lipolytica MTCC 9520, was explored. The
SCO extracted from this oleaginous strain could be considered
as a promising feedstock for biodiesel production. The opti-
mum time, pH, substrate concentration, inoculum size, and C/
N ratio were observed to be 96 h, pH 7.0, 1.5% (v/v), 5% (v/v),
and 100, respectively. These optimized process conditions
resulted in the maximum biomass and lipid yield, as 2.6 g/L
and 3.8 g/L, respectively, with the lipid content of 69.3%
(g/g). Palmitic acid, stearic acid, and oleic acid were found
to be the major fatty acids of the trans-esterified SCO, and the
predicted properties based on the FAME composition com-
plied with the international standard specifications. The pres-
ent study paves the way for scale-up studies with improved
controlled conditions to establish a sustainable biodiesel pro-
duction process. Further research in this area can aid to benefit
the utilization of microbial-derived SCO as an alternative

Table 3 Biodiesel properties of
trans-esterified goat tallow and
trans-esterified SCO derived from
Yarrowia lipolytica MTCC 9520

Parameters ASTM
D6751

EN 14214 Trans-esterified goat
tallow

Trans-esterified
SCO

MUFA (%) — — 5.5 7.4

PUFA (%) — — 0.0 0.0

DU — — 5.5 7.4

CN ≥ 47 ≥ 51 64.4 64.2

IV (g I2 100 g−1 fat) — ≤ 120 28.7 29.9

OS (h) ≥ 3 ≥ 6 7.5 7.4

LCSF — — 16.4 15.0

CFPP (°C) — — 35.0 30.6

Density (g/cm3) — 0.86 to
0.9

0.70 0.86

Kinematic viscosity
(mm2/s)

1.9 to 6.0 3.5 to 5.0 3.1 3.7

SV (mg KOH g−1) ≤ 370 — 177.5 220.8

SFA (%) — — 77.6 92.3

HHV — — 32.7 38.9

PP (°C) — — 11.0 12.2

CP (°C) — — 16.4 17.6

MUFA monounsaturated fatty acids, PUFA polyunsaturated fatty acids, DU degree of unsaturation, CN cetane
number, IV iodine value, OS oxidative stability, LCSF long-chain saturated factor, CFPP cold filter plugging
point, SV saponification value, SFA saturated fatty acids,HHV high heating value, PP pour point, CP cloud point
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feedstock for the production of biodiesel and in eliminating
the need for petroleum-based fuels to a great extent.
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