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Abstract

Reprogramming of host metabolism is a common strategy for improving desired compounds in host cells and is essential to
generate overproducing strains in biotechnology. As a promising feedstock converter, Yarrowia lipolytica has been engineered
to extend its bioproduction ability related to the synthesis of new value-added molecules relevant to human food and disease
treatment. New synthetic tools have been reported and new enzymes with biotechnological importance are recovered. Addi-
tionally, metabolic events occurring during substrate utilization and recombinant protein production have been elucidated.
Its contributions as feed and in controlling disease in the food industry have also been provided. Likewise, the recent abilities
of Yarrowia lipolytica in the bioconversion of food waste into single-cell protein have been reported. These aforementioned

events made the novelty of this review compared to the existing ones on this oleaginous yeast.

Key points

e The production of biolipids by the heterotrophic yeast Yarrowia lipolytica is examined.
o A Summary of information concerning new value-added molecules has been highlighted.
e Special focus on the importance of Yarrowia lipolytica in regulating the immune system has been provided.
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Introduction

Yeasts in the Saccharomycotina subphylum have proven
to be useful platforms for the production of a diverse
range of pharmaceutical, industrial, biotechnological,
food, feed (e.g. food additive in diet), and biodiesel com-
pounds. The oleaginous yeast Y. lipolytica is viewed as
a more attractive tool to exploit renewable resources for
microbial lipid production; a reliable source for biodiesel
production. Y. lipolytica is also a well-established ole-
aginous dimorphic yeast extensively analysed to compre-
hend molecular events related to the synthesis and bio-
conversion of a wide range of molecules. A current report
unveiled the predominant role of sugar signaling path-
ways, such as cAMP-PKA (cyclic AMP [cAMP]-depend-
ent protein kinase [protein kinase A {PKA}]-depend-
ent pathway, in controlling Y. lipolytica dimorphism.
The same study reported an ovoid morphology in the

< Daniel Ruben Akiola Sanya
sanyadaniel86 @yahoo.com

1 Université Paris-Saclay, INRAE, AgroParisTech, Micalis
Institute, 78350 Jouy-en-Josas, France

conditions of residual glucose concentration below a
threshold value around 0.35—-0.37 mg/L while the elon-
gated forms are stimulated at this threshold progressively
accelerated with the increase in residual glucose levels
(Lesage et al. 2021).

To get more insights into the reactions companying sub-
strates utilization by this species, a novel experiment has
been performed. Indeed, by applying the Genome-scale
metabolic models GSMM (iY1i21) coupled with transcrip-
tomic data to Y. lipolytica type strain W29, to predict its
nutrient utilization, commonly used biochemical reactions
as well as specific reactions have been reported. For exam-
ple, the commonly noticed reactions encompassed reac-
tions from the tricarboxylic acid (TCA) cycle of central
metabolism, oxidative phosphorylation, and purine metab-
olism for energy and material supply. As far as specific
reactions are concerned, when glucose and glycerol are
employed as sole carbon sources, only glycolytic reactions
were observed while gluconeogenesis, as well as fatty acid
oxidation reactions, was triggered when fatty acids (alkane
and glycerolipid) are used as the sole carbon sources (Guo
et al. 2022). Y. lipolytica Polf genome has recently been
demonstrated, using the CRISPR-Cas9 system, to contain
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a putative diamine oxidase (DAO-1) enzyme with promis-
ing potential for the decomposition of biogenic amines,
such as tyramine, histamine, putrescine, and cadaverine,
in food (Kettner et al. 2021). Y. lipolytica has been also
engineered by introducing three modules for de novo pro-
duction of the natural compound scutellarin; a molecule
employed in drugs used to treat cerebrovascular and car-
diovascular diseases. These modules are p-coumaric acid
production module expressing phenylalanine ammonia-
lyase, cinnamate-4-hydroxylase and 4-coumaroyl-CoA
ligase, naringenin production module expressing chalcone
synthase, chalcone isomerase and flavone synthase II, and
scutellarin production module expressing flavone-6-hy-
droxylase, cytochrome P450 reductase, flavonoid-7-O-
glucuronosyltransferase, and UDP-glucose dehydrogenase.
The production of scutellarin by engineered strain deriving
from Y. lipolytica W29 strain, carrying Cas9 on the KU70
locus, was estimated as 94.79 mg/L in flask condition and
346 mg/L in a fed-batch bioreactor (Wang et al. 2022).
Scutellarin is a natural flavonoid compound known for its
cardiovascular preservative role and, recently, its role in
restraining the transendothelial migration of cells in the

Y. lipolytica Asparagus plant

aggressive subtype of breast cancer; triple-negative breast
cancer, has been elucidated (Mei et al. 2022). This brought
to light the high biological platform potential of Y. lipol-
ytica for cancer therapy.

