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A B S T R A C T

Some Rhodotorula spp. have been characterized as oleaginous yeasts. Under certain culture conditions they can
accumulate neutral lipids, which are mainly triglycerides (TAG). Microbial TAG that can be used as raw material
for biodiesel synthesis are attractive for the biofuel industry. In this study, the ability to synthesize lipids of
Rhodotorula glutinis R4, isolated in Antarctica, was compared with eight strains belonging to the genera
Rhodotorula and Yarrowia with the aim of proposing a novel source of oils for biodiesel synthesis. All strains were
cultured under nitrogen (N) limiting conditions and an excess of carbon (C) in the culture medium. We found
that yeasts accumulated between 9–48.9 % (w/w) of lipids. Among them, R. glutinis R4 showed the highest
growth (14 g L−1, μmax 0,092 h−1) and lipid production (7 g L−1; 47 % w/w). Microbial oils produced by R.
glutinis R4 are similar to vegetable oils, with 61 % of oleic acid, indicating that it is adequate for biodiesel
synthesis. Our results demonstrate that biodiesel derived from R. glutinis R4 complies with international fuel
standards ASTM D6751 and EN 14214. Therefore, this work demonstrates that Rhodotorula glutinis R4 is a novel
and valuable source of microbial oils for biodiesel synthesis.

1. Introduction

Because of the constant search for alternative energy sources to
decrease dependence on petroleum-based fuel, biofuel production has
emerged as a key player. Thereby, significant research is being per-
formed on the production of biofuels from renewable sources, parti-
cularly in biodiesel production (Li et al., 2007). Currently, soy, palm,
jatropha, rapeseed and sunflower seeds, among others, are the main
source of oils used for biodiesel synthesis. This type of raw material has
numerous disadvantages, the most important being high production
costs, negative environmental impact, and direct competition with the
production and availability of animal and human food. Additionally,
vegetable oil production for biodiesel promotes deforestation and en-
courages monocultures. Moreover, large planting areas are required
and yields are affected by weather conditions, among other limitations.
Due to the above-mentioned reasons, social movements have

campaigned against the use of this type of biofuels because of its ne-
gative effects on wild ecosystems (Elshout et al., 2019).
Nowadays there is great interest in finding new sources of lipids that

can be used for biodiesel production (Beopoulos and Nicaud, 2012). A
viable solution is the use of microbial oils. These oils are effectively
synthesized by many microorganisms such as bacteria, yeasts, fila-
mentous fungi and unicellular algae (Meng et al., 2009). Numerous
studies conducted in this area have shown that, under certain condi-
tions, some organisms have the ability to produce and accumulate li-
pids. When this ability to accumulate lipids is ≥20 % (w/w) with re-
spect to their biomass, they are considered oleaginous microorganisms
(Donot et al., 2014). In particular, these lipids accumulate in the cy-
toplasm, specifically within the lipid bodies (LB) (Park et al., 2017).
Additionally, the production of these lipids starts at the end of the ex-
ponential growth phase and is more intense during the stationary
phase.
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Presently, oleaginous yeasts are being evaluated as oil factories due
to the advantages they present compared to vegetable oils. They have a
short life cycle and are less affected by seasons and climate, they re-
quire less labor and microbial oil production is easier to scale up. In
addition, no extensive cultivation areas are required and microbial oil
production is independent of geographic location (Liang and Jiang,
2013). In general, oleaginous yeasts belong to the genera Lipomyces,
Cryptococcus, Trichosporon and Yarrowia as well as Rhodotorula (Rho-
dosporidium). The genus Rhodotorula, which includes red pigmented
yeasts, belongs to the Basidiomycota division. It was found and isolated
from different sources such as air, seawater, fruits and soil (Kurtzman
et al., 2011). Today, this genus is being intensively studied since it has
the natural ability to produce many different compounds of industrial
interest besides lipids. Moreover, the above yeasts also synthesize car-
otenoids, enzymes and terpenes (Park et al., 2017). Up to now, several
Rhodotorula spp. have been recognized as oleaginous yeasts, as they can
accumulate between 40–70 % (w/w) of intracellular neutral lipids
under nitrogen limitation and simultaneous excess of carbon source
(Viñarta et al., 2016). However, it has been reported that nitrogen
limitation is not the only condition that induces lipogenesis. Sulphate
and phosphate limitation in the culture medium are also influencing
factors that may affect lipid biosynthesis. All the above conditions may
affect cell proliferation rate and could result in low biomass yield. In
brief, there are numerous factors that affect lipid content and fatty acid
composition, e.g. environmental factors, including aeration, pH, tem-
perature, inoculum size, incubation period, medium composition and
culture conditions. However, the most important factor is the micro-
organism used for lipid production (Subramaniam et al., 2010).
Due to the wide variety of factors that affect the production of li-

pids, different strategies for productivity optimization have been stu-
died. In this regard, it has been demonstrated that the lipids synthetized
by Rhodotorula spp. can be used as feedstock for biodiesel production,
and that they can also be employed as a source of nutritionally valuable
fatty acids (FA) (Sitepu et al., 2014).
During the last decade, interest has been focused on selecting new

strains as promising lipid producers as well as developing new strate-
gies to increase lipid production. These strategies include oxygenation
conditions, temperature, pH and the optimization of the entire process
itself. Progress has also been made in the development of molecular
biology tools, which will increase the understanding of the metabolic
pathways taking place in the control of lipid synthesis, accumulation
and degradation. All this knowledge will provide the necessary tools to
optimize the industrial process of lipid production by microorganisms
(Lyman et al., 2019).
In addition, Rhodotorula species have proved to have a biotechno-

logical advantage over other oleaginous yeasts because of their ability
to grow on inexpensive substrates. They are capable of metabolizing
many compounds used as carbon sources such as sugar (mono-, di-, or
poly-saccharides), organic acids, glycerol, raw materials, industrial by-
products and wastewaters (Park et al., 2017), which reduces total
production costs. Microbial lipids, also known as single cell oils (SCO),
are considered an important alternative source of lipids for several
biotechnological applications, including biofuel and pharmaceutical
industries. Among Rhodotorula spp., R. glutinis has been identified as an
excellent lipid and carotenoid producer. Therefore in this work we
decided to compare the ability for lipid biosynthesis of the cold-adapted
oleaginous yeast Rhodotorula glutinis R4, isolated in Antarctica by our
laboratory, with eight other yeast strains, including Rhodotorula spp.
and Yarrowia spp. Our results suggest that Rhodotorula glutinis R4 could
be a novel and valuable source of microbial oils for biodiesel synthesis.

