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Abstract Energy and environmental issues related
to conventional fossil-derived products and fuels have
led researchers to focus on alternative, more environ-
mentally-friendly processes, such as the production of
microbial oils from renewable feedstocks or even pol-
lutants as sustainable sources of biofuels, allowing to
progressively move away from the use of fossil fuels.
Among the oleaginous yeasts, Yarrowia lipolytica
is a highly promising cell factory and microbial oil
producer because of its high capacity to accumulate
lipids for subsequent biofuel production. Y. lipolytica
also stands out for its ability to assimilate various
carbon sources, even at low cost, reaching lipid con-
centrations of at least 30% by weight with non-genet-
ically modified strains, and even much higher values
with engineered organisms. Among others, fatty acids
have attracted recent interest as substrates for their
lower cost and possible production from pollutants
compared to sugars. This review pays special atten-
tion to some of those emerging carbon sources, i.e.,
carboxylic acids and even greenhouse gases. Besides,
another focus is to provide detailed up to date infor-
mation on the main characteristics and factors that
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most influence the fermentation process of this yeast,
with the ultimate aim of optimising the bioconver-
sion process and the synthesis of useful metabolites.
Besides, the reader will find comprehensive informa-
tion on the industrial applicability of the synthesised
lipids, in addition to the production of biofuels. Apart
from lipids, other metabolites of interest that can be
synthesised by Y. lipolytica are also discussed.
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Abbreviations

ACC Acyl-CoA carboxylase
ACL ATP-citrate lyase

ACS Acetyl-CoA synthase

CA Citric acid

C/N Carbon/Nitrogen ratio

DAG Diacylglycerol

DCW Dry cell weight

DGA1 DAG acyl-transferase I
DGA2 DAG acyl-transferase 11
DHAP  Dihydroxyacetone phosphate
DOC Dissolved oxygen concentration
ER Endoplasmic reticulum

FAS Fatty acid synthase

FFA Free fatty acids

FW Food waste

G3P Glycerol 3-phosphate
GlcNAc  N-Acetylglucosamine
GPD1 NAD™" dependent G3P dehydrogenase
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GUT1 Glycerol kinase
GUT2 FAD™" dependent G3P dehydrogenase
HEFA Hydroprocessed fatty acid esters

KGA a-Ketoglutaric acid

LB Lipid body

LPA Lysophosphatidic acid

MIT Mitochondria

NADPH Nicotinamide adenine dinucleotide

phosphate
OD Optical density
PA Phosphatidic acid
PAP PA phosphohydrolase
PER Peroxisome

SCOs Single cell oils

SCT1 G3P acyltransferase

SEM Scanning electron microscope
SLC1 LPA acyltransferase

TAG Triacylglycerol

TCA Tricarboxylic acid

TGL4 TAG intracellular lipase
TGL3 A positive regulator of TGL4
VFAs Volatile Fatty Acids

WLP Wood-Ljungdahl pathway
wiw Weight/weight

YNB Yeast Nitrogen Base

1 Introduction

The relationship between environmental quality,
human health and global warming is currently a
highly topical issue. Numerous studies have focused
on this issue, with the combustion of fossil fuels
being a major contributor to environmental pollu-
tion. It is, in anthropological terms, the main source
of CO, emissions to the atmosphere, involved in cli-
mate change. Besides, global energy consumption has
been increasing considerably over the years, and the
availability of fossil fuels may come to an end soon
(Hook and Tang 2013). These are some of the reasons
why much attention is being paid to the production of
more environmentally-friendly alternative fuels, in a
sustainable way and from renewable or even pollut-
ing sources (Fernandez-Naveira et al. 2017). In that
respect, there is an increasing interest in develop-
ing fermentation processes to obtain more sustain-
able products, based on a circular economy approach
and on the valorisation of pollutants and renewable
sources as raw materials, gradually leaving behind the
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use of fossil, non-renewable and non-sustainable, raw
materials.

Biofuels have some excellent characteristics that
make them good candidates to replace conventional
fuels. Some of those can be produced through bio-
conversion processes catalysed by yeasts, e.g., bio-
diesel being the most common ones. Biodiesel, which
is considered a sustainable biofuel, can be classified
into three different categories, depending, generally,
on the oil feedstock, namely first, second and third-
generation biofuels or biodiesel, although sometimes
other parameters than the feedstock are also used
(e.g., the process or technology itself), though this is
less common. Figure 1 shows a comparison between
fossil fuels and the different types of biofuels.

Due to certain limitations of first generation biofu-
els which result in food/fuel competition and limita-
tions for biodiesel derived from vegetable oils (e.g.,
palm oil), the use of microorganisms such as fungi,
bacteria or yeasts grown on second generation feed-
stocks or on solid and liquid pollutants, as well as
gas emissions, may become one of the best options
(Robles-Iglesias et al. 2021; Rene et al. 2022; Kennes
2023). If the second-generation feedstock is lignocel-
lulosic biomass, there may still be some indirect com-
petition for land that could also be needed for food/
feed production. Such competition disappears if the
feedstock is a pollutant, e.g., waste, wastewater or
even greenhouse gases such as CO,, which are seen
as innovative, emerging, alternatives.

Related to the above comments, it should be noted
that microorganisms capable of accumulating lipids
at concentrations exceeding 20% of their DCW are
known as oleaginous species, and those lipids are
suitable for the production of biofuels and other bio-
products. Among the lipid-accumulating oleaginous
strains, yeasts stand out as having several advantages
over other organisms. For example, they have the
ability to synthesise lipids from a variety of carbon
sources and they are not limited by physicochemical
factors such as light or temperature as microalgae are.
They are more tolerant to metal ions than moulds and
lipid extraction is generally easier than with bacte-
ria, in which lipids are tightly bound to the bacterial
membrane. These and other advantages have led to an
increased interest in the study of oleaginous yeasts for
optimized lipid synthesis (Bao et al. 2021).

This manuscript will focus on the yeast Yarrowia
lipolytica, which, in recent years, has been considered
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Fig. 1 Comparison
between fossil fuels and
the different types of more
sustainable biofuels: (a)
Fossil fuels; (b) First- and
second-generation biofuels
(e.g., biodiesel, bioetha-
nol, and others) and (c)
The specific case of third
generation biodiesel from
microbial oils
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a highly suitable microorganism for biofuels (e.g., lipid accumulation over 90% and lipid concentra-
biodiesel) production due to its ability to accumulate tions over 25 g/L have been obtained (Blazeck et al.
lipids efficiently (Yook et al. 2019). It should be noted 2014). These and other promising characteristics of
that the non-conventional yeast Y. lipolytica is con- this yeast, which will be discussed in later sections,
sidered a model organism for lipid production, with highlight its remarkable efficiency in the production
a lipid accumulation capacity commonly exceeding of oleochemical products. The next sections provide
30% of its dry weight (Bao et al. 2021). On the other a comprehensive overview of the main character-
hand, with regard to engineered Y. lipolytica strains, istics of the species Y. lipolytica, the possibility of
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obtaining products of great industrial interest, such as
lipids, among others, besides other products, as well
as key factors affecting the fermentation process.

2 History, taxonomy and most relevant
morphological characteristics

The dimorphic oleaginous yeast Y. lipolytica belongs
to the phylum Ascomycota, subdivision Saccharomy-
cotina, and has both good lipolytic and proteolytic
activity. The common name Yarrowia was introduced
in 1980 by Van der Walt and Von Arx in gratitude to
David Yarrow for the recognition of a new genus. On
the other hand, the name "lipolytica" was established
because of its ability to hydrolyse lipids (Nicaud
2012; Madzak 2015).

Y. lipolytica can be found naturally in soils, sea-
water, and foodstuffs (mostly in dairy products such
as cheese or meat), among others (Madzak 2015). As
mentioned above, this yeast has gained significant
interest in the industry for the production of certain
metabolites and also for the development of heterolo-
gous proteins. These and other aspects, e.g., bioreme-
diation of contaminated soils and water (Bankar et al.
2009), together with the peculiar characteristics of
this type of yeast, make it a mainstay of research.

Specifically, in 1969, interest in Y. lipolytica
emerged for its cultivation in fermenters due to its

ability to use hydrophobic substrates (e.g., alkanes)
to obtain single-cell proteins and some other valu-
able intermediate metabolites, e.g., citric acid. Later,
in the 1990s, concomitant with the development of
genetic tools, the use of this yeast to produce heterol-
ogous proteins also attracted some interest, due to the
dimorphism of Y. lipolytica (ability to grow as a yeast
or as a hyphae); until the 2000s, when its genome was
sequenced (Fickers et al. 2005).

Regarding the dual morphology of Y. lipolytica, it
can be stated that wild-type strains show different col-
ony morphologies depending on growth conditions
and genetics. Besides, one can find very wiry and dull
morphology types or, otherwise, smooth and shiny
ones (Nicaud 2012). This peculiarity was reported in
2002 (Ruiz-Herrera and Sentandreu 2002), obtaining
results showing that this dimorphism was specifically
affected by stimuli such as starvation and heat shock;
in addition to the pH of the medium, the nature of
the nitrogen and carbon sources, anaerobic stress, as
well as non-metabolised substances. Furthermore,
the importance of taking into account the type of
medium, whether solid or liquid, as well as the type
of strain was also highlighted, as it also greatly affects
the dimorphism of Y. lipolytica. An example is given
in Fig. 2, illustrating the morphology of Y. lipolytica
strain W29 cells grown on 20 g/L glucose and 5 g/L
yeast extract, with agitation (150 rpm) at a tempera-
ture of 33 °C, at two different pH values, showing

Fig. 2 SEM picture atx 2000 showing the differences between morphology of Yarrowia lipolytica W29, grown on 20 g/L glucose

and 5 g/L yeast extract, for 24 h. (A) pH 3, (B) pH 7
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oval forms at pH 3 and additionally some more elon-
gated mycelial-like forms at pH 7.

Thus, Y. lipolytica is considered a convenient tem-
plate for dimorphism studies, as it has the ability to
grow in a more oval or pseudo-hyphal or mycelial
forms. Furthermore, among the factors discussed
above, the pH of the medium seems to have a strong
influence on morphology. Besides, the transition from
oval cells to filamentous morphotype is a necessary
requirement for yeast growth on hydrophobic sub-
strates (Lopes et al. 2022).

3 Substrates

Y. lipolytica is characterised by its ability to grow in
simpler and less nutrient-dense cultures, to be geneti-
cally manipulated in a very simple way, and has
a high stability compared to e.g. moulds (Cavallo
et al. 2020). Y. lipolytica is able to consume and fer-
ment different carbon substrates, either hydrophobic
or hydrophilic, e.g., glucose, glycerol, alkanes, fatty
acids, triglycerides (Fickers et al. 2005; Cavallo et al.
2017, 2020).