The predisposition of the oleaginous yeast Y. lipolytica
as a probiotic organism with detrimental effects on patho-
gens has also been confirmed. For example, when the marine
yeasts Y. lipolytica Y1-N6 and Debaryomyces hansenii
CBS8339 are simultaneously administered orally by feed
and water to the white shrimp Penaeus vannamei post-lar-
vae, they triggered upregulation of the expression of gene
penaeidin and lectin in the shrimp. It increased this organ-
ism’s survival (shrimp) after infection by the pathogen bac-
terial Vibrio parahaemolyticus IPNGS16 (Licona-Jain et al.
2022). This elucidates the superior feature of this species as
probiotics relevant for the control of infectious disease in
the food industry.

Beyond its importance in the biosynthesis of value-
added molecules, Y. lipolytica can significantly contribute
to plant resistance to pathogens. This species can stimulate
a series of signals that activate several genes assuming a
key role in plant (asparagus) resistance to Fusarium disease

Fusarium disease
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Fig. 1 Regulation of resistance genes in asparagus upon exposure
to Y. lipolytica. This species can stimulate a series of signals (signal
transduction pathways of salicylic acid and jasmonate, Ca>*signal
transduction activated by CMLI9, reactive oxygen output expressed
by RBOHE, RBOHF) that activate several genes assuming a key role
in plant (asparagus) resistance to Fusarium disease (Godana et al.
2022). The genes spanned PRI genes, PGIP2, PLP2, and FMOI,
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antioxidant genes (PER genes, PNC1, Sb03g046810) and glutathione
S-transferase (GST) genes, genes related to secondary metabo-
lites (CCR, CAD, DIR21, PAL, PER genes, CYP75B2, CYP73A13,
UGT92A1, UGT73C6, F3H-1, CCoOAMT5, ALDH2C4, and BGLU12),
EMP-TCA pathway genes (FRK2, PFK3 and MSTRG.32630) and
genes related to the cell wall and membrane SBH1, SBH2, LRX, and
PERK (Godana et al. 2022)
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(Godana et al. 2022). Figure 1 highlights all the genes
involved in the biocontrol steps. Other parameters regard-
ing the biocontrol exerted by Y. lipolytica on asparagus dis-
ease causal agent Fusarium proliferatum encompassed the
stimulation of respiratory-related enzymes phosphofructoki-
nase (PFK), pyruvate kinase (PK), citrate synthase (CS),
isocitrate dehydrogenase of the mitochondrion (ICDHm),
a-ketoglutaricdehydrogenase (a-KGDH), succinodehydro-
genase (SDH), 6-phosphate-dehydrogenase (G-6-PDH),
6-phosphogluconate dehydrogenase (6-PGDH), NAD kinase
(NADK), and cytochrome oxidase (CCO). These relations
allow safeguarding a high energy status, and a high reduc-
tion state (Hu et al. 2021).

A combinatorial gene overexpression method has also
been applied to Y. lipolytica grown on waste cooking oil
(WCO) to enhance limonene biosynthesis. The highest titer
production under optimal fermentation conditions was 91.24
mg/L for D-limonene and 83.06 mg/L for L-limonene on
WCO (Li et al. 2022a, c, d).

This review highlights general trends and updates the
most recent developments in technologies to improve Yar-
rowia lipolytica competitiveness in biotechnology. We
highlight for the first time the mechanism underlying the
proneness of this species in controlling pathogens. We fur-
ther discuss how Y. lipolytica as a cell factory contributes to
human milk synthesis and converts diverse feedstocks into
the product of interest at high rates and yields, depending on
these different approaches.

Contribution of Yarrowia lipolytica
in the food and feed industry

The GRAS (Generally Recognized As Safe) status of the
non-conventional yeast Y. lipolytica has spurred interest
in exploiting this host for food and feed bioproduction.
The outstanding potential of this yeast for human food has
been underpinned. In 2022, the European Food and Safety
Authority (EFSA) authorised to use the biomass of Y. lipo-
lytica, as a novel food supplement at maximum use levels
of 3 g per day for children ranging from 3 to 9 years of
age and 6 g per day for children from 10 years of age, ado-
lescents and adults (EFSA, 2022). On the lignocellulosic
agricultural waste subjected to hydrolysis, oat bran hydro-
lysate, Y. lipolytica displayed biomass total yield and total
productivity values of 0.141 g/g and 0.078 g/h, respectively,
and protein contents in yeast biomass ranging from 30.5 to
44.5% of dry weight. On other lignocellulosic agricultural
waste (rye bran), Y. lipolytica exhibited high content of com-
mercially desirable exogenous amino acid (leucine 3.38 g,
lysine 2.93 g, threonine 2.31 g per 100 g of dry mass) and
an array of unsaturated fatty acid composed majorly of oleic
acid (59.28%; Drzymata et al. 2020). It has been provided

