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A B S T R A C T   

Volatile fatty acids (VFAs), which can be generated by acidogenesis of organic wastes, are important building 
blocks for chemicals production, and are intermediates in many bioprocesses such as microbial lipids production. 
Important factors affecting the bioconversion of VFAs (acetate, propionate and butyrate) by Yarrowia lipolytica 
W29 and NCYC 2904 for growth and lipids accumulation were studied. Yarrowia lipolytica grew efficiently in 
VFAs-based media, but lipids production was enhanced by the addition of co-substrates (glucose or glycerol) in 
batch cultures. A two-stage batch culture – growth phase on glucose, followed by VFAs addition, improved lipids 
accumulation. Lipids concentrations of 2.3 g⋅L− 1 and 3.5 g⋅L− 1 were obtained with this mode of operation, with 
addition of 18 g⋅L− 1 VFAs, for Y. lipolytica W29 and NCYC 2904, respectively. For the first time, it was 
demonstrated that oxygen mass transfer is a crucial factor for lipids production by Y. lipolytica from VFAs. 
Intracellular lipids produced by Y. lipolytica strains were mainly composed by oleic and linoleic acids, similar to 
common vegetable oils, making these lipids suitable for biodiesel production. Moreover, margaric acid, which 
may improve biodiesel properties, was only detected in propionate medium. The strategies studied herein will 
contribute to the feasibility of using VFAs as low-cost feedstock for microbial lipids production by Y. lipolytica 
strains.   

1. Introduction 

The growth of worldwide population and consequent human activity 
lead to a continuous increase in residues generation. In 2018, 220 
million tons of municipal wastes (about 492 kg per capita) were 
generated in the European Union (PORTDATA, 2020a) and only 47 % 
was recycled (PORTDATA, 2020b). In some countries, more than 70 % 
of municipal wastes were incinerated or disposed of in landfill with 
negative environmental impacts, including water and soil pollution due 
to the leachate and greenhouse gases emission resulting from decom
position of biodegradable waste (Scherhaufer et al., 2018). Anaerobic 
digestion (AD) is an efficient technology for the treatment of organic 
fraction of municipal wastes with great potential to produce biofuels 
(biogas, biohydrogen) and chemicals, such as volatile fatty acids 
(Gameiro et al., 2016; Strazzera et al., 2018). Volatile fatty acids (VFAs), 
produced in acidogenesis and acetogenesis steps of AD of organic 
wastes, are considered important building blocks for chemical in
dustries, since they are precursors of reduced compounds (alcohols, 

aldehydes and ketones). Moreover, VFAs can be used as substrate for 
several microbiological processes, as carbon and energy sources for the 
production of added-value compounds (Lee et al., 2014; Strazzera et al., 
2018). 

The non-conventional yeast Yarrowia lipolytica has the ability to 
grow and accumulate lipids up to 50 % of its cell dry mass from wastes 
and by-products of agro-industrial sector (Lopes et al., 2018; Papani
kolaou et al., 2007; Tsigie et al., 2012). Some studies on lipids produc
tion by Y. lipolytica have been performed with VFAs as sole carbon 
source, and most of them reported that high VFAs concentrations (above 
5 g⋅L− 1) had an inhibitory effect on yeast growth (Fontanille et al., 2012; 
Gao et al., 2017; Kolouchová et al., 2015; Rodrigues and Pais, 2000). 
Lipids accumulated by Y. lipolytica using VFAs as carbon source have 
similar fatty acid composition to common vegetable oils, making them a 
suitable raw material for biodiesel production. Conventionally, bio
diesel is produced by transesterification of lipids extracted from a va
riety of feedstocks, including plant/vegetable oils, but the high cost and 
limited supply of these raw materials are the major hindrance for 
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commercial production of biodiesel. The cost of these feedstocks cor
responds to 75 % of total cost of biodiesel produced from edible and 
non-edible vegetable oils (Gaeta-Bernardi and Parente, 2016). Further
more, pure vegetable oils are widely employed for food purposes, 
reducing their availability for biodiesel production. Therefore, an 
alternative approach for economical and sustainable biodiesel produc
tion may be based on the use of microbial lipids produced from organic 
waste-derived VFAs by oleaginous microorganisms, favoring the circular 
economy. Thus, this work addresses the factors that influence the 
growth and microbial lipids production from VFAs by Y. lipolytica 
strains, comparing two strains performance (W29 and NCYC 2904). 
Batch cultures in VFAs and with glucose or glycerol as co-substrate were 
performed, as well as two-stage batch cultures (first stage – growth in 
glucose; second stage – lipids production in VFAs) in order to improve 
yeast growth and lipids synthesis. Y. lipolytica is a strictly aerobic yeast 
and the culture oxygenation is an important parameter affecting yeast 
metabolism. Besides cellular growth (Lopes et al., 2009), the production 
of lipase (Lopes et al., 2019), critic acid (Ferreira et al., 2016) and 
γ-decalactone (Braga et al., 2015) by Y. lipolytica W29 were improved by 
the increase of oxygen transfer rate from air to culture medium. The 
intracellular accumulation of lipids from lard (Lopes et al., 2018) and 
waste cooking oils (Lopes et al., 2019) were also affected by dissolved 
oxygen concentration. Thereby, the effect of oxygen availability on 
microbial lipids production from VFAs was assessed, for the first time, in 
a laboratory-scale bioreactor (stirred tank bioreactor). 

2. Material and methods 

2.1. Yeast strains 

Yarrowia lipolytica W29 (ATCC 20460) and Y. lipolytica NCYC 2904 
cells, previously grown in YPD medium (20 g⋅L− 1 peptone, 10 g⋅L− 1 

yeast extract and 20 g⋅L− 1 glucose), were maintained in cryo-stocks 
(800 μL of yeast culture and 200 μL of glycerol 99.5 %) and stored at - 
80 ◦C until used to prepare inoculum cultures. 

2.2. Batch cultures 

Batch cultures were carried out in 500 mL baffled Erlenmeyer flasks 
containing 200 mL of VFA-based medium, composed by 5 g⋅L− 1 VFA 
(acetate, propionate or butyrate), 0.5 g⋅L− 1 yeast extract, 1.7 g⋅L− 1 YNB 
(without amino acids and without ammonium sulfate) and ammonium 
sulfate in variable amounts according to carbon source in order to obtain 
an initial C/N ratio of 75. Initial medium pH was adjusted to 6 and batch 
cultures were carried out at 27 ◦C and 170 rpm in an orbital incubator. 
Each Erlenmeyer flask was inoculated with a pre-culture grown over
night in YPD medium. Yeast cells were harvested by centrifugation and 
resuspended (at an initial cell density of 0.5 g⋅L− 1) in culture medium. 

Additionally, batch cultures with addition of 5 g⋅L− 1 glucose to each 
VFA-based medium were also carried out to study the effect of the co- 
substrate on Y. lipolytica W29 growth and lipids accumulation. Since 
the fermentative broth obtained in acidogenesis of organic wastes is 
composed by various VFAs, the ability of Y. lipolytica to assimilate a 
mixture of VFAs was also evaluated. Thus, batch experiments were 
performed with Y. lipolytica W29 and NCYC 2904 strain growing in a 
VFAs-based medium composed by mixture of VFAs (2 g⋅L− 1 acetate, 
2 g⋅L− 1 propionate and 2 g⋅L− 1 butyrate), 20 g⋅L− 1 co-substrate (glucose 
or glycerol), 0.5 g⋅L− 1 yeast extract, 1.7 g⋅L− 1 YNB and ammonium 
sulfate (the amount varied depending on co-substrate type, to obtain a 
C/N ratio of 75). 