2. Materials and methods

2.1. Yeasts strains

Nine yeast strains, belonging to the genus Rhodotorula (R. toruloides

Y-1091, Y-6987, Y-6985, Y-1588 and Y-17092; R. mucilaginosa RCL11,
R. glutinis Y-34 and R4) and Yarrowia (Y. lipolytica, Y-323), were ana-
lyzed and compared in this work. Some strains (R. toruloides Y-1091, R.
toruloides Y-1588, R. toruloides Y-6987 and R. glutinis R4) had been
previously characterized as oleaginous yeasts (Osorio-González et al.,
2019; Turcotte and Kosaric, 1989; Viñarta et al., 2016; Zhu et al., 2012)
while the other five yeast-strains had not been previously reported and/
or investigated as oleaginous yeasts.

R. glutinis R4 was isolated from soil samples collected in Antarctica,
at Caleta Potter, 25 de Mayo Island (62°14′18″S, 58°40′00″W) (Rovati
et al., 2013). This strain was previously characterized as a psychroto-
lerant oleaginous yeast (Viñarta et al., 2016), while R. mucilaginosa
RCL11 was isolated from wastewater sediment samples collected from a
copper filter mining plant located in the province of Tucumán, Argen-
tina (Villegas et al., 2005). The R4 and RCL11 strains were obtained
from the Microbiological Resources Center Culture Collection
(MIRCEN) of the PROIMI-CONICET research institute, San Miguel de
Tucumán, Argentina.
The other seven strains (Y-1091, Y-6987, Y-6985, Y-1588, Y-17092,

Y- 323 and Y-34) used in this work were a generous gift from the ARS
Culture Collection.

2.2. Media and culture conditions

Stock cultures were kept on solid YM-agar (in g L−1: yeast extract 3,
malt extract 3, peptone 5, dextrose 10, agar 20) plates at 25 °C for 48 h
and then maintained at 4 °C and sub-cultured twice a month.
Yeasts were aerobically cultured in the N-limited glucose-based

medium GMY (g L−1: KH2PO4 8; MgSO4.7H2O 0.5; yeast extract 3).
Glucose was used as carbon (C) source, which was added to the culture
at a final concentration of 40 g L−1 (C/N=40), while the yeast extract
(N total 11 %) was used as the only N source. Yeast-inocula were pre-
pared by introducing a loop of one colony from the GMY agar into
50mL of GMY medium. The pH of medium was adjusted to 5.5 before
inoculation. After 24 h of incubation at 25 °C and 250 rpm, the cultures
of each yeast were used to inoculate 200mL of GMY medium, reaching
an initial OD (λ=600 nm) of approximately 0.1 (corresponding to a
starting cell number of 1×106 cells/mL). These cultures were in-
cubated in Erlenmeyer flasks (500mL), fitted with cotton, agitated at
250 rpm, and incubated aerobically at 25 °C. Samples were taken for
analytical determinations (biomass and lipid analysis) after 120 and
144 h of culture. Yeast growth over time was evaluated by OD
(λ=600 nm), with samples of the same volume of culture being taken
at different times. Samples were collected every hour during the first
12 h, after which they were collected every 12 or 24 h.
With the exception of glucose, all media were sterilized in an au-

toclave at a temperature of 121 °C and 1 atm for 20min. The glucose
was filtered under sterilization conditions and then added to the pre-
viously sterilized medium.
For all analytical determinations, samples were taken under sterile

conditions at different culture times as described below. All experi-
ments were carried out in triplicate.

2.3. Residual glucose and nitrogen assimilation analysis

Residual glucose and nitrogen were analyzed in the supernatant of
samples throughout. The samples were taken at the beginning and at
different time points throughout the 144 h of culture time. Following
sterile sampling and centrifugation, the supernatant was collected for
glucose and nitrogen content measurements and stored at −20 °C. The
amount of sugar and nitrogen consumed was calculated by subtracting
the residual amount present in the supernatant from the total amount
determined in the initial culture.
Residual glucose was determined by analytical HPLC, which was

carried out in a Surveyor Plus Chromatograph (Thermo Fisher
Scientific, Waltham, MA) equipped with a refraction index detector, an
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autosampler and a UV–vis detector. Before injection, samples were
centrifuged at maximum speed for 10min, diluted 10-fold only if ne-
cessary, and filtered through 0.22 μm pore size nylon filters (Micron
Analytica, Spain). A total volume of 25 μL was injected into a HyperREZ
XP Carbohydrate H+8mm column (Thermo Fisher Scientific) as-
sembled to its correspondent guard. The mobile phase was 1.5mM
H2SO4 with a flux of 0.6 mL min1 and a column temperature of 50 °C.
The concentration of each compound was calculated using external
standards. Each sample was injected in duplicate.
Determination of nitrogen assimilation was evaluated in the su-

pernatant fluid of culture samples according to published protocols by
Gómez-Alonso et al. (2007), and some modifications previously de-
scribed by Su et al. (Su et al., 2019). Results were expressed in mg N
L−1. Derivatization was carried out in a volume of supernatant followed
by UPLC (Dionex Ultimate 3000, Thermo Fisher Scientific, Waltham,
MA) equipped with a Kinetex2.6 μm C18 100A column (Phenomenex,
Torrance, CA, USA) and Accucore C18 (10×4.6mm; 2.6 μm) defender
guards (Thermo Fisher Scientific, Waltham, MA). Before injecting,
samples were filtered by 0.22 μm pore size nylon filters (Micron Ana-
lytica, Spain). This technique allowed quantifying the concentration of
free amino acids and ammonia present in the supernatant of samples,
supplied by yeast extract which is the only source of nitrogen in the
GMY media.
The compounds were identified according to the retention times and

UV–vis spectral characteristics of standards and were quantified using
the internal standard method (Gómez-Alonso et al., 2007).

2.4. Biomass yield determination by dry cell weight

Biomass dry weight (g DW/L) was determined gravimetrically
(Viñarta et al., 2016). Biomass was removed by centrifuging culture
broth, washed twice with the same volume of distilled water and then
dried at 105 °C to constant weight.