evidence that an engineered Y. lipolytica gsylA-LPAAT2
strain expressing lysophosphatidic acidacyltransferases
with palmitoyl-Coenzyme A specificity and cultured under
nitrogen-limited conditions, on glycerol or palm oil or a mix-
ture of the two substrates, generated fatty acid (FA) compo-
sition that resembles human milk fat with ~19% palmitic
acid (16:0), ~3% palmitoleic acid (16:1), ~13% stearic acid
(18:0), ~50% oleic acid (18:1) and ~15% linoleic acid (18:2),
with more than 60% of the total 16:0 in triacylglycerol at the
sn-2 position and 16:0 representing nearly 40% of all the FA
at the sn-2 position (Bhutada et al. 2022). Non-conjugated
linoleic acid (C18:2) presence in milk fat is highly preferred
in human metabolism due to the beneficial role of this fatty
acid species in lowering blood lipids, restraining immune
responses, and triggering lipid metabolism (Belury 2002).

Furthermore, Jach and Malm (2022) reported that the
biomass of Y. lipolytica gathered protein, exogenous amino
acids, bioavailable essential trace minerals, and unsaturated
fatty acids. Again, the protein biomass of Y. lipolytica cul-
tivated in industrial glycerol or biofuel waste accommo-
dates 0.68—11.5 mg/100g of thiamine (vitamin B,), 1.1-6.9
mg/100g of riboflavin (vitamin B,), 2.53-6.50 mg/100g of
pyridoxine (vitamin Bg), 184-330 mg/100g of folic acid
(vitamin Bgy), and 5.2-11.2 mg/100g cyanocobalamin or
vitamin B,, (Jach and Malm, 2022). Vitamins are noticeable
for their significant contribution to several biochemical pro-
cesses in humans and their deficiency or depletion are asso-
ciated with characteristic symptoms, e.g., Beri-Beri disease
(Vit. B1). Therefore, the protein biomass of Y. lipolytica can
be considered a valuable source of vitamin supplementation.

As its contribution to the food industry keeps increas-
ing, the molecular regulatory mechanism that occurred dur-
ing the transformation of (+)-valencene to (+)-nootkatone
(grapefruit aroma employed as aromatics) in Y. lipolytica
was examined in detail in the report of Li et al. (2022a, c, d).
This report highlighted the up-regulation of the expression
of genes related to the biosynthesis of secondary metabo-
lites and most ATP-binding cassette (ABC) transporters and
the down-regulation of genes implicated in energy metab-
olism. Furthermore, an induction of enzymes involved in
(+)-valencene biotransformation prone to inhibition by
cytochrome P450 inhibitors was described. And finally,
several up-expressed genes linked to cytochrome P450 and
dehydrogenase (gene2800, gene2911, gene3152) were iden-
tified that may be involved in the biotransformation.

The contribution of Y. lipolytica as quality feed in the
diet has been illustrated through the report of zootechnical,
hematological, and immune response parameters exhibited
by the plasma and kidney of the fish Nile Tilapia (Oreo-
chromis niloticus); the second largest group of farmed fish
worldwide. On the plasma, it has been unveiled that fer-
mented biomass of the yeast Y. lipolytica enhances zoot-
echnical parameters in tilapia, augments the number of
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neutrophils, monocytes, and the levels of lysozyme, mye-
loperoxidase, as well as nitrite/nitrate content in the blood
of the fish. Additionally, the fermented biomass of this ole-
aginous yeast does not compromise survival or affect the
hematological parameters of the fish but rather enhances the
levels of myeloperoxidase with no perturbation on the levels
of lysozyme and nitrite/nitrate content of the fish kidney
(Neuls et al. 2021). These data indicate the promising role
that Y. lipolytica may exert as a nutritional component of the
aquafeed industry.