In the process of lipid accumulation in Y. lipo-
Iytica, the use of hydrophilic substrates is carried
out through de novo lipid synthesis, and the use of
hydrophobic substrates through ex novo synthesis. Y.
lipolytica stands out for its ability to survive in hydro-
phobic media, accumulating lipids through this latter
pathway (Patel and Matsakas 2019). The main rea-
sons for this variety of uptake options are the exist-
ence of different multigenic families and different
assimilation pathways (Bao et al. 2021; Lopes et al.
2022). Figure 3 summarises the metabolic processes
involved in lipid production by Y. lipolytica using dif-
ferent carbon sources.

Regarding de novo production, Y. lipolytica is able
to naturally use hydrophilic substrates such as glu-
cose, glycerol and fructose, as well as low amounts of
organic acids and alcohols. The growth of this yeast
has been reported to be reduced at concentrations
above 150 g/L glucose. However, genetically modi-
fied strains can achieve a glucose-to-lipid conversion
yield of approximately 0.23 g/g and even tolerate glu-
cose concentrations exceeding 300 g/L. On the other
hand, with respect to fructose, the growth rate of
this yeast is generally lower than with glucose (Car-
sanba et al. 2018). Glycerol, a by-product of biodiesel

manufacture, has also become a substrate of interest
due to its low cost and high availability, besides yield-
ing good results (Fontanille et al. 2012; Dobrowolski
et al. 2016; Carsanba et al. 2018). Sucrose, although
also suitable and valid for numerous oleaginous spe-
cies for the production of microbial oils, requires the
presence of the enzyme invertase for its breakdown
into glucose and fructose. However, the latter enzyme
is not available in native strains of Y. lipolytica. A
further drawback is the high nitrogen concentra-
tions present in molasses, from which sucrose is
often obtained. Even so, genetically modified strains
showed relatively good results in presence of sucrose.
Also, among the hydrophilic substrates, it is worth
mentioning the ability of Y. lipolytica to naturally use
ethanol, thanks to the action of the enzymes alcohol
dehydrogenase and aldehyde dehydrogenase; acetate
(Carsanba et al. 2018) and other short-chain volatile
fatty acids (VFAs) as more recent, innovative, carbon
sources. The latter have attracted recent increased
interest, among others, because they are generally
cheaper substrates than sugars, estimated at 0.4 $/kg
(Bonatsos et al. 2020) (i.e., about 0.37 €/kg) vs 0.1 $/
kg (Park et al. 2021a) (i.e., about 0.09 €/kg), for glu-
cose and acetic acid, respectively. They will therefore
be discussed more deeply in the next section.

As discussed above, there is also the possibility
of using various hydrophobic carbon sources for ex
novo lipid accumulation (which is not limited by the
depletion of nutrients from the culture medium), such
as various vegetable oils, fatty by-products or fish
oil residues, soap stocks, fatty esters, pure free fatty
acids, n-alkanes, among others (Papanikolaou and
Aggelis 2011; Bao et al. 2021). Specifically, Y. lipo-
Iytica is usually found in environments rich in hydro-
phobic substrates (alkanes or lipids), and is therefore
able to assimilate fatty acids, TAGs and alkanes in
an efficient manner (Beopoulos et al. 2009). Addi-
tionally, it is also common to use a combination of
hydrophilic substrates, such as glucose, and various
fatty materials for ex novo synthesis. For example,
the use of vegetable oils to grow Y. lipolytica has
been reported and allows the production of single-
cell oils (SCOs) (Carsanba et al. 2018). Zhao et al.
(2015) achieved very promising results using oleic
acid as substrate, reaching lipid and biomass contents
of over 30% and 6 g/L, respectively; while with glu-
cose the results obtained were 21% and 7 g/L, respec-
tively. Chai et al. (2019) also achieved better lipid
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Fig. 3 Metabolic processes involved in lipid production by Y.
lipolytica. ACC acyl-CoA carboxylase, ACL ATP-citrate lyase,
ACS acetyl-Coa synthase, DAG diacylglycerol, DGA1 and
DGA?2, DAG acyl-transferases I and II; DHAP dihydroxyac-
etone phosphate, ER endoplasmic reticulum, FAAI acyl-CoA
synthetase, FAS fatty acid synthase, FFA free fatty acids, G3P
glycerol 3-phosphate, GPD1, NAD* dependent G3P dehydro-
genase, GUTI, glycerol kinase, GUT2, FAD* dependent G3P

production results by increasing the concentration of
rapeseed oil and, in fact, it was found that the action
of short-chain compounds on the oil substrate did not
improve lipid production.

4 Carboxylic acids: novel sustainable substrates
and inhibitors

The synthesis of microbial oils has usually been stud-
ied using sugars as substrates, which are expensive
and involve high contamination risks (Llamas et al.
2020a). Therefore, the use of less conventional and
low-cost carbon sources such as VFAs as substrates
is a very promising alternative for lipid accumulation

@ Springer

—>DAG%§TAG f
\

Malonyl-CoA

Extracellular

Y %

T6L3,4
FFA

Cytoplasm

------- Propionate

dehydrogenase, LB lipid body, LPA lysophosphatidic acid,
MIT mitochondria, NADPH nicotinamide adenine dinucleotide
phosphate, PA phosphatidic acid, PAP PA phosphohydrolase,
PER peroxisome, SCT! G3P acyltransferase, SLCI LPA acyl-
transferase, TAG triacylglycerol, TCA cycle, tricarboxylic-acid
cycle, TGL4 TAG intracellular lipase, TGL3 a positive regula-
tor of TGL4

in yeasts (Gao et al. 2020), including Y. lipolytica, but
also species such as Cutaneotrichosporon curvatus,
Lipomyces lipofer, Rhodotorula toruloides, or Cyber-
lindnera saturnos (Park et al. 2021b). Interestingly,
these VFAs substrates can be obtained from renew-
able sources and pollutants. They have been produced
from feedstocks such as wastes, wastewaters, but
also greenhouse gases, such as CO,, and other gases
containing one carbon (C;) compounds (Toméas-Pej6
et al. 2023). In that sense, the production of VFAs
from wastes and wastewaters has been studied for
several years, e.g., for their subsequent bioconver-
sion into biopolymers and also a range of other valu-
able products, by bacteria, mixed cultures, but, more
recently, even by yeasts (Lagoa-Costa et al. 2022).
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Possible waste or wastewater feedstocks include tuna
waste (Bermudez-Penabad et al. 2017), cheese whey
(Lagoa-Costa et al. 2020), agro-industrial waste (Igle-
sias-Iglesias et al. 2021), brewery wastewater (Ben
et al. 2016), sewage sludge (Iglesias-Iglesias et al.
2019), among others.

Concerning the use of carboxylic acids, Fontanille
et al. (2012) proposed a method of lipid production
through the use of VFAs metabolized by Y. lipolyt-
ica. In their research, the yeast was first cultured on
glucose or glycerol and, in a second step, acetic acid
was added sequentially, obtaining a lipid concentra-
tion of 12.4 g/L from an initial glucose concentration
of 40 g/L. Tests were also carried out to highlight
the efficiency of the process with other VFAs, such
as butyric acid and propionic acid. Furthermore, Lla-
mas et al. (2020b) also demonstrated that Y. lipolytica
CECT 1240 is able to grow on VFAs as sole carbon
source, consuming the substrate while efficiently pro-
ducing microbial oils. Taking this into account, and
considering that there are several recent studies on
this topic, it can be stated that although sugar-based
substrates are the most common carbon sources for
lipid production, there is an increasing interest in the
use of low-cost substrates such as VFAs.

Studies with Y. lipolytica strains allowed to reach
about 26% lipid content when cultivated on fatty
acids from food vegetable wastes (Gao et al. 2020).
Though anaerobic bacterial conversion of wastes
into fatty acids followed by the conversion of those
acids into lipids by yeasts is an interesting approach,
it should also be compared, in terms of techno-eco-
nomic sustainability, to the accumulation of lipids
by yeasts directly grown on such wastes. Some stud-
ies reported lipid contents of up to 61% in Y. lipol-
ytica grown on industrial palm oil mill effluent waste
(Cheirsilp and Louhasakul 2013). The suitability of
other wastes for growing oleaginous yeasts, such as Y.
lipolytica, has been tested and evaluated as well, e.g.,
sugar beet molasses (El Kantar and Koubaa 2022),
among others.

Regarding the potential use of Cl-gases as sub-
strates, syngas, which is mostly composed of CO,
CO, and H,, is considered an emerging economical
and adaptable substrate that can be used for the pro-
duction of renewable fuels and chemicals with ace-
togenic bacteria. These anaerobic microorganisms are
able to grow on C1 compounds and produce mainly
acetate, through the Wood-Ljungdahl pathway (WLP)

(Fernandez-Naveira et al. 2017). In this anaerobic
microbial fermentation, yielding VFAs as end prod-
ucts, enzymes convert different carbon sources into
energy, intermediates of anabolic processes and end
metabolites, such as acetic acid, and occasionally,
butyric acid and even longer chain fatty acids (e.g.,
caproic acid) (Baumann and Westermann 2016;
Fernandez-Naveira et al. 2017). With this in mind,
the combination of a first process of anaerobic fer-
mentation of CO, (together with H,), CO-rich gases
or syngas, into VFAs, followed by a second aerobic
fermentation using oleaginous yeasts, for the biocon-
version of these acids into lipids, is a possible, novel,
and appealing approach.

Considering that research focused on the synthesis
of biofuels or bioproducts from VFAs derived from
pollutant gases containing CO or CO, is still very
limited (Robles-Iglesias et al. 2021), noteworthy are
the promising results obtained by Robles-Iglesias
et al. (2021) in their research focused on the biocon-
version of carbon dioxide into lipids with two reac-
tors inoculated with Acetobacterium woodii and Rho-
dosporidium toruloides. In the first stage, A. woodii
produced concentrations of more than 20 g/L acetic
acid from CO,, in the presence of H,. This acetic acid
was then used in a second stage for its bioconver-
sion into lipids by R. toruloides. Encouraging results
allowed reaching a lipid accumulation close to 20%
and where C18:1 represented more than 40% of the
total lipids accumulated, which indicates that it is
very suitable for the production of biofuels such as
biodiesel (Robles-Iglesias et al. 2021). Similarly, in
another study with Clostridium aceticum and R. toru-
loides, better results were observed and reached total
lipid accumulation around 40% with 11 g/L acetic
acid coming from the fermentation of Cl-gases (CO,
CO,, syngas) (Robles-Iglesias et al. 2023, submitted
manuscript). On the other hand, Naveira-Pazos et al.
(2022) also studied lipid accumulation, in this case
using the oleaginous yeast Y. lipolytica grown on a
mixture of VFAs typically obtained from acetogenic
syngas or carbon dioxide fermentation. This research
tested the ability of Y. lipolytica to assimilate C2—-C6
fatty acids produced from Cl-gases, achieving lipid
production rates similar as with sugars.