2.3. Two-stage batch cultures 

Two-stage batch cultures were performed in 500 mL baffled Erlen
meyer flasks filled with 200 mL of medium. In two-stage batch cultures, 
the accumulation of intracellular lipids by Y. lipolytica W29 cells from 

VFAs was preceded by a growth phase without VFAs. This first stage 
occurred in glucose-based medium composed by: 20 g⋅L− 1 glucose, 
0.5 g⋅L− 1 yeast extract, 1.7 g⋅L− 1 YNB and 0.503 g⋅L− 1 ammonium sul
fate for biomass production. After 24 h of cell growth, corresponding to 
the final of exponential growth phase, a mixture of acetate, propionate 
and butyrate, with equal concentration of each one, was added to the 
medium (second stage). In this strategy, several total VFAs concentra
tion (6 g⋅L− 1, 18 g⋅L− 1, 24 g⋅L− 1 and 30 g⋅L− 1) were tested. The two- 
stage batch culture using a mixture with 18 g⋅L− 1 of VFAs was also 
performed with Y. lipolytica NCYC 2904. 

2.4. Bioreactor batch experiments 

To evaluate the effect of oxygen volumetric mass transfer coefficient 
(kLa) on cell growth and lipids accumulation by Y. lipolytica W29 and 
Y. lipolytica NCYC 2904, several batch cultures were carried out in a 5-L 
stirred tank bioreactor (BIOSTAT® B Plus, Sartorius) at 27 ◦C, varying 
the specific air flow rate (0.5 vvm – 1.5 vvm) and agitation rate 
(200 rpm – 600 rpm). Yeast cells, pre-grown overnight in YPD medium, 
were centrifuged and resuspended (at an initial cell density of 0.5 g⋅L− 1) 
in 2.5 L of VFA-based medium consisted of: VFAs mixture (2 g⋅L− 1 of 
each VFA), 20 g⋅L− 1 glucose, 0.5 g⋅L− 1 yeast extract, 1.7 g⋅L− 1 YNB and 
0.685 g⋅L− 1 ammonium sulfate. pH of culture medium was maintained 
at 6 by the addition of hydrochloric acid 2 M or sodium hydroxide 2 M. 
Dissolved oxygen concentration was measured with an optical probe 
(InPro 6860i, Mettler Toledo, USA) and the respective meter (Solaris 
Biotechnology SRL, Italy). 

2.5. kLa measurement 

To calculate the experimental kLa at different aeration conditions 
used in yeast cultures, a static gassing-out technique was employed in 
blank assays (culture medium without cells). This method consists of 
following the dissolved oxygen concentration in liquid until saturation 
at specific conditions of air flow and agitation rates, after a preliminary 
gassing-out with nitrogen to remove the oxygen in medium (Ferreira 
et al., 2016). 

2.6. Analytical methods 

At appropriate intervals, culture samples were taken for the mea
surement of pH, and the quantification of cell mass, glucose, glycerol 
and VFAs concentration. At the end of experiments, cellular lipids 
content and long chain fatty acids were determined and monitored by 
microscopic visualization. 

Cell mass concentration was quantified by optical density at 600 nm 
and converted to cell dry weight (g⋅L− 1) by a calibration curve. Glucose, 
glycerol and VFAs (acetate, propionate and butyrate) concentration 
were measured by high-performance liquid chromatography (HPLC) 
using an Aminex HPX-87H column (300 mm x 7.8 mm, 8 μm particle 
size) at 60 ◦C and coupled with refractive index and ultra-violet de
tectors. The mobile phase was sulfuric acid 5 mM at 0.5 mL⋅min− 1 flow 
rate. 

Microbial lipids were extracted from lyophilized cells using a 
mixture of methanol and chloroform and quantified by phospho-vanillin 
colorimetric method (Lopes et al., 2018). Briefly, ten milligrams of 
lyophilized cells were suspended in 2 mL of methanol and chloroform 
(1:1, v/v), vortexed for 3 min and 250 μL of supernatant was collected 
and heated at 100 ◦C until the total evaporation of solvents. Then, 
100 μL of sulfuric acid 98 % was added and the solution was incubated 
for 15 min at 100 ◦C. After cooling to room temperature, 2.4 mL of 
phospho-vanillin reagent (vanillin dissolved in orthophosphoric acid 85 
%) was added and the mixture rested for 15 min. The phospho-vanillin 
solution reacted with lipids producing a pink color, whose intensity was 
quantified by measuring the absorbance at 490 nm. This absorbance was 
converted to lipids concentration (g⋅L− 1) by a calibration curve, using 
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olive oil as standard. 
The fatty acid composition of microbial lipids was analyzed by gas 

chromatography (GC). Prior to GC analysis, fatty acids were extracted 
from lyophilized cells with chloroform and transformed into their 
methyl esters (FAMEs) with a mixture of methanol acidified with sul
furic acid (85:15, v/v), using pentadecanoic acid (C15:0) as internal 
standard (Lopes et al., 2019). The organic phase containing FAMEs was 
analyzed in a chromatograph (CP-3800 gas chromatograph, Varian Inc., 
USA) fitted with FID detector and TRACSIL TR-WAX capillary column 
(30 m x 0.25 mm x 0.25 mm, Teknokroma, Spain). The temperatures of 
injector and detector were, respectively, 220 ◦C and 250 ◦C, and helium 
at 1 mL⋅min− 1 was used as carrier gas. For the complete separation of 
FAMEs, a temperature gradient was used: 50 ◦C for 2 min, followed by 
an increase of 10 ◦C⋅min− 1 up to 225 ◦C, which was maintained by 
10 min. The identification of FAMEs was carried out by comparison of 
retention times with a mixture of FAMEs standards. The relative amount 
of each fatty acid (% w/w) was defined as the ratio between its con
centration (g⋅L− 1) and the total fatty acids detected in the sample. 

Lipids accumulated intracellularly in lipid bodies were visualized by 
fluorescence microscopy after cells staining with Nile red. Sampled 
cellular suspensions were centrifuged, washed twice with PBS 0.1 M and 
resuspended in PBS 50 mM to a final absorbance of 5 (λ = 600 nm) and 
then stained with a Nile red solution. The staining solution, containing 
0.1 g⋅L− 1 Nile red in acetone, was added to the cellular suspension in the 
proportion of 1:10 (v/v) and incubated at room temperature for 1 h. 
Stained cells were then visualized in an Olympus BX 51 microscope 
using an exciting wavelength of 470 nm – 490 nm. 

2.7. Kinetic parameters 

The biomass yield (YX/S, g⋅g− 1) was calculated according to Eq. 1, 
where Xf is the final biomass concentration, Xi is the initial biomass 
concentration, Si is the initial substrate concentration and Sf is the 
substrate concentration at the end of growth. 

YX/S =
Xf − Xi

Si − Sf
(1) 

The lipids yield (YL/S, g⋅g− 1) was calculated according to Eq. 2, 
where Lf is the concentration of lipids at time t (h), Li is the initial lipids 
concentration, Si is the initial substrate concentration and Sf is the 
substrate concentration at time (h). 

YL/S =
Lf − Li

Si − Sf
(2) 

The VFAs uptake rate (RVFAs, g⋅L− 1⋅h− 1) corresponds to the slope of 
VFAs concentration through the time in the linear zone. 

2.8. Reproducibility of results 

All experiments were carried out in duplicate and the results repre
sent the mean of two independent biological replicates. Statistical 
analysis was performed using Tukey’s test (Statgraphics Centurion XVI 
software, Version 16.2.04). 

3. Results and discussion 

3.1. Batch cultures of Y. lipolytica on VFAs-based medium 

The ability of Y. lipolytica W29 to use VFAs as sole carbon and energy 
sources to grow and accumulate lipids was firstly evaluated in Erlen
meyer flask experiments. Acetate, propionate and butyrate, which are 
usually the most common VFAs obtained in acidogenesis step of organic 
wastes anaerobic digestion (Gameiro et al., 2016), were used in batch 
cultures. Yarrowia lipolytica W29 was able to grow in each VFA, although 
higher final biomass was attained in butyrate-based medium and no 
significant differences were observed in yeast growth with acetate and 
propionate (Fig. 1A). In fact, the biomass yield (cell mass per VFA mass 
consumed) obtained with butyrate was 1.8- and 1.6-fold higher than the 
values attained with acetate and propionate, respectively (Table 1). 