Molecules deriving from the biotransformation of natu-
ral starting materials are viewed as natural, as stated by the
United States and European Union regulations; consequently,
interest in the biotechnological synthesis of natural flavor mol-
ecules has recently increased (Yu et al. 2014). Natural mole-
cules include lactones identify as a group of additives contain-
ing ester bonds and exhibiting an intense, specific aroma that
can affect food intake and preferences. The role of Y. lipolytica
in aroma synthesis in the industry has been also investigated.
Y. lipolytica NCIM 3590 in optimized conditions converted 5
g/L ricinoleic acids, under a continuously stirred tank reactor,
into 200 mg/L/h of y-decalactone. More specifically, 80% pure
y-decalactone with an overall recovery of 85% of the product
was achieved after a three-step purification method (Kothari
et al. 2022). Noteworthy, the compound y-decalactone is a
lactone with a low aroma threshold employed as an additive
in the production of beverages or food (Schrader et al. 2004).
Considering that the extraction and isolation of natural food
additives can be sometimes expensive, a microbial route for
their synthesis can be viewed as a viable option and a break-
through in the food industry.

Enzymes synthesis features of Yarrowia
lipolytica

Although a recent bioconversion of food waste to single-cell
protein (SCP) has been reported for the oleaginous yeast Y.
lipolytica, its ability in recombinant protein synthesis should
also be considered. Indeed, 38.8 + 0.2% w/w biomass dry
weight (BDW) with a chemical oxygen demand removal rate
of 85.5 + 0.7% were reported during a two-stage fermenta-
tion process implicating a step of anaerobic fermentation of
food waste to volatile fatty acids preceding conversion to
SCP (Yang et al. 2022). Y. lipolytica represents, therefore,
an effective measure to remove additional pollutants source
in the environment, avoid long-term ecological problems,
and improve the food industry.

Recombinant enzymes that can help to mitigate a huge
number of environmental problems through the decon-
struction of lignocellulose biomass, degradation of recal-
citrant substrates from nature or that can be valorised for
the synthesis of value-added compounds hold great promise
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for sustainable biotechnology. Protein engineering efforts
focused on supplying variants of extended substrate scope
or augmented operational and thermal stability. Catalytic
units of the endogenous lipases Lip11 from Y. lipolytica are
known to contain, serine, histidine, and aspartate residues.
Lip11 has been engineered for improving its activity. It has
been revealed that the insertion of the point mutation in the
C-terminus of Lipl1, from the yeast Y. lipolytica MSR80,
impedes putative glycosylation residue and reduces Lip11
stability and catalytic activity while mutating the putative
glycosylation residue (N17) located towards the N-termi-
nus in the structure of Lip11 leads to a catalytically effi-
cient variant (N1) with improved thermal and acid stability
(Kashyap and Gupta, 2021). By creating N-truncations in
the 58-residue extended terminus of the native or endog-
enous lipase of Y. lipolytica MSR80, Lip11, a lipase with
abolished substrate inhibition, enhanced catalytic activity,
stability, and efficiency has been obtained (Kashyap and
Gupta 2022). To see how these lipases clustered with other
lipases from fungi, a phylogenetic tree has been designed
(Fig. 2). Clearly, the lipases of Y. lipolytica are separated
from those of the other fungi. This may inform more targeted
approaches for improving lipase’s role in this yeast.

The yeast strains Y. lipolytica YEAST-1 have been shown
to promote the growth and enhance the salinity tolerance
of the plant Triticum aestivum L. by secreting extracellular
amino-cyclopropane-1-carboxylate deaminase (Hussein
et al. 2022). Moreover, Y. lipolytica is shown to produce
fatty acids on a seawater medium (Dobrowolski et al. 2019).
The dimorphic Y. lipolytica RIY368 exhibited superior
features over Pichia pastoris RIY311 towards synthesis
and secretion of extracellular Candida Antarctica lipase B
(CalB) in a bioreactor, with the maximal CalB production
levels being reported in half the cultivation time neces-
sary for maximal production by P. pastoris (Theron et al.
2020). The amount of recombinant enzymes (lipase CalB
from Candida antarctica) can be improved in Y. lipolytica
when the yeast is cultured on in situ fibrous bed bioreactor
(isFBB) containing glycerol; designed by exploiting sugar-
cane bagasse as a cell immobilization support. The maxi-
mum lipase titer achieved using the isFBB culture mode
was 38%, 33%, and 49% higher than those estimated using
the batch, pulsed fed-batch (PFB), and continuous fed-batch
(CFB) cultures, respectively (Mou et al. 2021). Relying on
the engineering of Y. lipolytica for high-level production
of highly enriched lipase B (CalB) is a promising strategy
in the chemical industry knowing that CalB is notified as a
robust enzyme, which keeps its activity in harsh industrial
conditions, like in high solvent content (Carrea and Riva,
2000).