2.5. Lipids analysis

Lipid extraction of yeasts was carried out from lyophilized and
pulverized biomass (Viñarta et al., 2016) with solvents (chloroform:
methanol, 2:1; v:v) and constant stirring at room temperature according
to standard methodology (Bligh and Dyer, 1959. After that, the samples
were centrifuged at 14000 ×g for 10min at 4 °C, and the organic phase
of the supernatant containing lipids was recovered and completely
evaporated. Lipids were gravimetrically determined overnight at 105 °C
until constant weight. Samples were collected after 120 and 144 h of
culture.

2.6. Calculation of the specific yield coefficient and volumetric productivity

The weights of lipids, dry biomass and glucose consumed were used to
determine lipid/glucose (YL/S), biomass/glucose (YX/S), and lipid/biomass
yield (YL/X) coefficients, expressed as g g−1. Productivity of biomass (QX)
and lipids (QL) was calculated by dividing their concentrations over time
of the corresponding culture, expressed as g L-1 h−1.

2.7. Fluorescence microscopy

The lipid bodies were observed by fluorescence microscopy in an
Olympus BX53 microscope equipped with a DP71 camera. Yeasts cells
were stained with Nile Red (9-diethylamino-5H-benzo[α]phenoxazine-
5-one) according to the protocol described by Kimura et al. (2004)
(Kimura et al., 2004). S. cerevisiae ATCC32051 was used as a negative
control and Rhodotorula toruloides Y-1091 and Y-6987 were included as
positive controls (Turcotte and Kosaric, 1989; Zhu et al., 2012).

2.8. Determination of TAG by thin layer chromatography (TLC)

Lipids were analyzed by thin layer chromatography (TLC) according
to Álvarez et al. (Alvarez et al., 2008). The extracts were concentrated
at 50 % of their original volume, subjected to TLC using plates silica gel
60 F254 Aluminum sheets 20× 20 cm (Merck Millipore), and devel-
oped in hexane: diethyl ether: acetic acid (90:10:1, by vol.) as system
solvent for TAG analysis. Olive and soybean oils were included as
control of vegetable TAG. TLC plates were stained with iodine vapor
(Alvarez et al., 2008) and then TLC plates were photographed.

2.9. Fatty acids composition

The oils were analyzed by GC-FID in order to determine the relative
composition of the fatty acids (FA). After lipid extraction, oil samples
were subjected to methanolysis as reported by Amaretti et al. (2010)
and fatty acyl methyl esters (FAME) were analyzed by GC using an
Agilent Technologies (Model 6890) equipped with a flame ionization
detector (FID) and automatic injector, and an HP-5 capillary column
(30mx 0.32mm id, 0.25 μm). Carrier gas was N2 with a flow rate of
15.0 mL min−1. The injection temperature was 270 °C; initial tem-
perature was 40 °C, increasing to 190 °C at a rate of 23 °Cmin-1 and
holding for 4min, then increasing to 290 °C at a rate of 8 °Cmin−1 and
holding for 5min. Detector temperature was 300 °C. Fatty acids were
identified by comparing retention times with those of methylated
standards (99 % pure; Sigma– Aldrich), and results were expressed as a
percentage of the total fatty acids identified (Amaretti et al., 2010). The
determinations were performed for three independent replicates of the
samples.

2.10. Biodiesel quality estimation using FAME data

The quality of the biodiesel produced by R. glutinis R4 was estimated
using the FAME profile. Some important physical properties such as
cetane number (CN), saponification value (SV), iodine value (IV), de-
gree of unsaturation (DU), long-chain saturation factor (LCSF), cold
filter plugging point (CFPP), oxidative stability (OS), high heating value
(HHV), kinematic viscosity (ν) and density (ρ) were calculated by pre-
viously reported empirical equations using the fatty acids composition
(Patel et al., 2016).

= ×SV FC
M

560 %

= × ×IV DB FC
M

254 %

= + ×CN
SV

IV46.3 5458 (0.255 )

= + ×DU MUFA PUFA(%) (2 )

= × + ×LCSF C C(0.1 16) (0.5 18)

= ×CFFP LCSF(3.417 ) 16.477

=
+

+OS
wt C wt C

117.9295
( % 18: 2 % 18: 3)

2.5905

= × ×HHV SV SV49.43 – (0.41 )– (0.015 )

= + × ×v e ln M DB12
503 2.496 ( ) 0.178

= + + ×
M

DB0.8463 4.9 0.0018

where M is the molecular mass of each fatty acid component, DB equals
to the number of double bonds, FC is the % of each fatty acid compo-
nent, MUFA is the weight % of monounsaturated fatty acids and PUFA
corresponds to the weight % of polyunsaturated fatty acid.
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2.11. Statistical data processing

All the experiments were carried out at least in triplicate.
Physiological data and correlation tests were analyzed with the Sigma
Plot 12.5 software and results are expressed as mean and standard
deviation. In order to evaluate statistical significance, tailed t-Student’s
test was applied with a p-value of ≤0.05. Means were compared and
analyzed using one-way analysis of variance (ANOVA) with
Tukey–Kramer multiple comparisons tests carried out at the α=0.05
level of significance.

3. Results and discussion

3.1. Lipid production by yeasts

A comparative study of lipid accumulation was performed for nine
yeast strains. One of the objectives of this work was to compare the

intracellular lipid production by R. glutinis R4 (a strain isolated from
Antarctica, Argentina) against yeasts available in collections.
Rhodotorula spp. and Yarrowia spp. were evaluated and considered in
this work since in both genera several species are widely recognized as
oleaginous yeasts. R. glutinis R4 was previously characterized as an
oleaginous yeast by Viñarta et al. (Viñarta et al., 2016). Likewise, Y-
1091, Y-1588 and Y-6987 strains were previously reported as oleagi-
nous yeasts and used as reference strains and positive controls in this
work (Osorio-González et al., 2019; Turcotte and Kosaric, 1989; Zhu
et al., 2012).
All yeasts were grown in liquid GMY medium in flasks and in-

cubated at 25 °C under aerobic conditions; meanwhile, they were
characterized using the classic growth curves for 144 h. Yeasts showed
typical growth phases, logarithmic and stationary phase (Fig. 1). Lipids
production was evaluated after 120 and 144 h of culture for each strain.
Results showed that there were no statistically significant differences in
lipid production after 120 and 144 h of culture of yeasts (Fig. 1). This