However, when the acid concentration exceeds
a certain level, an inhibitory effect occurs, which
negatively affects lipid production yields by hinder-
ing the activity of these oleaginous microorganisms.
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Moreover, it is not only the concentration of acids
in the medium that affects, but it is also important to
consider other factors such as the yeast strain, type
of acid, acid chain length (toxicity is proportional to
the increase in chain length), and pH, among others.
In terms of pH, it is common to use mildly acidic
conditions although, even so, working in acidic con-
ditions increases the presence of VFAs in undissoci-
ated form, favouring inhibition. Besides, when work-
ing with high concentrations of VFAs, more alkaline
pH values help mitigate inhibition to some degree. In
addition to this substrate inhibition, product inhibi-
tion must also be considered, because throughout the
yeast’s metabolism of VFAs, the pH tends to become
more basic, which can also cause inhibition (Gao
et al. 2020; Park et al. 2021b).

For example, Naveira-Pazos et al. (2022) and
Robles-Iglesias et al. (2021) used either a mixture of
even-chain fatty acids typical of anaerobic C1-gas fer-
mentations (acetic, butyric and caproic acids) or ace-
tic acid alone, as carbon sources for the production
of lipids by oleaginous yeasts. The results observed
by Naveira-Pazos et al. (2022) with a native Y. lipol-
ytica strain confirmed those previously performed by
Robles-Iglesias et al. (2021) with Rhodosporidium
toruloides. Inhibitory effects were estimated in both
studies. Naveira-Pazos et al. (2022) determined the
toxicity of acid mixtures on the growth of Y. lipol-
ytica in batch experiments. The lag phases for initial
acid concentrations below 16 g/L. were short, and
these substrates’ concentrations started to decrease
and be assimilated a few hours after inoculation.

Furthermore, regarding the type of acids, differ-
ences in consumption efficiencies between acids
could also be observed in this research. Acetic acid
showed the highest consumption rates, followed by
butyric acid and, finally caproic acid. This demon-
strates the preference of Y. lipolytica for acetic acid
over potentially more toxic longer-chain acids. These
results are in agreement with those obtained by
Robles-Iglesias et al. (2021), who concluded, after
batch studies, that at initial acetic acid concentrations
below 14.2 g/L there is no inhibition, while above
16 g/L, R. toruloides started exhibiting significant
inhibition as acetic acid consumption rates decreased
and lag phases were extended. Furthermore, it was
shown that at concentrations above 20 g/L acetic acid
is lethal to the yeast, not being able to assimilate it
anymore as a substrate. It is nevertheless possible to
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feed higher concentration of VFAs substrates (e.g.,
about 100 g/L) and thus accumulate higher concen-
trations of metabolites if this is done gradually, in
fed-batch mode, thus avoiding reaching inhibitory
substrate levels (unplubished data).

The pH value also plays a key role. Indeed, Gao
et al. (2020) verified that the use of alkaline condi-
tions decreased the inhibitory effect when using high
concentrations of VFAs>10 g/L. In that study, cul-
tures of Y. lipolytica were compared using concentra-
tions between 30 and 110 g/L acetic acid at different
pH values, between 6 and 10, and it was found that
the highest production of lipids occurred when using
70 g/L acetic acid and a pH of 8. The authors also
concluded that the use of VFAs mixtures was even
more favourable for Y. lipolytica CICC 31596 adapta-
tion to return to growth and subsequent lipid produc-
tion. Also noteworthy are the conclusions of Llamas
et al. (2020b), who reported that VFAs with longer
chain length provided a higher biomass yield but, on
the other side, the predominance of long chains in the
VFAs mixture aggravated their inhibitory effect on Y.
lipolytica CECT 1240. It was also established that Y.
lipolytica constitutes a potential for sustainable lipid
production from real digestates of anaerobic fermen-
tations, showing a 2.5-fold increase in biomass in
comparison to synthetic mixtures. Furthermore, using
real digestates, inhibition was reached at concentra-
tions of 26.5 g/L, while synthetic media resulted in
inhibition already at VFAs concentrations slightly
above 10.6 g/L. Morales-Palomo et al. (2022),
reported that Y. lipolytica ACA DC 50109 was able
to grow in anaerobic fermentation media of food
waste (real digestate) in the presence of 15 g/L. VFAs,
obtaining high lipid contents of 43.4% and 37.3%
(w/w) when working with a 6:1 acetic:caproic ratio
and with a C/N ratio of 200:1 and 150:1, respectively.
Furthermore, the lipid yields, i.e., 0.33 and 0.31 g/g,
were similar to those reported from sugars. This fur-
ther supports the use of VFAs from residues for lipid
production by oleaginous yeasts.

Not limited to the yeast Y. lipolytica, it should be
noted that, although the use of VFAs is a very useful
alternative to sugars as a carbon source for lipid pro-
duction, it is important to analyse all the parameters
discussed so far in order to obtain a truly efficient
process. In this regard, the research of Rodrigues and
Pais (2000) described the estimation of the minimum
inhibitory acid concentration (X,;,) of individual
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VFAs (Eq. 1) using the inhibition constant (k;) and
taking into account that p* and p° are the specific
growth rates at “x”” concentration of fatty acids and in
the absence of fatty acids, respectively.

In(<2)
1)

In addition, it has been shown that when VFAs
are initially at concentrations below the inhibition
threshold, inhibition is nil and a slight increase in
lipid production is observed (Park et al. 2021b). On
the other hand, with regard to the influence of the pH
of the medium, already mentioned above, it may also
be important to be able to calculate the amount of
undissociated acid in the medium, as its percentage,
and thus its toxicity, increase at extracellular pH val-
ues below the pKa of the acid. In fact, in the study of
Taherzadeh et al. (1997), where Saccharomyces cere-
visiae was used, the undissociated acetic acid concen-
tration in the medium was calculated (Eq. 2) from the
pH of the medium and the total acetic acid concentra-
tion (Taherzadeh et al. 1997).

[HAC] = ——— o )

To conclude, it is clear that there is a need to fur-
ther investigate the toxicity caused by these com-
pounds in yeasts. What is already known is that yeast
strains generally gain tolerance to fatty acids through
adaptive evolutionary assays, overexpression and
deletion libraries and comparative multiomics. This
makes it possible to identify important genes and
modify them (Park and Nicaud 2020).

In addition to the importance of the main sub-
strates used with Y. lipolytica, it is also necessary to

consider many other parameters that affect the pro-
duction of these metabolites of industrial interest and
influence biomass growth. Many researchers focused
on optimising aspects, such as the composition of the
culture medium (which also includes the type of car-
bon source or substrate), mode of cultivation, genetic
engineering, methods of metabolite extraction and
some other aspects. In particular, there are also sev-
eral critical parameters related to the culture medium,
apart from the carbon source, such as the nitrogen
source, the C/N ratio, pH, but also temperature, aera-
tion and even some micronutrients, which are among
the most significant factors affecting the bioconver-
sion process (Bao et al. 2021) (Fig. 4). These param-
eters are discussed in more detail below. Besides,
Table 1 also shows some of the parameters affecting
growth and lipid production in the oleaginous yeast
Y. lipolytica, according to different recently reported
studies.

5 Nitrogen source and C/N ratio

As indicated above, the nitrogen source plays a key
role in cell growth and lipid synthesis. Nitrogen is
considered to be an important nutrient for microor-
ganisms to synthesise amino acids, proteins, nucleic
acids, and different metabolites. In oleaginous micro-
organisms, the nitrogen source and its depletion in the
medium is a key aspect in the process of de novo lipid
accumulation. This process is stimulated and gener-
ally initiated by the lack of nitrogen, as the organism
continues to sequester carbon but cell proliferation
stops. This is explained, among others, by the fact that
the absence of nitrogen inhibits isocitrate dehydroge-
nase (Beopoulos et al. 2009; Carsanba et al. 2018;
Bao et al. 2021). Conversely, it is also noteworthy

Fig. 4 Scheme of the ; )/o‘
process for obtaining lipids Biomass arravid C/N ratio Microbial oils
from different sustainable G Sugars lipolytica T2 Organic acids
feedstocks and the most Glycerol '
significant factors involved Wastewater pH Carotenoids
Carboxylic acids
Gases (e.g., CO,) 0, SCP
Alkanes
Biodiesel (micro)nutrients Enzymes
Sustainable or ) 0 ti
renewable Substrates Bioprocess perating Products
parameters
feedstocks
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Table 1 Values of lipid yield (Y,), lipid content and lipid concentration obtained in several strains of Y. lipolytica under different
culture conditions