Heterologous protein secretion in this dimorphic species
has been reported to be improved by the mean of thermal
treatment conditions or genetic engineering. For example,
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Fig.2 Protein sequence-based phylogenetic tree obtained from mul-
tiple alignments of different protein sequences of fungi lipases.
The accession numbers of the related lipase sequences given in the
bracket. The position of lipase Lip 11 from Yarrowia lipolytica is
highlighted in red. Multiple sequence alignment was performed
using MUSCLE (Multiple Sequence Comparison by Log-expecta-
tion) in MEGA 11. A phylogenetic tree was obtained in MEGA 11
(Tamura et al. 2021) with a Neighbor-Joining tree model with 1000
replicates. Scale bar: 0.2. Yarrowia lipolytica isolate Lip7 (Lip7,
GenBank: ADN93266.1), Yarrowia lipolytica Lip8 (Lip8, Gen-
Bank: RDW51668.1), Yarrowia lipolytica isolate lipase 11 (Lipll,
GenBank: AFH77826.1), Yarrowia lipolytica isolate lipase 2 (Lip2,
GenBank: ADLS57415.1), Yarrowia lipolytica isolate lipase 12
(Lip12,GenBank: RDW52422.1), Yarrowia lipolytica isolate lipase
1 (Lipl,GenBank: RDW55890.1), Yarrowia lipolytica isolate lipase
3 (Lip3,GenBank: QNP97273.1), Yarrowia lipolytica isolate lipase
4 (Lip4,GenBank: QNQO00654.1), Yarrowia lipolytica isolate partial
lipase 5 (Lip5,GenBank: ALMS55103.1), Yarrowia lipolytica isolate

it has been demonstrated that heterologous protein produc-
tion of a recombinant Y. lipolytica strain, overproducing
a heterologous raw starch digesting alpha-amylase (SoA),
grown on a crude glycerol-based medium increases in
response to decreased temperature; 20°C (Kubiak et al.
2021). Heterologous protein secretion can be improved
in Y. lipolytica (Polf strain) by co-cloning genes (RPL3,
SSA5, and SSA8) encoding secretory helpers (SHs) with an
easy-to-track reporter in the targeted strain at a decreased
temperature (25°C; Korpys-WozZniak et al. 2021). A two-
step strategy (co-transformation of haploid strains with
different vectors and construction of diploid strains from

lipase 9 (Lip9,GenBank: AHA84098.1), Yarrowia lipolytica isolate
lipase 14 (Lip14,GenBank: RDW55471.1), compared to other lipases
from fungi found in NCBI database Malassezia restricta strain CBS
7877 lipase (Lip4, GenBank: AYO44747.1), Malassezia restricta
strain CBS7877 lipase (Lipl, GenBank: AY044746.1), Malassezia
restricta strain 7877 lipase (Lip2, GenBank: AYO44072.1), Rhodoto-
rula toruloides lipase (Lip2, GenBank GEMO07177.1), Candida albi-
cans SC5314 lipase 8 (Lip8, GenBank: KHC79859.1), Candida albi-
cans SC5314 lipase 3 (Lip3, GenBank: KHC89171.1), Trichophyton
rubrum putative lipase 4 (Lip4, GenBank: DQ778062.1), Candida
albicans SC5314 lipase 6 (Lip6, GenBank: KHC89143.1), Candida
albicans P78042 lipase 9 (Lip9, GenBank: KHC67886.1), Candida
albicans SC5314 lipase 5 (Lip5, GenBank: KHC79813.1), Candida
albicans lipase 10 (Lipl0, GenBank: KHC89142.1), Candida albi-
cans SC5314 lipase 4 (Lip4, GenBank: KHC82116.1), Candida albi-
cans SC5314 lipase 1 (Lipl, GenBank: KHC89141.1), Trichophyton
rubrum putative lipase 3 (Lip3, GenBank: ABG67899.1), and Tricho-
phyton rubrum putative lipase 4 (Lip4, GenBank: ABG67900.1)