Fig. 1. Growth (△; log OD 600 nm), residual glucose (○; g L−1), YAN (Yeast Assimilable Nitrogen;□; mg N L−1), lipids production (g L−1; bars) after 120 and 144 h
of culture in GMY medium with glucose as carbon source. A- Rhodotorula toruloides Y-1091. B- Rhodotorula toruloides Y-6987. C- Rhodotorula glutinis R4. D-
Rhodotorula toruloides Y-6985. E- Rhodotorula toruloides Y-1588. F- Rhodotorula glutinis Y-34. Data are mean ± standard deviation (error bars) of three independent
experiment. The asterisk (*) indicate that the difference in lipid production between 120 and 144 h are statistically significant (p≤0.05).
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analysis allowed us to determine that 120 h would be the maximum
incubation time to evaluate lipids production. However, RCL11, Y-323
(data no shown) and Y-34 (Fig. 1) exhibited a significantly higher lipid
production at 144 h compared to 120 h of culture, but their lipid pro-
duction was lower than 20 % (w/w).
Growth parameters and lipid synthesis after 120 h of culture are

shown in Table 1. Yeasts accumulated between 9–48.9 % (w/w) of li-
pids of their dry biomass. The highest percentage of lipids was observed
for Y-1091, Y-6987, R4 and Y-6985 strains, and the lowest for Y-34.
This work demonstrates for the first time that Y-6985 is an oleaginous
yeast because it has the ability to accumulate up to 43.8 % (w/w) of
intracellular lipids, similar to the strains with the highest yield (Y-1091,
Y-6987 and R4) under the assayed conditions (Table 1).
On other hand, RCL-11, Y-323, Y-17092 and Y-34 proved to be non-

oleaginous since total lipid accumulation was less than 20 % w/w of
their dry biomass. These non-oleaginous yeasts could be used as ne-
gative controls in future evaluations of lipid production. Normally, S.
cerevisiae is used as a negative control, but it would be more appropriate
to use yeast controls belonging to the same genera.
Among Rhodotorula spp., R4, Y-1091, Y-6985, and Y-6987 strains

reached the highest lipids accumulation, with an optimal growth, high
lipid production and less residual glucose, which was reflected in yield
coefficients and volumetric productivity (Table 1). Results demon-
strated that R. glutinis R4 presents similar lipids accumulation (47 %, w/
w) to Y-1091 (48.9 %) and Y-6987 (47 %), which are used as positive
control of oleaginous yeasts (Table 1). In this sense, R. glutinis R4
showed a remarkable ability for lipid production (∼7 g L−1; 47 %) in
GMY after 120 h of culture. In addition, growth parameters such as μmax
and generation time of R4 were among the highest observed presenting
a behavior similar to Y-1091, and higher than Y-6987 and Y-6985
(Table 2).
The highest values of biomass (14−16 g L−1), lipid production

(6.8–7.3 g L−1) and accumulation (43.9–48.9 %, w/w), yield coeffi-
cients (YL/S: 0.18–0.22 g g−1, YL/X: 0.45–0.50 g g−1, YX/S: 0.40–0.47 g
g−1) and volumetric productivity (QL: 0.057–0.061 g L-1 h−1; QX:
0.119–0.134 g L-1 h−1) were reached by Y-1091, Y-6987, R4 and Y-
6985 (Table 1). On the other hand, R. toruloides Y-1588 had the lowest
lipid production compared to the rest of the oleaginous yeasts.

The results allowed determining that the growth was supported by
an initial YAN (Yeast Assimilable Nitrogen) of 150.9mg N L−1 and 40 g
L−1 of glucose, creating a medium rich in glucose but poor in nitrogen.
Several papers reported that oleaginous yeasts can accumulate neutral
intracellular lipids when there is an excess of carbon and limitation of
other nutrients, especially nitrogen (Donot et al., 2014). Our results
showed that after 24 h the nitrogen was almost completely depleted
(92–94 %) while glucose was consumed less than 20 % (Fig. 1). This
limitation stimulates a cell growth decrease at some point in the ex-
ponential phase and then the yeast enters the stationary phase
(Ratledge, 1991).
Despite the limitation of nitrogen, as shown in Fig. 1, the yeasts

presented an increase in the OD and biomass values (Supplementary 1).
When this unbalanced metabolism occurs, the oleaginous species can
continue consuming the source of glucose (Fig. 1), which is converted
into neutral lipids and stored as energy reserves. This can lead to an
increase in cell size by the accumulation of lipids inside and to a lesser
extent to cell duplication (Donot et al., 2014). Additionally, in oleagi-
nous yeasts the intracellular concentration of NH4+ rapidly increases

Table 1
Biomass and lipid production by Rhodotorula spp. and Yarrowia spp. growth in GMY at 25 °C during 120 h.

Strains Biomass Lipids Lipids Y L/X
(g L−1) (g L−1) (%) (g g−1)

R. toruloides Y-1091 14.900 ± 1.003ab 7.30 ± 0.70a 48.93 ± 1.75a 0.489 ± 0.018a

R. toruloides Y-6987 16.100 ± 0.316a 7.06 ± 0.54a 47.10 ± 3.38ab 0.471 ± 0.034ab

R. glutinis R4 14.325 ± 0.427bc 6.80 ± 1.84a 47.24 ± 11.2a 0.472 ± 0.112a

R. toruloides Y-6985 16.125 ± 0.974a 7.09 ± 1.28a 43.88 ± 7.02ab 0.439 ± 0.070ab

R. toruloides Y-1588 13.325 ± 0.499c 4.61 ± 0.89b 34.54 ± 6.03b 0.345 ± 0.060b

R. mucilaginosa RCL11 13.700 ± 0.440bc 2.68 ± 0.36bc 19.53 ± 2.52c 0.195 ± 0.025c

Y. lipolytica Y-323 8.175 ± 0.525d 1.18 ± 0.34d 14.52 ± 4.31c 0.145 ± 0.043c

R. toruloides Y-17092 9.250 ± 0.289d 0.85 ± 0.09d 9.19 ± 0.98c 0.092 ± 0.010c

R. glutinis Y-34 9.625 ± 0.793d 0.90 ± 0.06d 9.35 ± 0.90c 0.093 ± 0.009c

Strains Y L/S Y X/S Q L Q X

(g g−1) (g g−1) (g L−1 h−1) (g L−1 h−1)