Fig. 1. Time course of Y. lipolytica W29 growth (A) and VFAs uptake (B) in batch cultures using single VFAs: acetate (●); propionate (◼) and butyrate (▴). The error 
bars represent the standard deviation of two independent replicates. 

Table 1 
Values of biomass yield (YX/S), lipids yield (YL/S), VFAs uptake rate (RVFA), lipids content and lipids concentration obtained in Y. lipolytica W29 batch cultures carried 
out with each VFA, with addition of glucose (5 g⋅L− 1) to each VFA-based medium and with a mixture of 6 g⋅L− 1 total VFAs with glucose (20 g⋅L− 1) or glycerol 
(20 g⋅L− 1). Data are average ± standard deviation for two independent replicates. Values followed by the same letter in each column do not present statistically 
significant differences (95 % confidence level).  

Carbon source YX/S (g⋅g− 1) YL/S (g⋅ g− 1) RVFA (g⋅L− 1⋅h− 1) Lipids content (%, w/w) Lipids concentration (g⋅L− 1) 

Acetate 0.40 ± 0.01 a 0.037 ± 0.001 ab 0.38 ± 0.02 a 7.3 ± 0.4 a 0.17 ± 0.01 a 

Propionate 0.46 ± 0.01 ab 0.045 ± 0.002 ab 0.20 ± 0.00 b 7.9 ± 0.6 ab 0.21 ± 0.01 a 

Butyrate 0.729 ± 0.002 c 0.096 ± 0.005 c 0.164 ± 0.001 c 11.5 ± 0.5 cd 0.45 ± 0.02 b 

Acetate + Glucose 0.54 ± 0.01 bd 0.050 ± 0.003 bd 0.34 ± 0.00 a 9.1 ± 1.1 be 0.46 ± 0.03 b 

Propionate + Glucose 0.39 ± 0. 03 a 0.045 ± 0.008 ab 0.132 ± 0.003 d 9.6 ± 1.3 e 0.41 ± 0.07 b 

Butyrate + Glucose 0.72 ± 0.01 c 0.090 ± 0.001 c 0.202 ± 0.005 b 12.4 ± 1.2 d 0.85 ± 0.01 c 

VFAs + Glucose 0.63 ± 0.07 cd 0.06 ± 0.02 d 0.21 ± 0.01 b 10 ± 2 bce 1.42 ± 0.31 d 

VFAs + Glycerol 0.41 ± 0.03 a 0.033 ± 0.002 a 0.16 ± 0.01 c 7.9 ± 0.4 abe 0.82 ± 0.02 c  
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Apparently, increasing VFA chain length led to the rise of biomass 
production. Llamas et al. (2020) also observed that the final cellular 
concentration of Y. lipolytica CECT1240, growing in several VFAs (C2 to 
C6), increased proportionally with chain length. The maximum biomass 
obtained in caproate (C6), for example, was approximately 2-fold of that 
attained in acetate (C2). Moreover, a 3-fold improvement in biomass 
yield was observed when the authors used butyrate as carbon source, 
instead of acetate. Studies with other species also concluded that the use 
of butyrate as carbon source for Cryptoccocus curvatus gives rise to higher 
biomass yield comparatively to acetate and propionate (Liu et al., 2017; 
Park et al., 2017; Zheng et al., 2012). By contrast, some works showed 
that higher cellular growth was obtained in acetate comparatively to 
other VFAs (Gao et al., 2017, 2020; Kolouchová et al., 2015). 

In all experiments, no lag phase of cellular growth was observed, and 
the stationary phase was reached approximately after 27 h of yeast 
cultivation, which corresponds to the time of complete depletion of each 
VFA from culture medium (Fig. 1B). The consumption profiles show that 
VFA consumption is always associated with yeast growth and suggest 
that acetate was consumed faster than other VFAs. The consumption 
rates calculated for each VFA confirm that there were statistical differ
ences between uptake rates of VFAs, and acetate was consumed 47 % 
faster than other VFAs (Table 1). It is worth to notice that uptake rates 
reported herein are considerable higher than others found in the liter
ature. In Y. lipolytica CICC 31596 cultures, 2.5 g⋅L− 1 of acetate, propi
onate and butyrate were totally consumed only after 48 h, 84 h and 
96 h, respectively (Gao et al., 2017). Differences in utilization rates of 
VFAs may be attributed to their different metabolic routes inside 
Y. lipolytica cells. While acetate is converted directly into acetyl-CoA by 
acetyl-CoA synthase propionate is firstly converted to propionyl-CoA 
that enters in the methyl citrate cycle to produce pyruvate, which is 
then decarboxylated to acetyl-CoA. Butyrate is converted to butyryl-CoA 
and then to acetyl-CoA via β-oxidation. The acetyl-CoA produced from 
all VFAs can be directly incorporated into lipids during de novo synthesis 
or transported into the mitochondria and enter in the TCA cycle for 
energy production. Acetyl-CoA units can also incorporate the glyoxylate 
shunt and gluconeogenesis pathway (Liu et al., 2016; Vajpeyi and 
Chandran, 2015). 

The highest lipid production was reached in butyrate-based medium 
(Table 1), that was also reported for other yeast species, in which 
butyrate in relatively low concentrations was more suitable for lipids 
synthesis by C. curvatus than acetate and propionate (Liu et al., 2017; 
Park et al., 2017). In high alkaline conditions (pH 10), butyrate was also 
the best substrate for lipids production by Y. lipolytica CICC 31596 (Gao 
et al., 2020). By contrast, in slightly acidic conditions (pH 6), a 13 % and 
38 % enhancement on lipids synthesis was attained in acetate compar
atively with propionate and butyrate, respectively (Gao et al., 2017). 

In general, oleaginous yeasts have the ability to accumulate more 
than 20 % of their cell dry weight as intracellular lipids. The content, 
concentration and yield of lipids on Table 1 were low comparatively to 

others reported in the literature for microbial lipids production by 
Y. lipolytica strains from VFAs (Liu et al., 2017; Gao et al., 2017, 2020), 
glucose (Katre et al., 2012), animal fat (Lopes et al., 2018), waste 
cooking oils (Lopes et al., 2019) or glycerol (Poli et al., 2014; Sara et al., 
2016). In these substrates, lipids content ranges from 20 % (w/w) to 60 
% (w/w), lipids concentration varies from 0.6 g⋅L− 1 to 14 g⋅L− 1 and 
lipids yield ranges from 0.1 g⋅g− 1 to 0.2 g⋅g− 1. Though VFAs have higher 
theoretical conversion efficiencies for lipid synthesis than other sub
strates with shorter metabolic pathways (Gong et al., 2016; Zheng et al., 
2012), many nutritional and environmental factors, such as VFAs con
centration, pH and yeast strain, can strongly affect lipids accumulation 
(Gao et al., 2017, 2020; Katre et al., 2012). 

The pH of culture medium increased during lipid production over 
time to values of 9, due to VFAs consumption. At slightly acidic pH, VFA 
is mostly in undissociated form, which once inside the cell, dissociates 
intracellularly, and leads to cytosolic acidification, which may alter 
several metabolic pathways (Casal et al., 2008). In this turn, the adverse 
effects of VFAs at low concentration are weak and negligible (Fei et al., 
2011b; Gao et al., 2017; Liu et al., 2017). 