various haploid transformants) for designing recombinant
strains that facilitates the simple integration of several
expression cassettes encoding heterologous proteins into Y.
lipolytica genome has been successfully implemented. To
this end, up to three expression vectors containing differ-
ent heterologous cDNAs for P450scc system proteins and
P45017a, have been integrated into Y. lipolytica for the
purpose of constructing heterologous expression of multi-
component enzyme systems in the yeast (Novikova et al.
2021). A well-established microbial protein production
host may remove the cost and time-intensive bottleneck
within the design of new bioprocesses. Other approaches
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for protein secretion in Y. lipolytica include the coupling
of the TEF intron sequence with native secretion signal
lip2pre-pro devoid of pro sequence (optimized construct)
for enhancing protein secretion (e.g. T4 lysozyme). This
combination led to an increase in the secretion of extra-
cellular titer of T4 lysozyme by 17-fold. The secretion
yield is further improved by combining the overexpres-
sion of enzymes in the endoplasmic reticulum (S. cerevi-
siae ERV29 encoding ER exit receptor) and Golgi body
(S. cerevisiae STE13 encoding dipeptidyl aminopeptidase
A), with the deletion of phosphatidic acid phosphatase
gene (PAHI, important for diacylglycerol biosynthesis)
in a strain containing lip2pre-intron signal. The resulting
yield in Apahl strain with the lip2pre-intron signal is esti-
mated as a 50-fold enhancement of T4-lysozyme secretion
(Wang and Blenner 2022).

It has been disclosed that exposure to environmental
stress factors can affect the overproduction of recombinant
secretory proteins (rs-Prots) and the physiology of the ole-
aginous yeast Y. lipolytica. In the case of batch cultivations
of Y. lipolytica metabolically burdened strains (GGY251
and GGY 178 strains), it has been provided evidence that
the notified decrease in rs-Prot production under adverse
environmental conditions (pH 3/7) and oxygen availability
(kLa 28/110 h™!) is predominantly due to emergence of a
less-producing cell subpopulation rather than the decrease
of the synthetic capacity of the whole cell population
(Gorczyca et al. 2022). These authors further highlighted
that the significantly burdened producer cells exhibited a
higher demand for the carbon source, even if the growth
of the cell is compromised. Of note, metabolic burden
refers to the processes in which a decrease in the growth
rate precedes an increase in recombinant protein content
(Bentley et al. 2009).

Moreover, Y. lipolytica (strain GGY237) overproduc-
ing rs-Prot and submitted to hyperosmolarity (3 Osm
kg™!) stress factors, in batch bioreactor cultures displayed
an upregulated heat-shock proteins (HSPs) and aldo—keto
reductases, a downregulated central carbon metabolism
encompassing glycolysis, tricarboxylic acid cycle, and fatty
acid synthesis, as well as a downregulated translation (elon-
gation factors, several aa-tRNA synthetases), amino acid
biosynthesis and ribosome biogenesis. Hyperosmolarity
triggered the synthesis of polyols and drastically restricted
citric acid synthesis and growth (Kubiak-Szymendera et al.
2022). Y. lipolytica strains subjected to high-level expression
of different r(s)-Prot-encoding genes respond to perturba-
tions imposed by the synthesis of proteins by exhibiting oxi-
dative and unfolded protein stress (CTT1, PXMP2/4, HACI),
glycosylation (ALGs, KTRs, MNTs, MNNs), folding and
translocation (SSAs, SSES), non-conventional protein secre-
tion (NCE102), transcriptional regulators (FLO11, MHY1,
D01353g, RSFA, E23925g or MAFI), vacuolar proteolysis
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targets (ATGs, VPSs, HSEI, PRBI, PRC1, PEP4) or growth
arrest (CLNI) upon rs-Prots overproduction (Korpys-
Wozniak and Celinska, 2021).

The quality of Y. lipolytica as microbial cell factories
(e.g. Y. lipolytica strain YLY) for simultaneous production
of lipase and single-cell protein (SCP), employed as feed
additives, has been reported during growth on the substrates
(sugarcane molasses, waste cooking oil, and crude glyc-
erol), with sugarcane molasses substrate being the cheap-
est feedstock favoring production of 16420 U/mL of lipase
and 151.2 g/L of single-cell protein at 10-L fermentation
scale (Yan et al. 2018). Of note, crude glycerol, as a major
by-product deriving from the biodiesel industry, can be an
environmental threat at a higher quantity and needs to be
valorized via biotechnology processes transforming it into
value-added compounds with significant economic benefits.
Y. lipolytica Lip2 lipase showed promising features for the
leather industry by efficiently degreasing sheepskins, with 6
mg of lipase/kg of raw skin sufficient for successful degreas-
ing in only 15 min at pH 8 and 30°C (Moujehed et al. 2022).