R. toruloides Y-1091 0.203 ± 0.02a 0.404 ± 0.003ab 0.061 ± 0.006a 0.124 ± 0.008ab

R. toruloides Y-6987 0.210 ± 0.02a 0.469 ± 0.009a 0.059 ± 0.005a 0.134 ± 0.003a

R. glutinis R4 0.219 ± 0.06a 0.445 ± 0.017a 0.057 ± 0.015a 0.119 ± 0.004bc

R. toruloides Y-6985 0.183 ± 0.04ab 0.404 ± 0.007ab 0.059 ± 0.011a 0.134 ± 0.008a

R. toruloides Y-1588 0.133 ± 0.03bc 0.360 ± 0.010bc 0.038 ± 0.007b 0.111 ± 0.004c

R. mucilaginosa RCL11 0.095 ± 0.01cd 0.464 ± 0.026a 0.022 ± 0.003bc 0.114 ± 0.004bc

Y. lipolytica Y-323 0.041 ± 0.01de 0.275 ± 0.010d 0.010 ± 0.003c 0.068 ± 0.004d

R. toruloides Y-17092 0.028 ± 0.00e 0.298 ± 0.014cd 0.007 ± 0.001c 0.077 ± 0.002d

R. glutinis Y-34 0.027 ± 0.00e 0.275 ± 0.007cd 0.007 ± 0.001c 0.080 ± 0.007d

Data are the mean ± standard deviation (St. D) of three independent experiments. The final concentration of biomass and lipids, lipid/biomass yield (YL/X), lipid/
glucose yield (YL/S), biomass/glucose yield (YX/S), and the volumetric productivities of lipids (QL) and biomass (QX) are shown. Volumetric lipids efficiency means
lipids produced by 1 L of medium. Values followed by the same letters do not differ significantly, Tukey’s test, α=0.05.

Table 2
Parameters the growth and residual glucose by Rhodotorula spp. and Yarrowia
spp. growth in GMY at 25 °C during 120 h.

Strains μmax GT Res. glucose
(h−1) (h) (g L−1)

R. toruloides Y-1091 0.092 ± 0.001bc 3.3 ± 0.05b 4.53 ± 0.23d

R. toruloides Y-6987 0.070 ± 0.001e 4.3 ± 0.09de 6.37 ± 0.62cd

R. glutinis R4 0.092 ± 0.002bc 3.3 ± 0.05b 6.84 ± 1.19cd

R. toruloides Y-6985 0.044 ± 0.001h 6.8 ± 0.02g 3.89 ± 0.61d

R. toruloides Y-1588 0.063 ± 0.005f 4.8 ± 0.35e 6.31 ± 0.95cd

R. mucilaginosa RCL11 0.115 ± 0.002a 2.6 ± 0.05a 12.73 ± 1.56a

Y. lipolytica Y-323 0.095 ± 0.003b 3.2 ± 0.09b 12.23 ± 0.99a

R. toruloides Y-17092 0.088 ± 0.001c 3.4 ± 0.01bc 10.82 ± 1.40ab

R. glutinis Y-34 0.054 ± 0.004g 5.6 ± 0.46f 7.06 ± 0.84bcd

Data are the mean ± standard deviation (St. D) of three independent experi-
ments. The maximum specific growth rate (μmax), generation time (GT) and
residual glucose. Values followed by the same letters do not differ significantly,
Tukey’s test, α= 0.05.
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upon nitrogen exhaustion, the AMP is broken down into IMP (in-
osine‐mono‐phosphate) and NH4+ by AMP‐desaminase. The NH4+

ions constitute a temporary nitrogen source (Ratledge and Wynn,
2002). On the other hand, it is known S. cerevisiae continues growing
after the nitrogen in the medium is completely consumed. Gutierrez
et al., (Gutiérrez et al., 2016) demonstrated that the nitrogen uptake is
decoupled from cell growth. The nitrogen is quickly assimilated from
the culture medium and it is used to replenish intracellular nitrogen
pools, rather than being channeled directly into cellular division. This
reserve is used by these yeasts to continue their growth after nitrogen
has been depleted (Ratledge and Wynn, 2002).
In all cases, the growth of the yeasts after 120 h evidenced the

presence of residual glucose (4–5 %) in GMY medium (Table 2, Fig. 1).
Moreover, better glucose consumption (83–90 %) was observed for Y-
1091, Y-6985, Y-6987, R4 and Y-1588 compared to the rest of the
evaluated yeasts. Meanwhile, the nitrogen was consumed almost com-
pletely (95–97 %) after 24 h and then remained constant for 120 h for
all the yeasts evaluated (Fig. 1).
When the general growth was studied in more detail in the

oleaginous yeasts as area under the curve (AUC), R4, Y-6987 and Y-
1091 presented similar growth (AUC) in the evaluated conditions
(Fig. 2A). However, significant differences were observed between
them when the maximum specific growth rates (μmax) were compared
(Fig. 2B). The μmax of Y-1091 and R4 were the highest (0.092 h−1)
while Y-6987 showed a lower value (μmax= 0.070 h−1). On the other
hand, although Y-6985 had an AUC value greater than all oleaginous
yeasts (Fig. 2A), R4 presented a specific growth rate (0.092 h−1) greater
than Y-6985 (0.044 h−1) (Fig. 2B). The rapid growth and high biomass
production by R. glutinis R4 would be an advantage over other yeast
during larger scale production of yeast-based biodiesel since it would
allow for shorter batch times and increased lipid accumulation.
This study allowed us to demonstrate that lipids production and

accumulation of R. glutinis R4 isolated from Antarctica exhibited similar
values to R. toruloides Y-1091, R. toruloides Y-6987 and other oleaginous
yeasts reported in the literature (Amaretti et al., 2010; Li et al., 2007;
Viñarta et al., 2016). In addition, lipids parameters, yield coefficients
and volumetric productivity are high and show that R4 is a strain with
high potential for lipid production. Meanwhile, under the same con-
ditions, R. glutinis Y-34, R. mucilaginosa RCL11, R. toruloides Y-17092
and Y. lipolytica Y-323 proved not to be oleaginous yeasts.
In addition, R. glutinis R4 is a psychrotolerant yeast. Among the

advantages of the cold-adapted yeasts for SCO production, it is im-
portant to mention that they are excellent lipids-producers and they
have a fatty acids composition rich in unsaturated fatty acids containing
a high content of monounsaturated fatty acids (MUFA), mainly rich in
oleic acid (C18:1) and may be used as more suitable feedstock for
biodiesel production operating in winter conditions (Rossi et al., 2009;
Taskin et al., 2015).