Yarrowia Carbon source (g/L) T (°C) pH C/Nratio Culture Yl/s (g Lipid Lipids References
lipolytica mode lipids/g content (% concentra-
strain substrate)  w/w) tion (g/L)
MUCL Glucose (80) 30 56 62 Fed-batch 0.2 36.73 15.93 Fontanille
28849 Glycerol (80) 0.2 38.15 16.11 etal.
Acetic acid (12) 50 Fed-batch  0.15 30.76 1.84 (2012)
Propionic acid (8) 0.11 25.73 0.87
Butyric acid (12) 0.07 25.07 0.85
Glucose (40) +acetic acid Two-stage 0.13 40.69 12.36
Glucose (40) + propionic fed-batch ¢ 2 38.06 14.84
acid
Glucose (40) + butyric 0.11 24 7.62
acid
Glucose (40)+ VFAs 0.2 40.22 16.5
Glycerol (40) + acetic acid 0.17 38.43 15.73
Glycerol (40) + propionic 0.17 38.81 14.29
acid
Glycerol (40) + butyric 0.19 37.59 11.59
acid
Glycerol (40) + VFAs 0.16 34.59 14.19
A101 Crude glycerol (50) 28 6 100 Batch 0.035 25 1.69 Dobrowol-
Crude glycerol (150) 75 Batch 0.026 12.6 472 ski et al.
(2016)
QU21 Glycerol 28 6 1845 Batch 0.07 30.1 1.48 Poli et al.
(2014)
W29 Lard (80) 27 56 - Batch 0.05 46.8 3.83 Lopes et al.
(ATCC (2018)
20460)
ACA DC VFAs (15) (6:1 27 6  200:1 Batch - 434 - Morales-Pal-
50109 acetic:hexanoic ratio) 150:1 _ 37.3 _ omo et al.
(2022)
CICC 31596 Acetic acid (5) 28 6 - Batch 0.207 31.62 1.036 Gao et al.
Butyric acid (2,5) 0.219 28.91 0.548 (2017)
Propionic acid (2,5) 0.244 28.36 0.61
Engineered Crude glycerol (250) 28 35 - Chemostat 0.1 40 24.2 Rakicka
IMY4086 etal.
(2015)
SKY7 Crude glycerol (112,5) 28 6.5 100 Batch 0.192 44.60 6.28 Kuttiraja
et al. 2016)
CICC 31596 Acetic acid (70) 28 8 - Batch 0.144 27.22 10.11 Gao et al.
Propionic acid (50) 28 - Batch 0.09 2473 448 (2020)
Butyric acid (50) 28 8 - Batch 0.144 25.32 7.22
VFAs (50) 28 8 - Batch 0.165 30.25 8.27
acetic:propionic:butyric
acid=5:2:3
VFAs from Food Waste 28 8 1.76 Batch 0.091 21.86 3.2
(FW) fermentate
VFAs from Fruit and 28 8 3538 Batch 0.139 26.02 3.08
Vegetable Waste (FVW)
fermentate
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Table 1 (continued)

Yarrowia Carbon source (g/L) T (°C) pH C/Nratio Culture Yl/s (g Lipid Lipids References

lipolytica mode lipids/g content (% concentra-

strain substrate)  w/w) tion (g/L)

W29 Glucose (20 g/L)+ VFAs 27 6 - Two-stage 0.068 254 2.3 Pereira et al.

18 g/L batch 2021
Neycooos (1B ED) o - 26.7 35 @021)
culture

W29 Glucose (20 g/L)+ VFAs 27 6 75 Batch 0.06 10 1.42

Ncycoos 08D - - 26

W29 VFAs (36.9 g/L) 30 6 36 Fed-batch  0.008 13 0.30 Naveira-
Pazos et al.
(2022)

that some strains of Y. lipolytica are able to produce
lipids in the presence of nitrogen and consume the
accumulated lipids when exposed to nitrogen-limiting
conditions (Gottardi et al. 2021). In a study carried
out by Bellou et al. (2016), the authors cultivated
Y. lipolytica not only under nitrogen limitation, but
also under magnesium limitation because it had been
suggested, in other studies, that this double nutrient
limitation favours lipid accumulation. Under condi-
tions of double limitation of nitrogen and magnesium,
and using glucose as substrate, the authors obtained
12.2 g/L. biomass with almost 50% lipids, i.e., a lipid
production of about 6 g/L, which is a very high yield
for wild-type strains of Y. lipolytica.

There is some controversy about the most suit-
able type of nitrogen source to be used, depending
on whether cell growth or lipid production is to be
promoted. Nitrogen sources used in culture media
can be either organic or inorganic. Regarding organic
sources, peptone and yeast extract are quite com-
mon, while typical inorganic sources include ammo-
nium chloride, ammonium sulphate and ammonium
or potassium nitrate. Several researches claim that
organic nitrogen sources are suitable for lipid accu-
mulation by oleaginous micro organisms, while
inorganic nitrogen sources are more suitable for cell
growth (Jianzhong et al. 1998; Bellou et al. 2016; Bao
et al. 2021). For example, Li et al. (2007) observed
that, in studies with R. foruloides, the latter accu-
mulated more lipids when using organic nitrogen,
so they used yeast extract and peptone as nitrogen
sources in their batch cultures with R. foruloides Y4
using glucose as a carbon source for microbial lipid
production. In the afore cited reference of Bellou
et al. (2016), their best results of lipids were obtained

using glucose and yeast extract, respectively as car-
bon and nitrogen sources, for Yarrowia lipolytica.
Tsigie et al. (2011), based also on other yeast stud-
ies confirmed that organic nitrogen sources promote
growth and lipid production. They carried out stud-
ies with various sources and demonstrated the same
with Yarrowia lipolytica Polg. However, some other
researchers reported that ammonium sulphate was
preferred for lipid production (Madani et al. 2017).
Fontanille et al. (2012), carried out the bioconversion
of VFAs into lipids by Y. lipolytica using ammonium
as a nitrogen source, i.e., (NH,),SO,, under limiting
conditions, obtaining a biomass lipid content close to
40%. Recently, Bhutada et al. (2022) also used limit-
ing conditions of (NH,),SO,, for the manufacture of
a human milk fat substitute using genetically modi-
fied strains of Y. lipolytica; it was demonstrated that
Y. lipolytica could be genetically modified, and grown
on different substrates under nitrogen-limited condi-
tions, to synthesise triacylglycerol with a fatty acid
composition similar to human milk fat (palmitic,
oleic and linoleic acids). Finally, it should also be
noted that, other authors, despite not working with Y.
lipolytica, concluded in their studies that yeast extract
and ammonium sulphate exerted the best effect on
lipid synthesis, compared to peptone and ammonium
chloride, in other oleaginous yeasts, i.e., Rhodotorula
110 and Candida 14 (Enshaeieh et al. 2012).

Not only are the carbon and the nitrogen sources
key factors, but also the C/N ratio plays a relevant
role in the lipid content and the amount biomass
produced. In fact, it has often been reported that the
C/N ratio is even the most important factor affecting
lipid accumulation (Madani et al. 2017). Gao et al.
(2020) also stated that the C/N ratio is critical in
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lipogenesis and that, in general, oleaginous yeasts are
limited in lipid production when the initial C/N ratio
is lower than 20 and that, on the other side, C/N ratios
between 40 and 80 are usually the most appropriate.
However, although the need for a high C/N ratio is
clear, some more recent literature, e.g., Robles-Igle-
sias et al. (2023), report that optimal conditions for
lipid accumulation usually require a C/N ratio rang-
ing between 100 and 200. A low C/N value would
imply the absence of nitrogen limitation and thus the
suppression of activation of AMP-deaminase, which
is responsible for supplying ammonium to nitrogen-
deficient cells. In case of nitrogen limitation and
when this reaction takes place, the mitochondrial
AMP concentration decreases, which blocks the TCA
cycle. As a result, excess citrate accumulated in the
TCA cycle is excreted and leads to lipid accumulation
(Seo et al. 2013). Kuttiraja et al. (2016) studied how
the glycerol concentration and C/N ratio affected lipid
production in Y. lipolytica strain SKY7 and concluded
that a substrate concentration of 112.5 g/L. and a C/N
ratio of 100 provided the best results for both biomass
and lipid production, taking into account that several
studies were carried out with different glycerol con-
centrations (34.43, 52.37, 112.58 and 168.25 g/L) and
different C/N ratios (25, 50, 100 and 150).

On the other hand, it is important to keep in mind
that increasing the C/N ratio not only improves the
lipid yield, but can also have some adverse effects
such as a decrease of the biomass concentration and
growth rates. Therefore, there is a maximum C/N
ratio that a yeast can tolerate, which varies depending
on the strain (Robles-Iglesias et al. 2023). For exam-
ple, in experiments carried out with a C/N ratio= oo
and using glucose as substrate and the yeast R. foru-
loides, the amount biomass obtained was half that
obtained when the C/N ratio was 20 (Ye et al. 2021).
On the other hand, there is also evidence that increas-
ing the C/N ratio can even decrease lipid accumula-
tion when the concentration of substrate used is too
high, which can cause substrate inhibition (Robles-
Iglesias et al. 2023).

The results found in the literature on the effect
of the C/N ratio and, above all, on its optimal value
are not always consistent, as different data have been
reported. However, this may be due, among oth-
ers, to the fact that different studies may use differ-
ent strains, substrates, or fermentation conditions
besides the nitrogen source, thus reaching apparently
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contradictory conclusions while using similar C/N
ratios. Despite such apparent contradiction, after
carrying out this comprehensive literature review, it
can be stated that, although the operating conditions
affect the results and the conclusions obtained, a C/N
ratio around 100 can generally be considered as an
optimal value for lipid overproduction in most oleagi-
nous yeasts.

In a nutshell, the nature of the carbon and nitrogen
sources and the C/N ratio are closely related param-
eters. Their effect is highly dependent on the yeast
strain used, and is very important for efficient metab-
olites production and yields.

6 Temperature

Depending on the yeast strains, the tolerance to
temperature is different; some yeasts prefer high
temperatures (35-45 °C), while others prefer lower
temperatures (25-30 °C) (Bao et al. 2021). Incuba-
tion temperature significantly affects lipid produc-
tion by the yeast Y. lipolytica. According to some
studies, it is claimed that temperatures between 24
and 33 °C favour cell growth, while a temperature
of 28 °C would greatly favour lipid accumulation
(Carsanba et al. 2018). Papanikolaou et al. (2002)
obtained promising results of lipid production at pH
6 and temperatures between 28 and 33 °C in their
research based on lipid production in an indus-
trial animal fat medium; and they achieved about
10 g/L dry biomass by accumulating high amounts
of lipids intracellularly (about 55% (w/w). Further-
more, it has been reported, in the two afore men-
tioned studies, that the highest lipid accumulation
was achieved at a temperature of 28 °C (Papan-
ikolaou et al. 2002; Carsanba et al. 2018), and this
could therefore be considered optimal for both bio-
mass growth and production of these metabolites.
However, it is necessary to bear in mind that this is
approximate, since as with other factors, the opti-
mum temperature may depend on the strain and on
other conditions, but values between 28 and 30 °C
are most commonly used in the literature (Cavallo
et al. 2017). For example, in research carried out by
Bruder et al. (2020), in which they focused on the
study of different of Y. lipolytica strains in relation
to their ability to produce important metabolites
such as lipids and carotenoids, they found that the



Rev Environ Sci Biotechnol (2023) 22:1131-1158

1143

strains did indeed have similar growth rates in the
temperature range 28-34 °C, whereas a consider-
able decline in growth occurred at a temperature of
37 °C.