Molecular events linked to lipid metabolism
in Yarrowia lipolytica

Beyond food and enzyme synthesis, Y. lipolytica is also an
important cell factory for lipids and citrate production. Y.
lipolytica has been widely regarded as a good oleaginous
yeast candidate with wide industrial application prospects
based on its wide substrate spectrum, and excellent fatty
acid composition for high-quality biodiesel. Other appli-
cations based on Y. lipolytica features are highlighted
in Table 1. Generally identified as oleaginous yeast that
cannot naturally metabolize C-5 substrates (e.g. pentose-
specific transporters YALIOC04730p and YALIOB00396p
need to be overexpressed for D-xylose assimilation; Ryu
et al. 2018), a recent report highlighted the natural ability
of some undomesticated strain of Y. lipolytica on xylose
bioconversion. For example, in bioreactor culture condi-
tions, it has been indicated that the undomesticated strain
YB420 metabolized xylose to sustain cell growth as well
as to keep high lipid levels and contained proteins linked
to lipid metabolism (e.g. lipase, NADPH generation,
lipid regulators, and B-oxidation) that are activated in a
xylose-containing medium. The same authors found that
the conventional strain CBS7504 (or W29) decomposed
cell biomass and displayed a lipid degradation pheno-
type when xylose is the sole carbon source (Walker et al.
2021). Typical metabolic pathways for NADPH supply are
depicted in Fig. 3.

The lipid synthesis in Y. lipolytica is affected by the
presence of a high carbon source content and low con-
centration of nitrogen in the environment (Cosgun et al.
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Table 1 Additional tools and applications available for Yarrowia lipolytica

Strains Purpose Medium/host/contents  Results Targets References
Y. lipolytica RO25 Cricket powder-based RO2S5 cricket hydro- ~ RO25H-CS with the ~ Food Rossi et al. (2021)
hydrolysate to lysate highest releases of
free fatty acids
produce sourdough for (C18:2,C18:1, and
bread production C16:1) and highest
proteolytic activity
(RO25H-CS)
Y. lipolytica ATCC Polypropylene (PP) Virgin polypropylene  Plastic-to-lipid micro- Biolipids Mihreteab et al. (2021)
46482 upcycling process with pH=6.0, bial bioconversion
content of
inoculum density of 3 1.9 g/L fatty acid titer
(OD 600 nm),
C/N ratio of 80:1
Lipids overproducing- Extraction of intracel- Nitrogen-restricted Release of 50% of Biolipids Pandit et al. (2021)
Y. lipolytica lular lipids with Delft medium total cellular lipids
Graphene-coated mag-
netic nanoparticles
Y. lipolytica 242 Effects of probiotic Zebrafish (Danio Protection of Probiotic Vargas et al. (2021)
yeasts on microbi- rerio) larvae Zebrafish Larvae
ome and against Vibrio
anguillarum

Y. lipolytica uracil
mutant

Y. lipolytica ACA DC
50109

Y. lipolytica (BapAY-
lip)

Y. lipolytica Polf

neutrophil response
against Vibrio
anguillarum

infection

Production of alginate GPPB media

lyases (linear heter-
opoly

glucuronic polymer)
with unique features

Bioproduction of
bioethanol and
bioactive lipids

from Pomegranate
residues (PRs) not
treated

chemically

Purification and char-
acterization of

B-aminopeptidases

Homology-independ-
ent and CRISPR/
Cas9-mediated

Polysaccharides con-
tained in PRs

Chromogenic a-amino
acid substrates

YPD and yeast SD
premix base

Modification of
beta diversity of
Zebrafish Larvae
microbiota

Alkaline alginate
lyase with heat
recovery perfor-
mance,

resistant to metal ions,
highly active in vari-
ous ionic

environments

Ethanol ranging from
3.6 to 12.5 g/ and
up to 18% lipids rich

in palmitic and oleic
acids, phenolic
removal (up to 30%)

New
B-aminopeptidases
hydrolyzing N-ter-
minal l-configura-
tions

B-homo-Gly
(BhGly), H-phGly-
p-nitroanilide
(H-BhGly-pNA)

and p3-homo-Leu
(B3hLeu)

Achieved targeted

integration rate of
55% through

Alginate lyase Liu et al. (2021c¢)

Bioethanol and lipids Dourou et al. (2021)

John-White et al.
(2019)

Fully functional

B-aminopeptidases

Tool for Targeted Cui et al. (2021b)

@ Springer



7404

Applied Microbiology and Biotechnology (2022) 106:7397-7416

Table 1 (continued)

Strains Purpose Medium/host/contents  Results Targets References
targeted genome inte- medium G1 phase synchroni-  Genome Integration
gration tool zation, rapid veri-
fication of intronic
promoters
DNA fragment con- and iterative integra-
taining tion of four genes in

a cas9 expression
cassette

and a LEU2 selection
marker,

sgRNA expression
targeting TRP1

NHEIJ-based indel rate
of TRP1 for

identifying cleavage

efficiency of Cas9

Increased accumula-
tion of squalene

Y. lipolytica Polf Overexpression of

genes (ERG, HMG)

coding for the meva-
lonate

pathway enzymes

Overexpression of
DGA1 and deletion

of PEX10 (for peroxi-
somal membrane

E3 ubiquitin ligase)
Inactivation of URE2
coding for a

transcriptional regula-
tor in charge of

nitrogen catabolite

repression
Y. lipolytica ULH- Biosynthesis of HpCrtW and HpCrtZ
pDA*20 38S,3'S-astaxanthin from
Haematococcus
pluvialis

the pathway

for canthaxanthin
biosynthesis.