3.2. Analysis of lipid bodies by Nile Red staining under fluorescence
microscopy

In order to observe the neutral lipids and to confirm the presence of
lipid bodies, yeasts were stained with Nile Red, which is used as an “in
situ” marker of TAG. In this assay, the Nile Red marker shows a high
yellow-gold fluorescence in hydrophobic environments at an excitation
wavelength of 515−560 nm and a> 590 nm emission. Yeasts were
cultured in GMY medium for 120 h at 25 °C, stained with Nile Red and
observed by fluorescent microscopy. S. cerevisiae was used as a negative
control and R. toruloides Y-1091 as positive control (Fig. 3). All olea-
ginous yeasts showed a yellow-gold emission with different intensities.
All Rhodotorula strains showed lipid bodies, but differences were ob-
served in the size, shape, intensity and persistence of the emission of
fluorescence, which demonstrated that all of them accumulate neutral
intracellular lipids. In S. cerevisiae ATCC 32051 these features were not
observed even when it was cultured under the same conditions and
culture time Fig. 3). Similar results were reported by Viñarta et al.
(2016) for a qualitative selection by fluorescence microscopy with Nile
Red staining of oleaginous yeasts isolated from Antarctica (Viñarta
et al., 2016).
Nile Red staining was used by several authors to observe lipid

bodies in oleaginous yeasts (Kimura et al., 2004; Sitepu et al., 2013;
Viñarta et al., 2016). The Nile Red molecule allows a rapid evaluation
of lipids accumulation, but it may non-specifically bind to certain non-
lipid cellular compartments containing a hydrophobic region (Rumin
et al., 2015), so it was necessary to quantify the intracellular lipids
content.

3.3. Determination of TAG by thin layer chromatography (TLC)

Lipids were analyzed by thin layer chromatography (TLC), and olive
oil was used as a reference of vegetable oil. Results demonstrated that

Fig. 2. Growth parameters. A- The mean area under the curve (AUC) of the
different oleaginous yeasts are represented in the graph. The yeasts were grown
in GMY medium for 120 h at 25 °C with stirring. B- Then the growth rate in
media for different cells was evaluated and represented the average of the
maximum specific growth rate, μ max (h−1). Data are the mean ± standard
deviation (error bars) of three independent experiments. Values followed by the
same letter are not statistically different (α≤0.05).
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R4, Y-1091, Y-6987 and Y-6985 have TAG and other components with a
profile similar to vegetable oils under the assayed culture conditions
(Fig. 4). These results suggest that the oleaginous yeast R. glutinis R4
analyzed in this study can be considered as an alternative source of
triglycerides for biotechnological applications.

3.4. Analysis of fatty acids profiles

Determination of the FAME profile of oils is essential, as it compo-
sition affects the biodiesel quality. The abundance of fatty acids (FA) of
microbial TAG synthetized by R. glutinis R4 was assessed. Long-chain
fatty acids (C14-C18) were detected in the FAME profile of the lipids
produced by R. glutinis R4 (Table 3). The FA profile of R4 contains
mainly C16 and C18 FA, including their saturated, monounsaturated,
and poly-unsaturated forms, which represent 96–97 % of the total
(Table 3), in concordance with vegetable oils and single cell oils (SCO)
from oleaginous yeasts. Several authors indicated that oleaginous yeasts
produce microbial oils with a similar composition to plant oils con-
taining predominantly saturated (SFA) or monounsaturated (MUFA)
fatty acids with 16 and 18 carbon chain length (Beopoulos et al., 2009;
Li et al., 2008; Meng et al., 2009; Papanikolaou and Aggelis, 2011).
On the other hand, FA with a chain length of 18 carbons (78–79 %)

were the most abundant (Table 3). Production of C18 FA was previously

described as an adaptive feature of yeasts from cold environments. This
adaptation may be associated with the necessity to elongate FA beyond
C16 to introduce additional double bonds by Δ12 and Δ15 desaturases
(Rossi et al., 2009).
The most abundant FA, in descending order, were oleic (C18:1, n-9),

palmitic (C16:0) and linoleic (C18:2, n-6) acids with percentages ran-
ging from ∼58-62 %, ∼17 % and ∼12-13 % of total FA, respectively
(Table 3). The FA profile observed for R4 containing oleic, linoleic and
palmitic acids as main fatty acids agrees with the composition typically
reported for SCO produced by strains of R. glutinis (Saenge et al.,
2011a,b) and other oleaginous yeasts (Amaretti et al., 2010;
Papanikolaou and Aggelis, 2011; Subramaniam et al., 2010). Ad-
ditionally, it has been reported that this FA abundance can differ be-
tween species (Beopoulos et al., 2009; Li et al., 2008; Meng et al.,
2009). Fatty acids speciation data exhibited by R. glutinis R4 agrees with
previously reported values of C16:0, C18:1 and C18:2, C18:1 being the
main species present in oleaginous yeasts (Amaretti et al., 2010; Deeba
et al., 2018; El-Fadaly et al., 2009; Enshaeieh et al., 2014).
On the other hand, no significant differences were observed in FA

profile of SCO from R4 obtained after 120 and 144 h of culture
(Table 3). Only minimal differences were found in the content of sa-
turated fatty acids (SFA), monounsaturated fatty acids (MUFA) and
polyunsaturated fatty acids (PUFA). In addition, the content of linolenic

Fig. 3. Microscopy of oleaginous yeasts. Micrographs show fluorescent lipid droplets of R. glutinis Y-1091 (positive control); R. glutinis R4 and S. cerevisiae ATCC
32051 (negative control). The image shows the same cells under epifluorescence microscopy, bright field, and the merge of both images; bars represent 10 μm. Yeasts
were cultured in GMY medium for 120 h and then stained by incubation with Nile Red. Magnification used for micrographs was 100× .
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acid (C18:3) did not show significant differences in time and was less
than 12 % as required by international biodiesel standards.
In general, FA composition of SCO by R. glutinis R4 agrees with the