Despite of Y. lipolytica W29 readily consume VFAs, the addition of a 
co-substrate (5 g⋅L− 1 glucose) to each VFA-based medium was tested as 
an attempt to improve yeast growth and, consequently, the titer of lipids 
produced. Approximately 2-fold improvement on cellular concentration 
was observed with the addition of glucose, regardless of the VFA in the 
medium (Fig. 2A). Although no differences were observed on biomass 
yield (dry cell mass per mass of total substrates, VFAs and co-substrate, 
consumed) with the addition of glucose, the highest biomass production 
was attained with butyrate as occurred in experiments with single VFAs 
(Table 1). 

In all experiments, cell proliferation started without lag phase and 
the stationary phase was attained after 24 h of yeast cultivation, simi
larly to the experiments with single VFA (27 h). The addition of a co- 
substrate, easily assimilable by Y. lipolytica, changed the growth pro
file of the yeast. The specific growth rate on acetate (0.185 h− 1 ±

0.002 h− 1), propionate (0.147 h− 1 ± 0.003 h− 1) and butyrate 
(0.200 h− 1 ± 0.001 h− 1) were 22 %, 33 % and 25 %, respectively, higher 
than those obtained in the absence of glucose. In the presence of glucose, 
all substrates (VFA + glucose) were consumed simultaneously with 
yeast growth, but the consumption of propionate was slower than other 
VFAs and glucose, and only after 48 h (stationary growth phase) was 
completely depleted from the culture medium (Fig. 2B). By contrast, 
acetate, butyrate and glucose were totally consumed after 24 h of 
cultivation, showing that Y. lipolytica W29 can effectively utilize VFAs 
and sugars simultaneously for cellular growth. In butyrate-based me
dium, the addition of glucose led to an increase of VFA uptake rate, 
whereas in propionate-based medium a decrease was observed with 
glucose supplementation (Table 1). In experiments with acetate, no 
differences were found with the addition of glucose. Furthermore, it is 
worth to notice that uptake rates of acetate and glucose were similar and 

Fig. 2. Time course of cell growth (A) and VFAs (close symbols) and glucose uptake (open symbols) (B) obtained in Y. lipolytica W29 batch cultures in VFA (5 g⋅L− 1)- 
based medium supplemented with glucose (5 g⋅L− 1): acetate (●,○); propionate (◼,□) and butyrate (▴,Δ). The error bars represent the standard deviation of two 
independent replicates. 
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higher than propionate and butyrate uptake rates (Table 1). 
An improvement on lipid cellular content was observed by the 

addition of glucose as co-substrate, in cultures with acetate and propi
onate but was not affected for butyrate-based media. Around 1.2-fold 
enhancement on lipids production was obtained with the supplemen
tation of glucose in acetate and propionate media. Glucose, under ni
trogen limited condition, is metabolized by Y. lipolytica through 
glycolysis and tricarboxylic acid cycle to generate acetyl-CoA, which is 
then used for de novo fatty acid synthesis (Papanikolaou et al., 2009). 
Although the lipids content remained low (12.4 %), the increase of final 
biomass with the addition of glucose led to a 2- and 3-fold enhancement 
of microbial lipids concentration (0.41 g⋅L− 1 – 0.85 g⋅L− 1) and conse
quently a 10-fold improvement in lipid productivity comparatively with 
experiments with butyrate, propionate and acetate individually 
(Table 1). In previous works, the addition of glucose as co-substrate to 
acetate and propionate led to an enhancement of lipids content from 
13.3 % (w/w) to 16.5 % (w/w) and from 8.9 % (w/w) to 10.2 % (w/w), 
respectively (Kolouchová et al., 2015). The lipids production by 
Y. lipolytica from frying vegetable oils enhanced from 25 % (w/w) to 55 
% (w/w) when medium was supplemented with glucose (Bialy et al., 
2011). 

Since cellular growth was enhanced by addition of glucose and, 
consequently, the amount of lipids synthesized also increased (Table 1), 
the raise of glucose concentration up to 20 g⋅L− 1 was tested as an 
attempt to boost even more the concentration of biomass and microbial 
lipids. Additionally, the replacement of glucose by glycerol, a low-cost 
by-product of biodiesel industry, was tested. As the liquid broth of a 
real anaerobic digestion of organic wastes consists in a mixture of VFAs 
(Gao et al., 2017), batch cultures with a mixture of VFAs (with 2 g⋅L− 1 

acetate, 2 g⋅L− 1 propionate and 2 g⋅L− 1 butyrate) and 20 g⋅L− 1 glucose 
or 20 g⋅L− 1 glycerol were carried out. The mixture of VFAs was chosen 
as model based on total initial concentration of 6 g⋅L− 1 of VFAs. Besides 
Y. lipolytica W29, also Y. lipolytica NCYC 2904 was studied in these ex
periments. This strain, isolated from a maize-processing plant (Illinois, 
USA), is less explored than W29 strain, though have already been 
demonstrated its potential to accumulate lipids from food processing 
by-products like okara (Vong et al., 2016). 

In general, the simultaneous increase of glucose concentration and 
the use of a VFAs mixture did not affect the biomass yield. However, 
higher biomass concentration (14.5 g⋅L− 1 ± 0.6 g⋅L− 1) was attained 

comparatively to previous experiments (Fig. 3A). The supplementation 
of 20 g⋅L− 1 glucose essentially prevented pH changes when the yeast is 
growing on VFAs and thus improved the cellular growth. For Y. lipolytica 
growing on VFAs, the pH of culture medium increases to values above of 
9, while in sugar media, the culture pH usually drops due to the pro
duction of organic acids (Papanikolaou et al., 2009). Yarrowia lipolytica 
NCYC 2904 was also able to grow in a mixture of VFAs supplemented 
with glucose with higher yield biomass (0.93 g⋅g− 1 ± 0.05 g⋅g− 1), 
attaining high cell density comparatively to W29 strain cultures (Fig. 3A 
and 3B). In experiments with glycerol as co-substrate (Fig. 3C and 3D), 
the same behavior was observed and higher cellular concentration was 
reached in Y. lipolytica NCYC 2904 cultures. Moreover, the biomass yield 
was comparable to that obtained with glucose, whereas for W29 strain a 
significantly decrease was observed (Table 1). Glucose and VFAs were 
consumed simultaneously with yeasts growth, though W29 and NCYC 
2904 strains had different consumption profiles. Whereas a complete 
depletion of glucose and VFAs were observed, respectively, after 36 h 
and 28 h for Y. lipolytica W29 (Fig. 3A), NCYC 2904 strain did not 
consume all glucose in the experiments time and the exhaustion of VFAs 
was observed only after 36 h (Fig. 3B). The global uptake rate of VFAs by 
Y. lipolytica NCYC 2904 was 24 % lower than that attained by W29 
strain. Similarly, glycerol was not totally consumed by NCYC 2904 strain 
(Fig. 3D), whereas in W29 strain cultures, this co-substrate was depleted 
from medium after 40 h (Fig. 3C). Moreover, the global uptake rate of 
VFAs were significantly lower in cultures with addition of glycerol than 
with glucose. Both yeasts showed a remarkable preference for acetate 
over propionate and butyrate, particularly the NCYC 2904 strain in 
cultures with glycerol. Furthermore, it is worth to notice that acetate 
was always consumed faster than other VFAs, regardless of experiments 
have been carried out with single VFAs or mixed with addition of 
glucose or glycerol. This is not surprising, since VFAs consumption is 
related with different metabolic pathways inside yeast cells, and this is 
not affected by the glucose or glycerol supplementation. 