Besides, it is important to know that tempera-
ture also affects the lipid profile and the composi-
tion of the fatty acids obtained. It was observed that
the degree of saturation is usually reduced when
working at lower culture temperatures. On the other
hand, despite the increase in unsaturation, lipid
storage is not facilitated (Carsanba et al. 2018). This
can be confirmed, for example, by the research car-
ried out by Gao et al. (2017). The authors compared
the behaviour of Y. lipolytica cultures at 38 and
28 °C, using VFAs as carbon sources. It was con-
cluded, among other aspects, that cultures at 38 °C
provided lipids with less unsaturated fatty acids and
more saturated fatty acids; in fact, no C18:3 was
detected.

7 pH

Similarly to the parameters discussed in the previous
sections, the pH of the medium is another key factor
in the production of lipids and other bioproducts. Y.
lipolytica has the advantage of being able to grow
from pH values as low as 3 to values as high as 10
(Brigida et al. 2014; Sekova et al. 2015; Carsanba
et al. 2018; Bao et al. 2021).

Regarding lipid synthesis, most authors recom-
mend a pH between 5 and 6.5 (Timoumi et al. 2018).
Groposild-Constantinescu et al. (2015) reported that
the optimal pH for lipid biosynthesis in wild-type Y.
lipolytica was 6, using glucose and (NH,),SO, as car-
bon and nitrogen sources, respectively. On the other
side, Lopes et al. (2018) concluded that the optimal
pH was 5.6 in their research aimed at maximising the
production of lipids and other metabolites in Y. lipo-
Iytica W29 (ATCC 20460) from lard. Also, Papan-
ikolaou et al. (2002) concluded that the optimal pH
for lipid production in Y. lipolytica strain ACA-DC
50109 was 6. With the above results, as well as other
literature data, it appears that, as with other param-
eters, it is challenging to establish a single optimal pH
value for Y. lipolytica, as it varies between oleaginous
yeast strains and depends on other aspects such as
the carbon sources (Bao et al. 2021), among others.

A value close to 6 or slightly lower is, however, the
most common one.

8 Aeration

As mentioned earlier, Y. lipolytica is a strictly aero-
bic yeast, and oxygenation of the culture medium
is a parameter whose effect on its metabolism has
then to be taken into account. Indeed, the dissolved
oxygen concentration (DOC) in the culture medium
greatly influences the growth of this yeast and also
the synthesis of lipids, the latter being related to the
level of lipid accumulation and their composition
(Carsanba et al. 2018; Pereira et al. 2021). On the
one hand, DOC significantly affects yeast morphol-
ogy. In studies carried out with Y. lipolytica at low or
zero DOC, the mycelial and/or pseudomycelial forms
dominated over the yeast form, regardless of the car-
bon and nitrogen sources used (Bellou et al. 2014).
On the other hand, it has recently been reported that
for optimal lipid production, low dissolved oxygen
values need to be maintained (Carsanba et al. 2018),
as also confirmed by several other studies (Sabra
et al. 2017; Rakicka et al. 2015; Unrean et al. 2017).
Also, in the case of using fats and oils as substrates
for growth and lipid production with Y. lipolytica, it
is important to note that lipid synthesis appeared to
be more favourable as dissolved oxygen decreased,
and indeed, growth with high aeration can result in
some cases in lipid-free biomass synthesis (Carsanba
et al. 2018). Conversely, it has been reported that
under high aeration conditions the production of cit-
ric acid (CA) and other non-target compounds may be
favoured (Probst et al. 2016; Magdouli et al. 2018).
Oxygen at high concentrations causes an increase in
the activity of mitochondrial enzymes (citrate syn-
thase, aconitase, malate dehydrogenase and NADP-
dependent isocitrate dehydrogenase) involved in CA
synthesis (Magdouli et al. 2018). Similarly as Mag-
douli et al. (2018), Bellou et al. (2014) also stated, in
their studies with Y. lipolytica, that under high DOC
conditions, the activity of ATP-citrate lyase and malic
enzymes increases, up-regulating lipid metabolism.
Additionally, at high DOC, NADP-dependent isoci-
trate dehydrogenase shows low activity, which also
promotes lipid accumulation. Although it seems that
the influence of dissolved oxygen on Y. lipolytica is
more or less clear, it is important to note that during
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the lipid accumulation phase, however, the oxygen
demand is variable depending on the oleaginous yeast
species and the culture conditions used (Probst et al.
2016).

It is also worth highlighting the results of some
other recent publications, summarized hereaf-
ter. Snopek et al. (2021) reported that a significant
decrease in the DOC is proportional to an increase
in biomass production and normally also to an
increase in enzyme activity (Snopek et al. 2021). In
their studies on the effect of air flow rate and agita-
tion speed on biomass growth and lipase activity in Y.
lipolytica strain KKP 379 with waste fish oil (carbon
source), and with an aeration flow rate of 1.75 L/(L x
min) (i.e., 1.75 "vvm", volume of air per volume of
liquid per minute), they found lipase levels of 14.21
Ulem?, the highest enzyme activity among all cul-
tures they examined. Therefore, the intensity of stirrer
rotation and the level of aeration significantly affect
the activity of extracellular lipolytic enzymes of the
yeast Y. lipolytica. Pereira et al. (2021) studied the
accumulation of lipids, from VFAs, in two strains of
Y. lipolytica, i.e., strain W29 and strain NCYC 2904,
and they concluded that oxygenation of the culture
in their stirred tank bioreactor was also a key factor
for both uptake of VFAs and production of microbial
lipids. The highest VFAs uptake rate and lipid pro-
duction were achieved in experiments carried out at a
k; a of 87 h™!, compared to experiments carried out at
alower k; a of 22 h™" and at a higher k; a of 125 h™".

Overall, oxygen plays a key role in aerobic yeast
fermentation and dissolved oxygen levels have been
shown to affect the synthesis of some enzymes, cell
metabolism and product yields, including lipids (Lv
et al. 2020).

9 Micronutrients

In lipid production by oleaginous yeasts, it is also
essential to consider the presence or absence of
certain micronutrients, such as sulphur, phospho-
rus, magnesium, zinc, among others. In the case of
Y. lipolytica, studies have shown that limiting the
phosphate concentration favourably affects lipid
accumulation while slowing down biomass growth
because phosphate interferes with the regulation of
chemical oxidative stress that is stimulated by min-
eral elements (Nambou et al. 2014). For instance,
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lipid accumulation and the concentration of KH,PO,
in the medium were shown to be directly related
(Wierzchowska et al. 2021). It was observed that the
amount lipids that accumulated in the yeast Y. lipo-
Iytica increased when KH,PO, concentrations were
restricted. Yet, this also created unfavourable condi-
tions for the production of biomass. In the case of
sulphate, limiting its availability, even when the nitro-
gen concentration is high, ensures good lipid produc-
tion as the excess carbon is directed to lipid synthesis
and not to cell growth. It is worth to highlight this
fact as it is known that nitrogen limiting conditions
favour lipid accumulation when using carbohydrates
as carbon source for oleaginous yeasts. Even so, the
dual sulphate and nitrogen limitation strategy is sig-
nificantly more effective in accumulating these micro-
bial oils (Wu et al. 2011). With regard to magnesium,
however, it was observed that a higher concentration
of magnesium led to larger biomass growth and less
limitation of lipid accumulation. This is because mag-
nesium can be involved in vital functions and enzy-
matic reactions (interaction with proteins, phospho-
lipids and nucleic acids) (Nambou et al. 2014; Bellou
et al. 2016; Bao et al. 2021).

From this it can be concluded that depending on
the objective pursued, be it cell growth, metabolite
production or others, all of the above factors need to
be optimized and examined in detail on a case by case
approach.

10 Lipids profile

As Y. lipolytica is an oil producer, the quality of its
lipid product should be evaluated and compared with
that of the final product of interest. The lipid profile
observed in some yeasts is related to the experimental
conditions, and may show slight variations between
different strains, culture media, substrate used (type
and concentration), pH and temperature, among oth-
ers (Bao et al. 2021; Robles-Iglesias et al. 2023).
However, despite the existence of these small varia-
tions, it should be noted that the lipids predominantly
synthesised by Y. lipolytica consist of 16- and 18-car-
bon fatty acid chains, such as palmitic (C16:0), pal-
mitoleic (C16:1), stearic (C18:0), oleic (C18:1) and
linoleic (C18:2) acids. This composition is very simi-
lar to that of vegetable oil, which has similar appli-
cations, e.g., biodiesel production. Table 2 shows the
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Table 2 Lipid composition observed with different strains of Y. lipolytica grown on different carbon sources

Strain Substrates Lipid profile (%) References
C16:0 Cl6:1 C18:0 C18:1 C18:2 Total
MUCL 28849 Glucose + acetic acid 14.8 7.5 5.9 36.5 25.8 90.5 Fontanille et al. (2012)
Glucose + propionic acid 13.8 59 19.0 242 200 829
Glucose + butyric acid 164 4.1 119 321 202 847
Glucose + VFAs 226 44 39.0 23.1 10.9  100.0
Glycerol +acetic acid 21.0 55 209 265 18.0 919
Glycerol + propionic acid 139 29 212 199 225 804
Glycerol + butyric acid 19.6 47 244 168 306 96.1
Glycerol + VFAs 149 52 28.1  25.1 17.6  90.0
W29 (ATCC 20460) Pork lard 282 - 13.1 403 19.1 725 Lopesetal. (2018)
Al01 Crude glycerol 166 53 103 484 143 948 Dobrowolski et al. (2016)
NCIM 3589 Waste cooking oil 94 - 4.6 255 306 70.1 Katreetal. (2018)
ATCC 20460 Canola oil 250 5.0 200 380 7.0 95.0  Sestric et al. (2014)
Dextrose 250 5.0 220 380 70 97.0
Glycerol 220 4.0 19.0 390 8.0 92.0
Glycerol waste 250 50 220 390 7.0 98.0
MIUG D14 Raw palm fat 302 - 19.9 38.2 11.1 99.4  Horincar et al. (2017)
CICC 31596 Acetic acid 133 39 10,5 43.6 21.6 929 Gaoetal (2017)
Propionic acid 152 7.1 127 352 206 90.8
Butyric acid 149 52 16.6 335 199 90.1
FW-derived VFA (food waste) 20.5 4.3 18.7 34.1 7.6 85.2
DSMZ N°. 3286 Glucose 11.0 100 5.0 70.0 4.0 100.0  Zhao et al. (2015)
Oleic acid 10.0 3.0 2.0 65.0 20.0 100.0
W29 VFAs 19.1 - 9.2 37.8 274 935 Naveira-Pazos et al. (2022)
ACA-DC 50109 Olive oil 7.3 5.6 1.2 70.0 15.1 99.2  Daskalaki et al. (2018)
Palm oil 23.6 39 2.1 51.1 19.2 999
Sunflower oil 5.2 1.9 2.8 309 557  96.5
Beef tallow 153 99 264 366 73 95.5

lipid composition obtained with different strains of Y.
lipolytica, using different carbon sources. It can be
seen that the lipid profile is quite similar, although
with small variations, which is due, in addition to the
substrate, to all the factors mentioned above. Differ-
ent typical lipid profiles are also compared in Fig. 5.
Moreover, the degree of saturation of this typical
lipid profile can be adjusted by playing with all these
parameters. For example, it was reported that lower-
ing the temperature can lead to an increase in unsat-
urated fatty acids or lowering the pH can lead to a
higher percentage of oleic acid (Robles-Iglesias et al.
2023).