FA profile of Rhodotorula spp. and of vegetable oils (Table 3). Also, the
high content of oleic and palmitic acids observed here for R. glutinis R4
is propitious for biodiesel synthesis (Amaretti et al., 2010; El-Fadaly
et al., 2009; Enshaeieh et al., 2014; Li et al., 2008).
Content of unsaturated fatty acids (UFA) in R. glutinis R4 was pre-

dominant over saturated fatty acids, SFA (20–22%) (Table 3), which is
in agreement with previous reports for oleaginous yeasts species
(Amaretti et al., 2010; Subramaniam et al., 2010). An optimum ratio of
SFA and UFA is necessary for better physical properties of biodiesel
generation with good physical parameters (Knothe, 2006; Ramos et al.,
2009). Contents of PUFA and SFA in FAME of SCO yielded by R. glutinis
R4 are suitable for biodiesel. All these characteristics are very im-
portant because to the FAME composition affects biodiesel quality. FA
from R. glutinis R4 are suitable for biodiesel synthesis and were pro-
duced in appreciable amounts. Taken together, our results demonstrate
that R. glutinis R4 could be a promising feedstock for third-generation
biodiesel.

3.5. Biodiesel properties

To assess the acceptability and quality of biodiesels produced by R.
glutinis R4, the main physicochemical fuel properties were estimated
through empirical formulas using FA profiles. Estimated properties
were compared with ASTM D6751 and EN 14214 standards ASTM,
2019; CEN, 2009) as well as commercially used vegetable oil methyl
esters (palm, rapeseed, olive) and the estimated parameters for bio-
diesel from other oleaginous yeasts. Results indicated that biodiesels
derived from R4 satisfied the limits imposed by international fuel

Fig. 4. TLC analysis of lipids present in oil extracts of yeasts Y-1091 and R4,
and olive oil. Yeasts were grown in GMY medium after 120 h of culture time.
Lipid extracts from yeast strains were resolved using a solvent system to se-
parate TAG from other lipid species (see Materials and methods). TAG present
in olive oils standards were used to identify the Rf value for TAG from yeasts
under the chromatographic conditions used. Lipids production and accumula-
tion are comparable with other oleaginous yeasts reported in the literature
(Amaretti et al., 2010; Viñarta et al., 2016). TAG, Triacylglycerides; DAG
Diacylglycerides, FFA; free fatty acids, and MAG, Monoacylglycerides.
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standards for critical quality parameters (Table 4). In addition, the
physicochemical properties were also comparable with biodiesel from
vegetable oils and oleaginous yeasts as Y. lipolytica, R. toruloides, C.
vishniaccii, R. mucilaginosa and R. glutinis.
Among physicochemical properties, cetane number (CN), iodine

value (IV), oxidation stability (OS), and cold filter plugging property
(CFPP) have been identified as the main parameters of biodiesel
quality. These properties are greatly affected by the unsaturation and
saturation degree, accordingly, the FA composition of the feedstock
strongly influences biodiesel quality. Consequently, both unsaturation
and saturation of FAME must be optimum to enhance biodiesel quality
(Ramos et al., 2009).
Biodiesel of the Antarctic yeast R. glutinis R4 exhibited good fuel

properties and satisfied the limits imposed by international fuel stan-
dards for critical quality parameters (Table 4). In addition, the physi-
cochemical properties of the biodiesels from R. glutinis R4 were also
comparable with biodiesel from the vegetable oils and from oleaginous
yeasts such as Yarrowia lipolytica, Rhodosporidium toruloides and Rho-
dotorula glutinis (Table 4).
High CN ensures efficient engine performance because it guarantees

better combustion and lesser emissions of pollutant (Knothe, 2006). The
CN for biodiesel should be a minimum of 47 ASTM D6751 or 51 EN
14214. Accordingly, CN for biodiesels from R. glutinis R4
(CN=52.63–53.05) met the biodiesel standard defined by ASTM
D6751 and EN 14214 Table 4). CN is greatly influenced by unsaturation
degree (DU) and it has been demonstrated that CN decreases with in-
creasing unsaturation of FA (Knothe, 2006; Ramos et al., 2009). IV is
related to the oxidation stability of the fuel and it is affected by the
unsaturation degree (Knothe, 2006. The limit established for IV by EN
14214 is ≤ 120 g I2/100 g). IV values determined for biodiesels derived
from R4 was adequate (IV=89.92 and 91.01 I2/100 g and did not
exceed the limit established by EN 14214 specifications.
The parameters of biodiesel to satisfy the vehicular quality include

kinematic viscosity (ν), density (ρ) and CN. CN importance was dis-
cussed above. Kinematic viscosity and density viscosity are correlated
with the degree of unsaturation and saturation, respectively (Patel
et al., 2016). Kinematic viscosity is the resistance of liquid to flow and
depends on the thickness of the oil. An appropriate ν in a biodiesel
ensures adequate fuel supply at different operating temperatures
(Ramírez-Verduzco et al., 2012). Kinematic viscosity estimated from
biodiesel from R4 (3.8mm2/s) met the range established by EN14214
(3.5−5mm2/s).
Density affects the net energy content of the fuel (Patel et al., 2016).