Although the low content of microbial lipids accumulated by 
Y. lipolytica W29 and NCYC 2904 strains of 10 % (w/w) and 13 % (w/w) 
respectively, an enhancement of lipids concentration as well as lipid 
productivity (30 mg⋅L− 1⋅h− 1 ± 6 mg⋅L− 1⋅h− 1) were attained with the 
addition of glucose. For Y. lipolytica W29, a 3- and 2-fold improvement 
on intracellular lipids concentration was obtained, relatively to the ex
periments with butyrate as sole carbon source and butyrate 

Fig. 3. Time course of cell growth (o) and substrate uptake by Y. lipolytica W29 (left column) and Y. lipolytica NCYC 2904 (right column) in batch cultures with a 
mixture of 6 g⋅L− 1 total VFAs (2 g⋅L− 1 of each one: acetate (◼), propionate (▴) and butyrate (▾)) with 20 g⋅L− 1 glucose (●, A and B) or 20 g⋅L− 1 glycerol (●, C and D). 
The error bars represent the standard deviation of two independent replicates. 
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supplemented with glucose 5 g⋅L− 1, respectively (Table 1). The amount 
of lipids produced by Y. lipolytica NCYC 2904 (2.6 g⋅L− 1 ± 0.4 g⋅L− 1) 
was 45% higher than that obtained with W29 strain. Additionally, the 
lipid yield was 2-fold of that obtained with W29 strain, with an average 
lipid productivity of 54 mg⋅L− 1⋅h− 1 ± 8 mg⋅L− 1⋅h− 1. The lipids yield 
(0.144 g⋅g− 1 ± 0.005 g⋅g− 1) and lipids concentration (2.69 g⋅L− 1 ±

0.04 g⋅L− 1) obtained for Y. lipolytica NCYC 2904, using glycerol as co- 
substrate, were 4.4- and 3.3-fold higher than those reached by W29 
strain (Table 1), indicating the potential of this yeast NCYC 2904 strain 
to synthetize de novo lipids from VFAs. Though no significant differences 
on lipids production were observed between glucose and glycerol cul
tures of Y. lipolytica NCYC 2904, higher lipids productivity was obtained 
in glucose for W29 strain (Table 1). 

Fatty acids composition of lipids produced from hydrophilic sub
strates is dependent on yeast specificity, substrates, as well as culture 
conditions. In this work, lipids produced by Y. lipolytica from VFAs are 
mainly composed by palmitic, palmitoleic, stearic, oleic and linoleic 
acids (Table 2). Regardless of yeast strain, VFAs type and concentration 
and presence of glucose or glycerol, lipids produced have a significant 
higher unsaturated fraction (> 73 %, p < 0.05) than saturated one, 
being composed of oleic (34 % - 45 %) and linoleic acids (20 % - 50 %). 
However, the relative percentage of each fatty acid was dependent on 
substrates used. While using VFAs as sole carbon source Y. lipolytica W29 
accumulated more oleic and linoleic acids, the addition of glucose or 
glycerol led to an enhancement of palmitic acid, a slight increase of oleic 
acid and a decrease of linoleic acid contents. Papanikolaou et al. (2009) 
reported that the increase of glucose concentration induced an increase 
of linoleic acid, but a decrease on linoleic acid (20 %) was observed in 
batch cultures with mixture of VFAs (6 g⋅L− 1) and glucose (20 g⋅L− 1). It 
is worth to notice that margaric acid is only synthetized when propio
nate is used as carbon source (individually or in a mixture with other 
VFAs). Since the metabolic pathways of lipids synthesis from all VFAs 
involve acetyl-CoA, fatty acids composition of microbial lipids from 
different VFAs are expected to be similar. However, propionate is 

metabolized via a different pathway, and this precursor (propionyl-CoA) 
synthetizes odd number fatty acids, such as margaric acid (Gao et al., 
2017; Kolouchová et al., 2015). This result is utmost important, since 
odd chain fatty acids may improve the properties of biodiesel and be 
used as precursors for manufacturing agricultural chemicals (biocides), 
flavors and industrial chemicals (Park et al., 2018). Although the fatty 
acids profile of yeast strains tested herein indicated to depend on culture 
conditions, similar fatty acids compositions were reported to other 
Y. lipolytica strains using VFAs as carbon source (Gao et al., 2017, 2020). 
In other hydrophilic substrates, such as glycerol (Poli et al., 2014) and 
hydrophobic carbon sources, such as pork lard (Lopes et al., 2018) and 
waste cooking oils (Lopes et al., 2019), Y. lipolytica strains also accu
mulated preferentially oleic and linoleic acids, suggesting that lipogenic 
features of this yeast prevail over substrate nature. Other oleaginous 
yeasts, such as Cryptococcus albidus (Vajpeyi and Chandran, 2015) and 
Rhodosporidium toruloides (Huang et al., 2016), growing in VFAs-based 
media, produced lipids with a similar fatty acids composition of those 
obtained in this work. 

3.2. Two-stage batch cultures 

As was concluded above, the enhancement of cellular growth, by 
addition of glucose, lead to an increase of lipids production. Thus, a two- 
stage batch culture was performed with a 24 h first stage of yeast growth 
on glucose before the addition of VFAs into the culture medium. Mix
tures of acetate, propionate and butyrate with 2 g⋅L− 1, 6 g⋅L− 1, 8 g⋅L− 1 

and 10 g⋅L− 1 of each one were added to the medium in the second stage. 
In general, VFAs derived from organic wastes ranged from 4 g⋅L− 1 to 
40 g⋅L− 1 (Gameiro et al., 2016; Gao et al., 2017, 2020; Llamas et al., 
2020; Moretto et al., 2019). 

In general, Y. lipolytica W29 growth and biomass yield diminished 
with the increase of VFAs concentration, with approximately a 2-fold 
decrease by raising the total amount of VFAs from 6 g⋅L− 1 to 30 g⋅L− 1 

(Fig. 4A; Table 3). The adverse effects of VFAs on yeast cells are 

Table 2 
Fatty acids composition of microbial lipids produced by Y. lipolytica W29 and Y. lipolytica NCYC 2904 in batch cultures. Data are average ± standard deviation for two 
independent replicates.  

Y. lipolytica Strain Carbon Source 
Relative fatty acid content (%) 

C16:0 C16:1 C17:0 C18:0 C18:1 C18:2 

W29 

Acetate 3.8 ± 0.3 10 ± 1 – 1.0 ± 0.8 35.6 ± 0.6 49.6 ± 0.9 
Propionate 2.9 ± 0.6 11.8 ± 0.4 6.1 ± 0.5 4.0 ± 0.9 34.4 ± 0.9 40.7 ± 0.9 
Butyrate 8.3 ± 0.3 10.5 ± 0.2 – 4.8 ± 0.7 41.0 ± 0.6 36.7 ± 0.4 
Acetate + Glucose 7.9 ± 0.2 11.0 ± 0.3 – 2.0 ± 0.5 38.0 ± 0.6 41 ± 1 
Propionate + Glucose 13 ± 2 10.2 ± 0.2 4.9 ± 0 4.0 ± 0.5 35.4 ± 0.4 32 ± 1 
Butyrate + Glucose 10.5 ± 0.1 9.9 ± 0.3 – 3.8 ± 0.5 43.0 ± 0.9 33 ± 1 
VFAs + Glucose 17 ± 1 8.9 ± 0.3 2.9 ± 0.4 8 ± 3 44 ± 4 20 ± 5 
VFAs + Glycerol 12.6 ± 0.8 4.8 ± 0.2 5.1 ± 0.4 6.5 ± 0.3 36 ± 1 35 ± 1 

NCYC 2904 
VFAs + Glucose 13.2 ± 0.3 9.9 ± 0.3 2.4 ± 0.1 4.7 ± 0.3 43 ± 1 27 ± 2 
VFAs + Glycerol 11.9 ± 0.5 7.1 ± 0.3 2.4 ± 0.2 5.8 ± 0.4 45 ± 1 28 ± 2  