This high capacity to modify the lipid composi-
tion depending on the culture conditions, the strain
used or even through genetic engineering, makes Y.

lipolytica and other oleaginous yeasts even more
interesting at an industrial level. In the following sec-
tion, several applications of the lipids obtained, that
does also demonstrate this extraordinary ability to
vary the lipid profile, will be discussed.

11 Applications of synthesised lipids

As mentioned above, the remarkable capacity of Y.
lipolytica, as a non-conventional yeast to produce
lipids, is well known. Having highlighted some of
the factors that most influence the production of
lipids by this yeast in order to take into account
each of the limitations and to be able to improve

@ Springer



1146

Rev Environ Sci Biotechnol (2023) 22:1131-1158

Fig. 5 Lipid profile (A)
obtained from (A) palm oil
(Giakoumis 2018); (B) can-

ola oil (Smith et al. 2010); mCl16:0
(C) soybean oil (Issariyakul .
and Dalai 2014); (D) corn uCl6:1
oil (Issariyakul and Dalai acCl8:0
2014); (E) rapeseed oil (Sia acis:1
et al. 2020) (F) Y. lipolytica
grown on acetic, butyric @Cl18:2
and hexanoic acids coming @C18:3
from acetogenic fermenta-
tion of syngas by C. car-
boxidivorans (Unpublished
data)

©

(E)

the process of synthesis of these metabolites, it is
essential to study the prospects and applications.

As the production of oils and fats has increased
over the last three decades, and is still increasing,
this significant demand could be met by lipids pro-
duced by oleaginous yeasts. Most research confirms
that one of the potential applications of lipids syn-
thesised by oleaginous yeasts is the production of
biofuels, followed by their use in the food industry,
among others (Abeln and Chuck 2021), as summa-
rized hereafter.
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11.1 Biodiesel and sustainable aviation fuel (SAF)

The improvement of the economy and the easing of
mobility restrictions after COVID-19 boosted global
fuel demand, positively influencing the biofuels mar-
ket. Global biodiesel consumption reached 55 bil-
lion liters in 2021. On the other hand, while demand
increased, the cost of feedstocks and production also
increased, thus counteracting the previous positive
influence on the biofuels market. Regarding bio-
diesel prices, although they reached very high levels
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in 2021, they have been decreasing in 2023 due to
the drop in raw material prices, although they are
expected to remain roughly constant until 2031 due
to public policies, the cost of raw materials and crude
oil and distribution costs (OECD/FAO 2022).

Biodiesel is a more sustainable alternative com-
pared to fossil-derived diesel. More than 70% of pro-
duced biodiesel is first-generation biofuel, derived
from vegetable oils (OECD/FAO 2022) (Fig. 1).
Although food crops initially seemed to be a promis-
ing feedstock for biofuel production, EU policy mak-
ers have been debating on the need to limit this type
of biofuel and to opt for second-generation biofuels
instead, and even to promote other advanced feed-
stocks, certain microorganisms (e.g., microalgae) and
other bio-wastes (Drabik and Venus 2019; Abeln and
Chuck 2021), which may also stimulate the produc-
tion of lipids by oleaginous yeasts.

Although second- and third-generation biofuels,
e.g., biodiesel, are currently attracting more atten-
tion (Fig. 1), they are still limited in terms of pro-
duction on an industrial scale due to their relatively
high cost and need for subsidies. Their production
would be favored if fossil oil and first-generation
biodiesel increase in price (Abeln and Chuck 2021).
Despite these barriers, the urgent need to reduce
direct dependence on fossil fuels and the numer-
ous advantages offered by this type of biodiesel, has
boosted research focusing on ways to improve bio-
mass and lipid yields with microorganisms, as well
as on economic aspects during the cultivation of ole-
aginous microorganisms (Leong et al. 2018). In the
short term, road transport is expected to be the sec-
tor where the use of biofuels would be most widely
applied as many vehicles run on diesel, which has a
high compatibility with biodiesel.

Besides road traffic, research on aviation and mar-
itime fuels is another recent area of interest. So far,
the only fully mature and commercial scale technol-
ogy recently applied to the production of biojet fuel is
based on hydroprocessed esters of fatty acids (HEFA),
which are obtained from vegetable oils, waste lipids
or animal fats. Feedstock cost, in the production of
biojet fuel from vegetable oil, may represent around
30 to up to as much as 80% of the overall production
costs, besides the issue of cost fluctuations. Waste-
derived feedstocks generally result in the lowest costs
(El Kantar and Koubaa 2022). However, many vege-
table oils have typical fatty acids carbon chain lengths

best suited for biodiesel, e.g., often mainly C16—C18,
rather than for aviation fuel. For example, soybean
oil is predominantly a C18 oil feedstock, that can be
used for biodiesel production, though more jet fuel
could still be produced by cracking the diesel down to
the jet range; which would however then also lead to
increased costs (e.g., higher hydrogen requirements)
(Pearlson et al. 2013). This is estimated to result in a
biojet fuel price of about 1.07 to 1.24 US-$ per liter
(around 1.00 to 1.16 € per liter), which is roughly
twice the price of the fossil fuel counterpart (Pearl-
son et al. 2013). Similar cost comparisons apply to
diesel and biodiesel. Another recent study estimated
HEFA production costs of 890 € per ton (around 950
US-$ per ton) based on palm oil in this case (Neul-
ing and Kaltschmitt 2018). According to that same
study, other technologies, based on feedstocks such
as lignocellulosic biomass (e.g., Biomass-to-Liquids
(BtL), syngas-based processes) are estimated to result
in even higher production costs, i.e., 1054—1325 € per
ton (1125-1414 US-$ per ton). Although research
on process improvements is going on, biofuels, such
as aviation fuels, from vegetable oils are still more
expensive than petroleum derived ones. On the other
side, as far as maritime transport is concerned, less
than 1% uses biofuels at the moment, due to high
prices, scarce supplies, and institutional permissions,
among others (OECD/FAO 2022; Robles-Iglesias
et al. 2023).

A more recent approach has focused on the poten-
tial to use microbial oils, besides vegetable oils, as
attractive third generation alternative, with Y. lipol-
ytica as a ride horse in that respect. Most yeasts accu-
mulate mainly C16—C18 fatty acids, similar to many
vegetable oils, and highly effective for biodiesel pro-
duction (Robles-Iglesias et al. 2023). However, it has
been shown that yeasts, such as Y. lipolytica, can be
engineered in order to produce specific target metabo-
lites, i.e., fatty acids in this case, with different prop-
erties and different chain lengths, more suitable for
the production of aviation fuel rather than biodiesel
(Rigouin et al. 2017). In a nutshell, the appealing
characteristics of yeasts suggest that biofuels such as
biodiesel and SAF from microorganisms, i.e., micro-
bial oils, could be applied soon to a broader extent at
larger scale.

Although the production of biodiesel has these
numerous advantages and although governments are
expected to increasingly promote its production and
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use, currently it appears that the cost of biodiesel is
between 70 and 130% higher than fossil diesel and
gasoline in the wholesale market depending on the
crop used. By 2022, plant-based biodiesel became
almost 100% more expensive than fossil diesel, while
used animal-based or cooking oil became almost
130% higher (Vilela 2022). This is mainly because
the production of biofuels usually requires a high
amount of energy, and their distribution and supply is
not simple either. In addition, taking into account that
biodiesel on the market is mostly of vegetable origin,
additional drawbacks would be added to the previ-
ous ones, such as the need for large land areas and
land crops, which involves more costs (Priya et al.
2022). This justifies the need to study and optimize
the production of biodiesel from waste and pollutants,
because the raw material used is the main factor that
determines the success and cost-effectiveness of the
production of this biofuel, which constitutes around
80% of the operating cost (Skarlis et al. 2012). Since
the production of biodiesel using microorganisms and
cost-effective substrates,—which is the main subject
of this review-, is a quite recent research topic and is
still mainly being studied at laboratory scale, it is dif-
ficult to compare economically this type of biodiesel
with conventional diesel. Even so, it is worth men-
tioning the study of Sae-ngae et al. (2020), focused
on the techno-economic analysis and environmen-
tal impact of the biovalorization of agro-industrial
wastes for the production of biodiesel using oilseed
yeasts. They carried out an economic analysis taking
into account the operating costs associated with the
conversion of waste into biodiesel by yeasts, not tak-
ing into account installation and equipment costs and
estimating operating costs on the basis of common
operation on an industrial scale. Among the models
tested, for different agro-industrial wastes, the one
that required the lowest operating cost was 3.0 US$
per kg-biodiesel, using glycerol waste for its bio-
conversion into biodiesel. Regarding the production
costs of biodiesel from microalgae oils, some studies
mention values ranging between 2.5 and 5.4 US$/kg
(Davis et al. 2011; Richardson et al. 2012). Olkiewicz
et al. (2016) carried out a scale-up and economic
analysis of biodiesel production from primary sewage
sludge. They estimated a biodiesel selling cost of 1.2
US$/Kg. Taking into account that the average price of
diesel worldwide is approximately 1.3 $/kg (August
2023) (GlobalPetrolPrices.com 2023), it appears
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that biodiesel obtained from waste such as munici-
pal sludge has the potential to compete economically
with fossil diesel. However, generally, the production
of biodiesel is a process that involves large costs, not
being really competitive on a large scale today when
taking into account that the biodiesel that is marketed
is mostly of vegetable origin, which greatly increases
costs as mentioned above. Therefore, it is important
to continue studying this green technology for optimi-
zation and its application in industry.