Predicted ρ value was also adequate (Table 4). Calculated CN
(52.63–53.05), ν (3.8 mm2/s), and ρ (∼0.87 g/cm3) of R4 satisfied both
European and American standards (Table 4). The CFPP is a parameter
used for the prediction of biodiesel behavior at low temperatures, al-
though, this parameter varies with country and season. European
standard suggests a range between +5 °C and −20 °C. In this work, the
estimated CFPP for R4 ranged between −8.8 °C and−9 °C, matching
the standards and demonstrating the potential for good performance at
low-temperatures of the biodiesels derived by R. glutinis R4 (Table 4).
Patel et al. (2016) estimated a CFPP of −3.21 °C for an R. glutinis strain.
HHV is the heat produced after complete combustion (Patel et al.,
2016). Biodiesel produced from vegetable oil has lower HHV than
diesel derived from petroleum. However, for R. glutinis R4 from Ant-
arctica, predicted HHV (39.3–39.5MJ/Kg) was similar to petrodiesel
(39−41MJ/Kg). According to the results, estimated values of IV
(90−91 g I2/100 g and CN ∼53 were suitable and fit in the limits
imposed by international biodiesel standard specifications EN 14214:
CN=51min; IV: 120 g I2/100 g max; ASTM D6751: CN=49min.
Biodiesels derived from R. glutinis R4 from Antarctica has good esti-
mated CN, IV and OS values, as well as an appropriated unsaturation
degree. Besides, the biodiesel from the Antarctic yeast, R4 strain, stu-
died in this work has less than 12 % of C18:3 content in their FAME
profile as required by EN 14214 standard.
As shown in Table 4, the main quality parameters of biodiesel from

R4 were comparable to the biodiesel produced from rapeseed, palm and
olive oils. Ramos et al. (2009) have indicated that biodiesel of these
vegetable oils have better properties for fuel uses. In Europe, rapeseed
oil is the preferred biodiesel feedstock, whereas in tropical countries
palm oil is more common. In addition, oxidation stability (OS) values
(9−10 h) exhibited by biodiesel from R4 were higher than those esti-
mated for vegetable oil methyl esters (2−4 h). These results indicate
the excellent quality of the biodiesels produced by R. glutinis R4, as well
as the potential of this yeast as a source of oils for biodiesel production.
Parameters were also comparable with estimated values reported for
biodiesels derived by other oleaginous yeasts such as R. glutinis, R.
toruloides and Yarrowia lipolytica (Munch et al., 2015; Patel et al., 2016)
(Dasgupta et al., 2017; Furthermore, OS estimated for R. glutinis R4 (OS
∼ 10 h) was higher than the OS reported by Patel et al. (2016) for other
strain of R. glutinis (OS=7 h) as shown in Table 4. According to our
results, it is possible to speculate that the high CN (53), longer OS (10 h)
and low CFPP (R15: −9 °C) obtained ensures efficient engine perfor-
mance, reduced emissions, better performance at low temperatures,
better stability to oxidation and longer shelf life. In addition, the OS and

Table 4
Estimated biodiesel properties on the basis of the fatty acid profile from R. glutinis R4 in comparison with those produced from common vegetable oils (palm, olive,
rapeseed) and oleaginous yeasts, tested according to ASTM D6751 and EN 14214 international biodiesel standards.

Biodiesel sources

Rhodotorula glutinis R4 Vegetable oils Oleaginous yeasts

Biodiesel properties ASTM D6751 EN 14214 120 h 144 h Palm Olive Rapeseed Y. lipolytica R. toruloides R. glutinis

SV (mg KOH) NS NS 203.29 203.57 ND ND ND 197.50 204.70 197.12
IV (gI2/100 g) NS ≤120 89.92 91.01 57.00 84.00 109.00 76.40 61.40 99.86
CN ≥ 47 ≥51 52.92 52.63 61.00 57.00 55.00 56.70 59.20 48.52
OS (h) NS ≥ 6 10.02 9.11 4.00 3.30 2.00 ND ND 7.04
DU (% wt) NS NS 95.21 95.74 64.20 92.70 121.90 ND ND 109.45
LCSF (wt %) NS NS 2.61 2.45 7.70 4.20 1.30 6.80 10.40 3.88
CFPP (°C) NS +5 to −20 −8.27 −8.77 10.00 −6.00 −10.00 4.90 16.20 −3.21
HHV MJ/Kg NS ∼35 39.49 39.34 NS NS NS ND ND 39.85
ν (mm2 s−1) 1.9-6 3.5-5 3.85 3.78 4.50 4.50 4.40 ND ND 3.96
ρ (g /cm3) NS 0.86-0.90 0.87 0.87 NS NS NS ND ND 0.88
C18:3 (%) NS ≤ 12 4.23 4.86 0.20 0.60 7.90 0.00 2.60 6.30
References This work This work (Ramos et al., 2009) (Munch et al., 2015) (Patel et al., 2016)

NS: Not specified by international biodiesel standard; ND: Not determined. SV: Saponification Value, IV: Iodine Value, CN: Cetane number, OS: Oxidation Stability,
DU: Degree of Unsaturation, LCSF: Long Chain Saturated Factor, CFPP: Cold Filter Plugging Point (°C), HHV: Higher Heating Value, υ: Kinematic Viscosity, ρ:
Density, C18:3, Linolenic acid content.
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CFPP were better than rapeseed, olive and palm methyl esters. Alto-
gether, our results demonstrate that R. glutinis R4 could be considered
as a promising feedstock for biodiesel synthesis.

4. Conclusion

This work comparatively evaluated the ability for lipid production
of nine yeast strains. R. glutinis R4, R. toruloides Y-1091 and R. toruloides
Y-6987 exhibited the best growth and lipid synthesis parameters. In
addition, this work demonstrates for the first time that Y-6985 is an
oleaginous yeast.
Among Rhodotorula spp., R. glutinis R4 showed a remarkable ability

for lipid production with good growth and efficient glucose consump-
tion. In addition, growth parameters, yield coefficients and lipid volu-
metric productivity demonstrated that R. glutinis R4 is a yeast with high
potential as a lipid producer.
Microbial oils produced by R. glutinis R4 are similar to vegetable oils

containing mainly FA with 16 and 18 carbon atoms, including satu-
rated, monounsaturated and poly-unsaturated forms. Oleic (C18:1),
palmitic (C16:0) and linoleic (C18:2) acids were the most abundant FA
in SCO of R. glutinis R4. The high content of C18:1 and C16:0 acids
produced by R. glutinis R4 is propitious for biodiesel synthesis. In ad-
dition, the content of linolenic acid (C18:3) was less than 12 % as re-
quired by international biodiesel standards. Results indicated that
biodiesel from R. glutinis R4 exhibited good fuel properties as shown in
the main quality parameters. In addition, data indicated that biodiesels
derived from R. glutinis R4 satisfied the limits imposed by international
fuel standards ASTM D6751 and EN 14214.
As a final conclusion, FA from R. glutinis R4 are suitable for biodiesel

synthesis and were produced in appreciable amounts. Taken together,
our results prove that R. glutinis R4 could be proposed as a promising
feedstock for third-generation biodiesel.
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