Fig. 4. Time course of cellular growth (A) and total VFAs uptake (B) in two-stage batch cultures of Y. lipolytica W29 (close symbols) and Y. lipolytica NCYC 2904 
(open symbols). After 24 h of cellular growth in glucose (20 g⋅L− 1), mixtures of 6 g⋅L− 1 (●), 18 g⋅L− 1 (◼, □), 24 g⋅L− 1 (▴) and 30 g⋅L− 1 (▾) of total VFAs were added 
to culture medium. The error bars represent the standard deviation of two independent replicates. 
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commonly caused by undissociated form of VFA, which leads to intra
cellular acidification and induces stress on cell metabolism. Although 
yeasts possess a series of regulatory mechanisms to maintain a near 
neutral intracellular environment, high expenditure of ATP could 
interfere with membrane transport of phosphate and consequently affect 
yeast growth (Gao et al., 2017, 2020; Rodrigues and Pais, 2000). Ac
cording to Fei et al. (2011b) and Fontanille et al. (2012), this inhibition 
was observed for an initial concentration of VFAs above 5 g⋅L− 1. 
Moreover, different VFA types and initial concentrations could exert 
different intensities of inhibition. For instance, Gao et al. (2017) re
ported that high concentrations of VFAs inhibited cell growth in the 
following order: butyric acid > propionic acid > acetic acid. While 
Y. lipolytica CICC 31596 was able to grow on batch cultures with 
20 g⋅L− 1 acetic acid, no cellular growth was observed with 20 g⋅L− 1 

propionic acid and with concentrations above 10 g⋅L− 1 of butyric acid. 
VFA ratio can also affects cellular growth, since the predominance of 
short-chain VFAs (e.g. acetic acid) in the culture medium has a positive 
effect on yeast growth, on the contrary to the presence of high propor
tion of long-chain VFAs (propionic and butyric acid) (Fei et al., 2011b; 
Llamas et al., 2020). Despite higher VFAs concentrations had affected 
adversely yeast growth, Y. lipolytica W29 was able to consume 
completely all VFAs, even in the experiments performed with 24 g⋅L− 1 

and 30 g⋅L− 1 (Fig. 4B). Faster consumption and VFAs uptake rate were 
obtained with 6 g⋅L− 1, but no significant differences were observed for 
results with VFAs concentration between 18 g⋅L− 1 and 30 g⋅L− 1 

(Table 3). It is worth to notice that VFAs uptake rates attained in this 
work were considerable higher than others reported in literature. In 
Y. lipolytica CECT1240 cultures, 10.5 g⋅L− 1 of VFAs mixture was totally 
consumed after 250 h, while for 26.5 g⋅L− 1 VFAs mixture, only 7.6 g⋅L− 1 

was consumed after 380 h of culture (Llamas et al., 2020). 
No improvement in biomass and lipids production was attained with 

the two-stage batch cultures of Y. lipolytica W29 using a mixture with 
total VFAs concentration of 6 g⋅L− 1 (Table 3) relatively to batch culture 
of a mixture of VFAs (6 g⋅L− 1) with glucose (Table 1). However, the 
global VFAs uptake rate of VFAs on two-stage batch culture 
(0.28 g⋅L− 1⋅h− 1) was 33% higher (p < 0.05) than that obtained in batch 
culture (0.21 g⋅L− 1⋅h− 1), due to the increased cellular concentration of 
the culture. 

Though the highest biomass yield was obtained in cultures with 
lower amount of VFAs, the highest lipids yield, lipid content and lipid 
concentration were attained at total VFAs concentration of 18 g⋅L− 1. In 
cultures with 24 g⋅L− 1 and 30 g⋅L− 1 of total VFAs, great amounts of VFA 
in unionized form are present, which may affect the activity of some 
enzymes involved in lipid synthesis (Gao et al., 2017). Gong et al. (2016) 

Table 3 
Values of biomass yield (YX/S), lipids yield (YL/S), total VFAs uptake rate (RVFA), lipids content and lipids concentration obtained in two-stage batch cultures of 
Y. lipolytica W29. After 24 h of cellular growth in glucose (20 g⋅L− 1), mixtures of 6 g⋅L− 1, 18 g⋅L− 1, 24 g⋅L− 1 and 30 g⋅L− 1 of VFAs were added to culture medium. Data 
are average ± standard deviation of two independent replicates. Values followed by the same letter in each column do not present statistically significant differences 
(95 % confidence level).  

VFAs Concentration YX/S (g⋅g− 1) YL/S (g⋅g− 1) RVFA*(g⋅L− 1⋅h− 1) Lipids content (%, w/w) Lipids concentration (g⋅L− 1) 

6 g⋅L− 1 0.38 ± 0.02 a 0.058 ± 0.006 a 0.28 ± 0.01 a 13.8 ± 1.4 a 1.78 ± 0.16 a 

18 g⋅L− 1 0.26 ± 0.02 b 0.068 ± 0.002 a 0.194 ± 0.002 b 25.4 ± 0.9 b 2.3 ± 0.2 b 

24 g⋅L− 1 0.20 ± 0.01 c 0.042 ± 0.004 b 0.165 ± 0.001 b 17.5 ± 1.6 c 1.28 ± 0.09 c 

30 g⋅L− 1 0.20 ± 0.01 c 0.045 ± 0.006 b 0.167 ± 0.000 b 16.9 ± 1.8 c 1.26 ± 0.15 c  

* Values correspond to second stage of cultivation. 

Fig. 5. Light microscopy (left column) and fluorescence microscopy images (right column) of Y. lipolytica W29 (A, B) and Y. lipolytica NCYC 2904 (C, D) cells stained 
with Nile red: lipid bodies visualization after growth on two-stage batch culture with 18 g⋅L− 1 VFAs (Magnification 1000 x). 
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also observed a positive effect of increased acetate concentration up to 
20 g⋅L− 1 on lipids synthesis by C. curvatus ATCC 20509, but above this 
amount the accumulation of lipids decreased considerably. Results ob
tained in two-stage batch culture with VFAs mixture of 30 g⋅L− 1 were 
similar to attained in batch culture with 30 g⋅L− 1 of acetate (Gao et al., 
2020). Moreover, the authors showed that initial pH of culture medium 
had a crucial effect on yeast when high concentration of acetate was 
used and increasing pH to alkaline levels can alleviate the toxic effect of 
high content of VFAs. Thus, the slight acidic pH of culture medium in 
beginning of second stage (after addition of VFAs) could be contributed 
to inhibition of high VFAs concentration on lipids production. 

As the two-stage batch cultures using a mixture of 18 g⋅L− 1 VFAs 
proved to be effective for lipids synthesis enhancement by Y. lipolytica 
W29, and NCYC 2904 strain produced 41 % higher lipids than W29 
strain in batch cultures, this strategy was also tested with NCYC 2904 
strain. The biomass yield (0.46 g⋅g− 1 ± 0.07 g⋅g− 1) was higher than that 
for W29 strain, though total VFAs uptake rate (0.138 g⋅L− 1⋅h− 1 ±

0.002 g⋅L− 1⋅h− 1) be considerably lower, and approximately 7 g⋅L− 1 of 
VFAs remained in culture medium at the end of growth. In the beginning 
of second stage (addition of VFAs), 10 g⋅L− 1 of glucose remained in 
Y. lipolytica NCYC 2904 cultivation medium, whereas in W29 cultures 
only 4 g⋅L− 1 of glucose were not consumed. This may be the reason for 
the lower uptake rate of VFAs mixture obtained for NCYC 2904 strain. At 
the end of experiments, the lipids content (26.7 % ± 1.6 %, w/w) and 
lipids concentration (3.5 g⋅L− 1 ± 0.2 g⋅L− 1), were approximately 2-fold 
higher than those attained by W29 strain, as occurred in batch cultures. 