11.2 Palm oil substitute

Palm oil, extracted from the mesocarp of the oil palm
fruit, has a high content of saturated fatty acids, with
palmitic acid accounting for about 40% (Spier et al.
2015; Abeln and Chuck 2021). Palm oil is mainly
used in food and personal care products (Naylor and
Higgins 2017). Its use for biofuels can also be men-
tioned because palm oil offers high yields cheaply.
However, palm oil as a diesel substitute is less suit-
able than other vegetable oils: it has a high density,
high flammability and lower energy density (Fitzher-
bert et al. 2008). It is one of the cheapest vegetable
oils mainly due to its high productivity. Neverthe-
less, the increase in demand causes significant defor-
estation, increased carbon dioxide emissions and the
formation of smog clouds, mainly in Southeast Asia
(Fitzherbert et al. 2008; Whiffin et al. 2016; Naylor
and Higgins 2017).

Specific oleaginous yeasts can synthesize an oil
similar to conventional palm oil, which is mainly
composed of palmitic, stearic, oleic and linoleic
acids. Although most oleaginous yeasts produce
mostly monounsaturated esters, some are able to
produce more saturated oils, e.g., palm oil, such as
Rhodotorula glutinis, Lipomyces lipofer or L. starkey
(Liu et al. 2015b; Spier et al. 2015; Abeln and Chuck
2021; Robles-Iglesias et al. 2023). Lipid profiles with
a high content of saturated esters were also obtained
by Carsanba et al. (2020); with Y. lipolytica PoldL
yielding a profile with more than 50% saturated
esters, with palmitic acid accounting for 37.2%, thus
appearing valid as a substitute for palm oil.

11.3 Cocoa butter equivalent

Cocoa butter, extracted from cocoa beans, contains
approximately 60% saturated fatty acids (Abeln and
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Chuck 2021). The high price of cocoa butter compared
to other vegetable fats, the decrease of cocoa crops
worldwide, and the fact that the cocoa fruit contains
a minimal amount of cocoa butter, has led the food
industry to search for alternatives (Jahurul et al. 2013).
Oleaginous yeasts, on the other hand, can accumulate
lipids rich in unsaturated fatty acids but studies such as
those of Papanikolaou et al. (2003) and Papanikolaou
et al. (2001), working with Y. lipolytica, demonstrated
that it is possible to increase the level of saturated acids
in the yeast lipids and obtain a lipid composition simi-
lar to that of cocoa butter.

11.4 Polyunsaturated fatty acids (PUFAs)

Polyunsaturated fatty acids, PUFAs, consist of two or
more double bonds, usually in the ®-3 or -6 positions,
and play vital functions in human health; they have
anti-inflammatory and immunomodulatory properties,
and they are necessary for the proper operation of the
cardiac and immune systems. The predominant sources
of PUFAs are vegetable seed oils and fish oils, which
are becoming increasingly scarce as demand for these
products increases (Cao et al. 2022). However, PUFAS
can be obtained from oleaginous yeasts; for example,
Y. lipolytica is considered a potential yeast host for
PUFAs production, as it has the ability to accumulate
lipids in considerable quantities (Palyzova et al. 2022;
Robles-Iglesias et al. 2023). In addition, a variety of
genetic and metabolic engineering tools are available to
enhance the ability of Y. lipolytica to synthesize these
products. These strategies include overexpression of
synthetic heterologous pathways for de novo fatty acid
synthesis, enhancement of acetyl-CoA precursor sup-
ply, inhibition of competing pathways, regulation of
genes linked to lipid metabolism, among others (Cao
et al. 2022).

The benefits of applying PUFAs in animal feed
should also be highlighted, which led to the creation
of the company Verlasso®, using DuPont’s geneti-
cally modified Y. lipolytica strain (Zhu and Jackson
2015) to increase the amounts of certain PUFAs in
the diet of salmon (Abeln and Chuck 2021).

12 Other products from Y. lipolytica

One of the outstanding features of Y. lipolytica is its
ability to metabolise hydrophobic carbon sources

such as triglycerides and fatty acids, making it suita-
ble for bioremediation in environments contaminated
by oil spills. Furthermore, it is an important bio-
processing carrier for many industrial applications; Y.
lipolytica represents an excellent biocatalyst for pro-
ducing renewable chemicals and enzymes for use in
fuels, animal feed, oleochemical and pharmaceutical
industries. There is considerable interest in this yeast
due to its ability to produce numerous metabolites
besides lipids, such as biosurfactants, y-decalactone,
citric acid, and carotenoids, among others (Gongalves
et al. 2014; Zhao et al. 2021). Therefore, besides
lipid production reviewed in the previous sections,
some other applications of Y. lipolytica are briefly
described below.

12.1 Carotenoids

In addition to the great interest in the microbial pro-
duction of biodiesel, the production of carotenoids is
also a relevant topic today, especially for nutraceuti-
cal and food industries, among others. Humans do
not have the capacity to synthesise vitamin A (Ber-
man et al. 2017), a truly essential nutrient in diets.
Carotenoids, present in some fruits and vegetables,
are antioxidant compounds that are transformed into
vitamin A when ingested. The benefits of this type of
nutraceutical product are therefore many.

Carotenoids comprise more than 600 compounds.
Moreover, as mentioned above, this group of sub-
stances, which have highly relevant industrial appli-
cations, have the advantage of being synthesised by
different organisms. On the other hand, they are not
able to satisfy the current market demand, which is
why it is crucial to develop new, efficient, methods
to meet the demand for these bioproducts (Liu et al.
2015a).

Even though native Y. lipolytica has the ability
to produce high amounts of lipids naturally or even
higher concentrations by expressing a gene, or part of
a gene, in a host organism through recombinant DNA
technology (Bruder et al. 2020), it is important to
emphasise that carotenoids are normally not naturally
produced by Y. lipolytica (Gottardi et al. 2021). How-
ever, there are several genetically modified strains
of Y. lipolytica with the ability to synthesise these
compounds.

Thus, although Y. lipolytica is unable to synthe-
sise carotenoids naturally, it has the advantage of
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producing high amounts of acetyl-CoA. With this
in mind, Larroude et al. (2018) studied the possibil-
ity of transforming Y. lipolytica into a potential yeast
for p-carotene production. It was shown that the best
engineered strain was able to produce 6.5 g/L and
90 mg/g DCW of B-carotene and 42.6 g/L of lipids. It
should also be noted that in this study, different con-
centrations of carbon as substrate were tested (with-
out varying the amount of nitrogen at any time); both
glucose and glycerol were used, with no significant
differences in the results obtained. Finally, it was also
concluded that the process could be greatly improved
by using other low-cost substrates such as lignocel-
lulosic materials or starch. Bruder et al. (2020) con-
ducted a recent study in which they evaluated, among
others, the carotenoid production capacity of a total of
12 strains of Y. lipolytica. They observed that the best
result obtained was 8 mg/g DCW of fB-carotenoids in
YNB media. This leads to the conclusion that, as with
lipid production, the accumulation of carotenoids is
also dependent on the substrate used.

Similarly, as observed for the accumulation of
lipids, the efficiency of production of other metabo-
lites, such as carotenoids, may vary depending on the
culture conditions discussed above for microbial oils,
that is, parameters such as temperature, pH, nutrients,
and aeration. In that sense, it was suggested that the
pH value might have an impact on p-carotene accu-
mulation as it could play a regulative role at the
branching point of acetyl-coA (Bruder et al. 2020).
This was also similarly found for extracellular lipase
production in Y. lipolytica (Destain et al. 1997).

Other studies have shown that the degree of dis-
solved oxygen also has a significant influence on the
production of these important metabolites. Lv et al.
(2020) explored the fermentation with dissolved oxy-
gen feedback control to try to improve the produc-
tion of B-carotene by a genetically modified strain, Y.
lipolytica C11. Using DO-stat fed-batch fermentation,
the biomass and p-carotene obtained were almost 1.3
times higher than under fed-batch fermentation; with
94 g/L. biomass and 2.01 g/L B-carotene obtained.
Kinetic modelling showed that this type of fermen-
tation contributes significantly to the industrial scale
production of this metabolite.

Also noteworthy in this section is the production of
lycopene, an important central carotenoid that can be
synthesised by modifying the metabolic pathway (Liu
et al. 2015a). Matthdus et al. (2014) verified, using

@ Springer

crude glycerol as a carbon source, the production of
lycopene in a genetically modified strain of Y. lipol-
ytica. These authors were able to increase the produc-
tion of this metabolite, reaching a yield of 16 mg/g
DWC in fed-batch fermentation.

12.2 Organic acids

The unconventional yeast Y. lipolytica is also well
known for its ability to produce organic acids such as
citric or isocitric acids, for example, from glycerol. In
addition, advances in genetic engineering have also
allowed to greatly favour the production of KGA and
succinic acid (Madzak 2018). These four types of
organic acids have very important applications (Liu
et al. 2015a). Citric acid is a key crucial metabolic
intermediate of the tricarboxylic acid (TCA) cycle
and, due to its chemical structure, it is of great inter-
est in industrial applications (Liu et al. 2015a); it is
widely used in the pharmaceutical, food and chemical
industries as it is a safe product with a pleasant acid
taste, high water solubility, good chelating and buffer-
ing capacities, among other favourable characteristics
(Cavallo et al. 2017). In wild-type strains of Y. lipo-
Iytica, citric acid is often co-produced together with
isocitric acid, a molecule with potential applications
in pharmaceuticals, medicine and also in food quality
control (Gottardi et al. 2021). KGA and pyruvic keto
acids are mainly of great interest in the food, pharma-
ceutical and animal feed industries; and, as discussed
above, Y. lipolytica is also a competitive generator of
succinic acid, which is used as a food additive, die-
tary supplement and as a component of bioplastics
(Madzak 2018).

12.3 Flavouring compounds

Consumers are increasingly demanding more and
more savoury foods, so in parallel to this, there is
a growing requirement to add flavour to products.
With this, the production of flavouring compounds
is of great importance and has increased consider-
ably as they are used in food and beverage, cosmet-
ics, chemical, pharmaceutical and other industries
(Braga and Belo 2016). Lactones, a type of aromatic
compounds that can be found in various foods, are
of great interest in the food sector because of their
peculiar "fruity" aroma. The most interesting lactone
is y-decalactone, which is obtained from ricinoleic
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acid (Braga and Belo 2016; Gottardi et al. 2021).
Although these kinds of compounds are usually
obtained from fruits or through chemical synthesis, in
recent years the use of enzymes and microorganisms
for their synthesis has greatly increased and, in fact,
Y. lipolytica is also capable of producing lactones
(Braga and Belo 2016). The most commonly used
substrates for lactone synthesis by yeasts are castor
oil, ricinoleic acid or methyl ricinoleate. There are
several microorganisms that can be used for the bio-
production of lactones, in particular for the produc-
tion of y-decalactone, but Y. lipolytica is the one that
is recurrently most used as it is well adapted to grow
on hydrophobic substrates. This advantage is, among
others, due to the large number and efficiency of its
lipases, cytochrome P450, acyl-CoA oxidases and its
ability to produce biosurfactants (Waché et al. 2003;
Aguedo et al. 2005; Al Mualad et al. 2022; Nogueira
et al. 2022). Furthermore, it should be noted that, for
example, during the process of biotransformation of
methyl ricinoleate into y-decalactone by Yarrowia
lipolytica, this yeast has the ability to produce also
large quantities of other lactones, i.e., 3-hydroxy-y-
decalactone, dec-2-en-4-olide and dec-3-en-4-olide
(Waché et al. 2003).