It is worth to notice that the amount of lipids produced in two-stage 
batch cultures of NCYC 2904 and W29 strains, with addition of 18 g⋅L− 1 

of VFAs mixture, led to a 2- and 2.5-fold improvement on lipids content 
comparatively to that obtained in batch cultures with a mixture of VFAs 
(6 g⋅L− 1) and glucose (20 g⋅L− 1). Although few authors have tested 
similar strategies for lipids production from VFAs by oleaginous yeasts 
in flask-scale, the results obtained herein are comparable or even higher 
than others found in the literature for C. curvatus, (Christophe et al., 

Table 4 
Fatty acids composition of microbial lipids produced by Y. lipolytica W29 and Y. lipolytica NCYC 2904 in two-state batch cultures with addition of 18 g⋅L− 1 of mixed 
VFAs. Data are average ± standard deviation for two independent replicates.  

Y. lipolytica Strain 
Relative fatty acid content (%) 

C16:0 C16:1 C17:0 C18:0 C18:1 C18:2 

W29 11.7 ± 0.6 5.3 ± 0.1 3.0 ± 0.1 7.5 ± 0.7 51.0 ± 0.5 15.3 ± 0.1 
NCYC 2904 9.6 ± 0.2 6.2 ± 0.0 2.2 ± 0.2 5.6 ± 0.2 53.8 ± 0.2 14.0 ± 0.2  

Fig. 6. Time course of cell growth (A, B), total VFAs uptake (C, D) and dissolved oxygen concentration (E, F) obtained in batch cultures of Y. lipolytica W29 (left 
column) and Y. lipolytica NCYC 2904 (right column) carried out in a STR bioreactor at different kLa conditions: 22 h− 1 (●, black dashed line), 87 h− 1 (▴, grey line) 
and 125 h− 1 (◼, black line). The error bars represent the standard deviation of two independent replicates. 
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2012), C. albidus (Fei et al., 2011b) and R. toruloides (Huang et al., 
2016). 

The microscopic visualization of Y. lipolytica W29 (Fig. 5A) and 
Y. lipolytica NCYC 2904 (Fig. 5C) cells cultivated in medium with VFAs 
revealed that both yeast cells exhibited a typical oval form. Additionally, 
it was possible to clearly visualize the lipids accumulated in lipid bodies 
within the cells. The fluorescence microscopy after staining with Nile 
Red allows the clear visualization of lipids accumulated in lipid bodies, 
stained in yellow. Yarrowia lipolytica W29 cells (Fig. 5B) had one or two 
lipid bodies within the cells, while in Y. lipolytica NCYC 2904 cells 
(Fig. 5D) several lipid bodies inside the cells were observed, which is in 
accordance with higher lipid content reached by NCYC 2904 strain 
comparatively to W29 strain. 

On whole, Erlenmeyer flask experiments demonstrated the ability of 
Y. lipolytica W29 and Y. lipolytica NCYC 2904 to accumulate lipids using 
VFAs as carbon source, and both strains showed high tolerance for 
assimilate VFAs at concentrations up to 18 g⋅L− 1 in two-stage batch 
cultures. In this strategy, lipids produced by both strains are mainly 
composed by oleic acid (> 50 %), followed by linoleic and stearic acids 
(Table 4). It should be noticed that the unsaturated fraction (72 % - 74 
%) largely exceeded the saturated one (17 % - 22 %), making these oils a 
plausible substitute of vegetable oils for biodiesel production. 

3.3. Effect of oxygen supply on microbial lipids production 

Dissolved oxygen concentration in cultivation medium is an opera
tional parameter with great influence on Y. lipolytica growth and lipids 
production (Magdouli et al., 2018). Furthermore, oxygen mass transfer 
from gas phase to the liquid medium is a crucial variable for process 
scale-up, since Y. lipolytica is a strictly aerobic yeast. Therefore, the ef
fect of kLa on growth and lipids synthesis by Y. lipolytica from VFAs was 
studied. Both W29 and NCYC 2904 strains were studied in batch cultures 
in a STR lab-scale bioreactor using a medium with a mixture of 6 g⋅L− 1 

total VFAs and glucose (20 g⋅L− 1). Different aeration and agitation rates 
were varied to obtain three different values of kLa of 22 h− 1 ± 2 h− 1 (at 
0.5 vvm and 200 rpm), 87 h− 1 ± 2 h− 1 (at 1 vvm and 400 rpm) and 125 
h− 1 ± 1 h− 1 (at 1.5 vvm and 600 rpm). During the first hours of yeast 
cultivation (corresponding to the exponential growth phase), a decrease 
on oxygen concentration in the medium was observed, particularly in 
experiments carried out at kLa of 22 h− 1 and 87 h− 1 (Fig. 6E and 6 F). In 
the condition of lowest oxygen transfer rate, oxygen concentration 
dropped to zero in the first hour of growth, remaining in this value until 
the end of process. This can justify the low biomass production and VFAs 
consumption rate obtained in this condition, owing to an oxygen limi
tation (Fig. 6A and 6B). In the experiments conducted at kLa of 87 h− 1, 
the dissolved oxygen concentration dropped to zero (W29 strain) and to 
8 % (NCYC 2904 strain) in the first hours of cultivation, increased during 
stationary phase of growth and remained above 80 % (W29) and 70% 
(NCYC 2904) until the end of experiments. Contrariwise, for kLa of 
125 h− 1, the dissolved oxygen concentration never fell to zero and sta
bilized at around 95 % after exponential growth phase (Fig. 6E and 6 F). 

The increase of KLa from 22 h− 1 to 87 h− 1 had a positive effect on 
cellular growth of Y. lipolytica W29 and NCYC 2904, but the further 
increase did not favor cellular growth and VFAs consumption (Table 5). 
As Y. lipolytica is a strictly aerobic yeast, the enhancement of cellular 
growth is expected by raising the oxygen mass transfer (Magdouli et al., 
2018). Nevertheless, the mechanical stress promoted by high agitation 
rates or oxidative stress resulting from the high dissolved oxygen con
centration may inhibit cellular metabolism (Alonso et al., 2005). Though 
no significant differences were observed on growth rate of Y. lipolytica 
NCYC 2904 (0.29 h− 1 ± 0.07 h− 1) and W29 strain (0.23 h− 1 ± 0.01 h− 1) 
at higher kLa conditions, the final biomass of NCYC 2904 cultures was 40 
% higher than that of W29 (Fig. 6A and 6B). As already observed in 
Erlenmeyer flask experiments, also in bioreactor experiments NCYC 
2904 strain demonstrated an intrinsic ability to grow better than W29 
strain on VFAs, regardless of oxygenation conditions. Notwithstanding 
the higher growth, total VFAs uptake rate of NCYC 2904 strain was 
similar to W29 strain (Table 5). The VFAs assimilation was clearly 
affected by oxygenation conditions and a 95 % improvement was ob
tained by increasing kLa from 22 h− 1 to 87 h− 1 or to 125 h− 1. Whereas a 
complete consumption of VFAs was observed after 24 h for both strains 
at higher kLa conditions, a significant amount of unconsumed VFAs 
remained in the culture medium in experiments carried out at kLa of 
22 h− 1 (Fig. 6C and 6D). The VFAs uptake rate obtained at kLa of 
125 h− 1 in batch cultures in bioreactor was 33 % higher (p < 0.05) than 
that obtained in Erlenmeyer flask experiments (VFAs + glucose, 
Table 1), showing the important role of oxygenation of culture medium 
in the VFAs metabolization by the cells. 

The effect of dissolved oxygen on lipids accumulation by Y. lipolytica 
is not consensual and no information regarding its influence on lipids 
production by Y. lipolytica from VFAs is available. In this study, and 
regardless of yeast strain, a clearly positive effect was observed on lipids 
production by increasing kLa to 87 h− 1. Approximately 7- and 3-fold 
improvement on microbial lipids concentration was attained for 
Y. lipolytica W29 and NCYC 2904 cultures, respectively (Table 5). Ac
cording to Bellou et al. (2014), lipid synthesis is upregulated under high 
dissolved oxygen concentrations as result of the upregulation of en
zymes involved in lipids synthesis (ATP-citrate lyase and malic enzyme). 
However, the further increase of oxygenation led to a considerable 
reduction on lipids synthesis by Y. lipolytica NCYC 2904. It was already 
reported that, in some cases, high oxygen concentration during lipids 
biosynthesis drives the yeast metabolism toward the production of 
lipid-free biomass, instead of lipids synthesis (Papanikolaou et al., 
2007). It is worth to notice that there was no improvement in lipids 
production by Y. lipolytica W29 in bioreactor experiments comparatively 
with flask experiments, while lipids synthesis by Y. lipolytica NCYC 2904 
were 40 % higher in this system. Unlike to Y. lipolytica NCYC 2904, that 
accumulated more intracellular lipids in batch cultures in a STR biore
actor, batch cultures may be not the most effective for lipids accumu
lation by Y. lipolytica W29. Among the experimental conditions studied, 
the highest lipids productivity was obtained in the experiments in which 
dissolved oxygen concentration remained above 70 % in stationary 

Table 5 
Experimental values of volumetric oxygen transfer coefficient (kLa), biomass yield (YX/S), maximum lipids yield (YL/S), total VFAs uptake rate (RVFA), maximum lipids 
content and maximum lipids concentration obtained in Y. lipolytica W29 and Y. lipolytica NCYC 2904 batch cultures carried out in a STR bioreactor with a mixture of 
VFAs (2 g⋅L− 1 acetate, 2 g⋅L− 1 propionate and 2 g⋅L− 1 butyrate) and glucose (20 g⋅L− 1). Data are average ± standard deviation for two independent replicates. Values 
followed by the same letter in each column do not present statistically significant differences (95 % confidence level).  

Strain kLa (h− 1) YX/S (g⋅g− 1) YL/S* (g⋅g− 1) RVFA (g⋅L− 1⋅h− 1) Lipids content*(%, w/w) Lipids concentration* (g⋅L− 1) 

W29 
22 0.17 ± 0.03 a 0.04 ± 0.00 a 0.013 ± 0.001 a 7.5 ± 0.1 a 0.203 ± 0.003 a 

87 0.3 ± 0.1 ab 0.054 ± 0.006 ab 0.27 ± 0.4 b 11.5 ± 0.5 b 1.3 ± 0.2 b 

125 0.36 ± 0.03 abc 0.034 ± 0.006 a 0.28 ± 0.01 b 9.3 ± 0.3 c 1.0 ± 0.2 b 

NCYC 2904 
22 0.6 ± 0.1 c 0.09 ± 0.02 bc 0.058 ± 0.001 a 12.2 ± 0.8 bd 1.3 ± 0.2 b 

87 0.56 ± 0.03 bc 0.131 ± 0.005 d 0.264 ± 0.006 b 21.8 ± 0.3 f 3.60 ± 0.09 c 

125 0.54 ± 0.07 bc 0.10 ± 0.02 c 0.242 ± 0.005 b 13 ± 0.1 d 2.5 ± 0.7 d  

* Values obtained after 48 h and 72 h of cultivation for Y. lipolytica W29 and Y. lipolytica NCYC 2904, respectively. YX/S was calculated at the end of growth (72 h); 
RVFA was calculated in the first 24 h for experiments at kLa of 87 h− 1 and 125 h− 1, and 72 h for kLa of 22 h− 1. 
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growth phase (kLa of 87 h− 1), that corresponds to the lipogenic phase in 
hydrophilic substrates. The increase of lipids synthesis by Y. lipolytica 
strains using highly aerated cultures was reported for glucose (Bellou 
et al., 2014; Tai and Stephanopoulos, 2013) and crude glycerol (Rakicka 
et al., 2015). By contrast, some authors demonstrated that lipids pro
duction by Y. lipolytica from crude glycerol (Magdouli et al., 2018), 
waste cooking oils (Lopes et al., 2019) and pork lard (Lopes et al., 2018) 
was higher under low dissolved oxygen concentrations. Other microbial 
species, such as Rhodotorula glutinis growing in glucose (Yen and Zhang, 
2011) and C. albidus growing in VFAs (Fei et al., 2011a) enhanced their 
intracellular lipids content in conditions of poor oxygenation. 

The results obtained during this study show that kLa is an important 
factor on microbial lipids production by Y. lipolytica strains from VFAs 
and higher lipids synthesis from VFAs is reached at kLa of 87 h− 1. 

Lipids accumulated by Y. lipolytica strains in bioreactor was mainly 
composed by oleic acid (21 % - 56 %), followed by linoleic (13 % - 26 %) 
and palmitic (11 % - 30 %) acids (Table 6). Interestingly, at low kLa 
condition, Y. lipolytica W29 accumulated more saturated fatty acids than 
unsaturated one, which is not very common in this yeast. Furthermore, 
at low oxygenation conditions, margaric acid was not synthetized by 
both strains since propionate was not assimilated. It seems that there is a 
relation between oxygenation conditions and fatty acids composition, 
which may be interest to produce tailor-made lipids with specific fatty 
acids composition. For Y. lipolytica W29, the unsaturated fraction 
increased with kLa values, attaining the highest unsaturated fraction (>
70 %) at kLa of 100 h− 1. Lopes et al. (2018) also concluded that the 
unsaturated fraction of microbial lipids accumulated by Y. lipolytica 
W29 from pork lard was high in highly aerated cultures. Although the 
unsaturated fraction of microbial lipids synthesized by NCYC 2904 
decreased with kLa increase, its composition exceeds 77 %. Notwith
standing the differences in fatty acid profiles of lipids accumulated by 
the two Y. lipolytica strains, composition of fatty acids are similar to 
vegetable oils (rapeseed oil), with higher content in oleic and linoleic 
acids (Issariyakul and Dalai, 2014), suggesting that microbial lipids 
produced by Y. lipolytica W29 and Y. lipolytica NCYC 2904 from VFAs 
have great potential to be used for biodiesel production. 

4. Conclusions 

In this study, it was shown the ability of Y. lipolytica strains to grow 
on VFAs (individually or mixed with addition of glucose or glycerol) and 
accumulate lipids intracellularly. The highest lipids concentrations 
reached in Y. lipolytica W29 (1.42 g⋅L− 1) and NCYC 2904 strain 
(2.6 g⋅L− 1) batch cultures were obtained in experiments carried out with 
a mixture of VFAs supplemented with glucose (20 g⋅L− 1). Moreover, the 
addition of co-substrates, like glucose or glycerol, suggest that the 
feasibility of this process may be improved by using simple sugars 
derived from agro-food wastes hydrolysis and food processing by- 
products (e.g. molasses), or with others industrial by-products such as 
crude glycerol from biodiesel production. In two-stage batch experi
ments, with the addition of 18 g⋅L− 1 of mixed VFAs after yeast growth on 
glucose, Y. lipolytica NCYC 2904 accumulated 34 % more intracellular 
lipids than W29 strain. In lab-scale stirred bioreactor, culture 

oxygenation is an important factor affecting VFAs uptake rate and mi
crobial lipids production. Whereas the increase of kLa had no significant 
impact on yeast growth, the total VFAs uptake rate was maximum at kLa 
of 87 h− 1. The highest lipids synthesis was also reached in experiments 
conducted at kLa of 87 h− 1. The fatty acids composition similar to 
vegetable oils – higher content in oleic and linoleic acids – found in 
lipids accumulated by both Y. lipolytica strains, demonstrated its great 
potential to be used as feedstock in biodiesel industry. The results pre
sented herein provide valuable information for using VFAs as substrate 
for lipids production by oleaginous yeasts. The bioconversion of VFAs, 
which are generated during acidogenesis of organic municipal solid 
wastes, by Y. lipolytica can be an important step in the valorization of 
these residues. The exploitation of oleaginous yeasts as biorefinery 
platform to obtain valuable compounds (microbial lipids) from low-cost 
substrates (VFAs produced from biodegradable municipal wastes) is an 
interesting strategy inserted in the circular economy concept. 
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