The metabolic pathway of y-decalactone produc-
tion from methyl ricinoleate involves peroxisomal
p-oxidation (Waché et al. 2002, 2003). However,
other lactones, mentioned above, can accumulate in
the metabolic pathway from ricinoleyl-CoA to acetyl-
CoA, which decreases the yields of the parent com-
pound (Waché et al. 2002). The substrate undergoes
p-oxidation and, after a sequence of four reactions cat-
alysed in the peroxisomes, it gives rise to C10 inter-
mediates. Hydrolysis and lactonisation of decanoyl-
CoA to y-decalactone can take place, or its oxidation
to 2-decenoyl-CoA and subsequent lactonisation to
dec-2-en-4-olide or its hydration to 3-hydroxyacyl-
CoA can take place. The 3-hydroxyacyl-CoA, in turn,
can either be lactonised to 3-hydroxy-y-decalactone
or dehydrogenated and cleaved and go to the next
B-oxidation loop. 3-Hydroxy-y-decalactone can also
be dehydrated to 2- and dec-3-en-4-olide, which can
in turn be reduced to y-decalactone (Waché et al.
2002). On the other hand, Y. lipolytica has a family
of six acyl-CoA oxidases—Aox1 to Aox6, encoded
by the POX1 to POX6 genes. These genes catalyse
the first B-oxidation reaction (Nogueira et al. 2022).
Modified strains with reduced Aox activity are known

to accumulate more y-decalactone. Actually, Waché
et al. (2002) aimed to optimise y-decalactone produc-
tion by modifying the genotype of Y. lipolytica, for
which they constructed a strain with multiple copies
of POX2 (which codes for the specific long-chain
Aox) and which was altered for the main active Aox
in the short-chain acyl-CoA. In this way, it should
theoretically accumulate the y-decalactone precursor,
thus hindering the accumulation of the other lactones.
Indeed, the modified strain reached a higher concen-
tration of y-decalactone (150 mg/L) than the wild-
type strain and, while the concentrations of other lac-
tones were very low.

Finally, it is important to note that Y. lipolytica
seems to be the microbial species with the high-
est productivity of y-decalactone. There are several
microorganisms that have the potential to produce
y-decalactone, but Aguedo et al. (2004), Fickers et al.
(2005) and Braga and Belo (2016), claimed that Y.
lipolytica should be considered the producer of excel-
lence. Schrader et al. (2004) also report, based on the
studies cited below, that the highest concentrations of
bioproduced y-decalactone are obtained with strains
of Y. lipolytica. Pagot et al. (1997) used a genetically
engineered multiple auxotrophic mutant of Y. lipol-
ytica (PODI1) to improve the yields of y-decalactone
and achieved 9.4 g/L of that product. This is a high
value compared to those obtained with other micro-
organisms, such as Rhodotorula glutinis, among oth-
ers (Schrader et al. 2004). Nevertheless, more recent
publications report that, actually, the concentrations
of 7y-decalactone obtained in patented processes
range from a few mg/L to 28 g/L, the latter concen-
tration having been obtained by biotransformation
of 12-hydroxystearic acid by Waltomyces lipofer
(Nogueira et al. 2022). Thus, this microorganism
exceeds the 12 g/ of y-decalactone observed from
castor oil and Y. lipolytica (Rabenhorst and Gatfield
2002; An et al. 2013). Nevertheless, otherwise, gen-
erally the highest concentrations have been reached
with Y. lipolytica.

12.4 Others

There are still additional high value-added products
that can be produced by native or engineered Y. lipo-
Iytica strains, including polyols such as erythritol,
mannitol and arabitol, which have important indus-
trial applications (Liu et al. 2015a). Erythritol and
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mannitol are used as flavour enhancers, sweeteners
and humectants. However, it should be noted that
wild-type strains produce fewer polyols than engi-
neered strains (Gottardi et al. 2021). Y. lipolytica is
also considered to be an optimal host for the produc-
tion of polyhydroxyalkanoates, which are important
biodegradable biopolymers that can be produced
through genetic engineering. It was also reported
that, with Y. lipolytica, a combined strategy with
overexpression of some genes and deletion of others,
good yields of pentane are obtained, thus affirming
that this yeast also has the ability to produce certain
hydrocarbons present in petroleum fuels. Finally, it
is also important to mention the role of Y. lipolytica
in bioremediation, a topic of significant relevance
nowadays due to the increase in environmental pollu-
tion in recent years. In this regard, this yeast has the
ability to produce biosurfactants, substances capable
of stimulating the bioavailability of oil-contaminated
chemicals, among others (Liu et al. 2015a), which is
quite relevant, as oil-contaminated soils and water is a
severe environmental problem.

Furthermore, Y. lipolytica can also be consid-
ered an important cell factory for other applications
because even the unmodified wild-type strain is suit-
able to produce and secrete endogenous enzymes,
e.g., alkaline protease, extracellular protease, lipase,
phosphatase, among others and it. It is also an opti-
mal host for the production of heterologous proteins,
e.g., laccase and epoxide hydrolase (Liu et al. 2015a;
Madzak 2018).

In conclusion, Y. lipolytica has numerous appli-
cations, from the production of microbial oils, func-
tional enzymes and the synthesis of numerous metab-
olites of great industrial interest, to environmental
bioremediation.

13 Concluding remarks and perspectives

Climate change, driven largely by CO, emissions
from burning fossil fuels, as well as fossil fuel deple-
tion and current environmental and human health
issues, are leading to increased interest in microbial
oils produced by oleaginous yeasts. So much so that,
over the last decade, annual publications on lipid
production using oleaginous yeasts have increased
significantly, highlighting the efficient alternative
that microbial oils offer compared to conventional
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fossil fuels. Oleaginous yeasts exhibit lipid profiles
that demonstrate the great potential of these micro-
organisms to play a key role in different fields in the
twenty-first century. Y. lipolytica stands out for its
great potential for biofuel production, its accumula-
tion of platform chemicals for biorefining, as well as
for the wide variety of biotechnological applications
it offers. This review highlights the most relevant
characteristics of Y. lipolytica, including its ability to
metabolise sustainable substrates, the mechanism of
lipid synthesis and metabolism, the factors that most
influence cell growth and lipid accumulation, as well
as the numerous applications of the lipids synthesised
and the applications of other metabolites also pro-
duced by this oleaginous yeast.

Despite significant advances in lipid accumulation,
high production costs are still an obstacle to their
cost-effective commercialisation as an alternative to
fossil oils or first-generation biofuels. However, the
ability of Y. lipolytica to use cheaper substrates, such
as VFAs, obtained from organic wastes, wastewaters
or even greenhouse gases, would considerably reduce
the costs of the process. On the other hand, it is also
necessary to take into account the processing costs
associated with lipid extraction and cell harvesting.
Further processing of the products is costly, which
limits a wide application of the lipids. Extraction
and purification of lipids represent major obstacles to
their industrial commercialisation as the energy and
personnel required to perform the operation is high. It
is necessary to carry out effective cell wall disruption
(Gorte et al. 2020), for example by homogenising the
extract well with a solvent and finally using a distilla-
tion column to recover the lipids and solvent, making
this a simple process on an industrial scale (Robles-
Iglesias et al. 2023). There are different methods of
cell disruption, such as high-pressure homogenisation
(HPH), bead milling, ultrasound, pulsed electric field
(PEF), microwave, enzymatic hydrolysis, among oth-
ers (Dong et al. 2016). For Y. lipolytica, one of the
most effective cell disruption techniques for lipid
recovery was ultrasound (Gorte et al. 2020). Moreo-
ver, although wet extraction with hexane has been
modelled on an industrial scale, enzymatic treatment
or supercritical fluid extraction with CO,, among oth-
ers, are cheaper and more environmentally-friendly
alternatives, although there is still limited informa-
tion on these processes applied to oleaginous yeasts
(Robles-Iglesias et al. 2023). Still, solvent recovery,
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as mentioned above, would be a way to save energy
at the processing stage (Robles-Iglesias et al. 2023).
These savings can be added to those derived from
certain fermentation characteristics, which could also
facilitate further processing, such as high density cul-
tures, which leads to lower volumes in cell separation,
and lipid secretion in the culture broth, which also
favours lipid recovery by centrifugation (Abeln and
Chuck 2021).

Although much research is still undertaken at labo-
ratory or pilot scale, recent developments are getting
closer to achieving cost-effective implementation
on an industrial scale, by reducing costs, increasing
yields thanks to the optimisation of the process and/
or metabolic engineering and thanks to the European
Union’s commitment to foment the use of advanced
sustainable biofuels. Therefore, research in this field
needs to go on, as it has been shown that valorization
of pollutants with Y. lipolytica to produce biobased
products and biofuels is viable and, the latter, can
replace fossil fuels to a large extent, while contrib-
uting to the circular economy by using renewable
resources or pollutants as feedstocks and produc-
ing high value-added compounds in a more sustain-
able way. Furthermore, this detailed literature review
highlights the positive impact of biofuel production
on the UN Sustainable Development Goals (SDGs),
especially if it is carried out using microorganisms
and sustainable sources. Despite the obstacles related
to the industrialisation of this process, already dis-
cussed above, it is necessary to promote its develop-
ment as it would contribute to several of the SDGs.
Indeed, it would, among others, promote poverty
reduction mainly related to the oil market (SDG1);
the use of waste for the production of biodiesel con-
tributes to the circular economy (SDG 2 and SDG 3);
it reduces toxic emissions to our planet through the
use of cleaner energy (SDG 7 and SDG 13); it favours
land reclamation also leading to the creation of jobs
(SDG 8 and SDG 13); and it would also promote an
innovative industry (SDG 9) (Garcia-Franco et al.
2021; United Nations Development Programme
2023). With this in mind, and in order to make pro-
gress in this technology, international cooperation
would be necessary for the adoption of measures to
redirect resources towards the sustainable growth of
countries and to increase support for research and the
application of this type of innovative and sustainable
technology.
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