Homology-independ-
ent integration tool
does not require

homologous templates
and selection mark-
ers

Allowed one-step
targeted genome
integration of the
8,417-bp

DNA fragment

22.0mg/g dry cell Wei et al. (2021b)

weight of squalene

Squalene

33 g/Lor4l.3mg/g  3S,3'S-astaxanthin Zhu et al. (2022)
dry cell weight
under fed-batch

conditions

2022). Knowledge of the lipid biosynthesis in Y. lipol-
ytica indicated that, under carbon and nitrogen-limited
chemostat cultures conditions, lipid accumulation in Y.
lipolytica (e.g. strains derived from Polg (Leu—)) is linked
to the regulation of amino-acid biosynthesis, giving rise
to the rewiring of carbon flux during nitrogen limitation
from amino acids to lipids, rather than the transcriptional
monitoring of lipid metabolism (Kerkhoven et al. 2016).
Additionally, the mechanism underlying the regulation of
one of the key enzymes affecting lipogenesis in oleaginous
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yeasts has been uncovered in this species. Specifically, there
are relationships between the two subunits of the ATP citrate
lyase (ACL), an enzyme that is known for its role in causing
the conversion of citrate to acetyl-CoA in an ATP-dependent
manner. Indeed, it has been highlighted during lipogenesis
that the subunit Acll encoded by the ACLI gene augmented
the protein levels of Acl2 encoded by the ACL2 gene (Anche
and Fakas 2022). Of note, ACL known to convert citrate to
acetyl-CoA for fatty acid biosynthesis is inactive in Y. lipol-
ytica cultured in a nitrogen-rich medium but is significantly
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Fig.3 Schematic diagram of lipogenesis with emphasis on NADPH
synthesis in the oleaginous yeast Yarrowia lipolytica. The metabolic
pathway is based on Wasylenko et al. (2015) and Wu et al. (2019)
publications. Full arrows indicate direct reactions. Dashed arrow

upregulated in Y. lipolytica cultured in a nitrogen-limited
medium (Zhang et al. 2016).

Lipids biosynthesis in Y. lipolytica can typically fol-
low two routes: de novo accumulation of cellular lipids
in a medium containing non-lipid carbon sources (e.g.
saccharides, glycerol) and ex novo microbial oil synthesis
which involves fatty acids uptake from the environment.
The de novo lipid accumulation led to acetyl-CoA for-
mation triggered by the inactivation of the Krebs cycle
in sugar-based media, while in the ex novo route of final
products or intermediates of fatty acid f-oxidation are
incorporated into triacylglycerol molecules in hydro-
phobic substrates (oils, alkane, etc., Ratledge and Wynn,
2002; Beopoulos et al. 2011).

It has been recently provided evidence that the de novo
lipid synthesis pathway in Y. lipolytica KKP 379 wild-
type strain is linked, at least in part, to the limitation of
the nitrogen source in the medium while the ex novo path-
way in the same yeast is activated in a lipid-rich medium
(e.g. olive oil-rich media) for intracellular lipids produc-
tion. Yet the expression of genes encoding the enzymes of
the de novo pathway was not completely abrogated (e.g.
ATP-citrate lyase; Fabiszewska et al. 2022).

A metabolic lever contributing to citrate overproduction
has been recently elucidated in Y. lipolytica. It has been

indicated multiple steps before the final reactions. PPP: pentose phos-
phate pathway, G-3-P: glycerol-3-phosphate acyltransferase, TCA:
tricarboxylic acid

reported that the alternative oxidase (AOX) protein, linked
to reactive oxygen species (ROS) synthesis, exerted a central
role in redirecting carbon flux, derived from glucose, toward
citric acid production or lipid accumulation, and more spe-
cifically in citrate/lipid flux balance in Y. lipolytica W29
wild-type strain. Indeed, adding a specific AOX inhibitor
(n-Propyl Gallate or nPG) in batch cultures leads to two-fold
overproduction of citrate (20.5 g/L) at stationary phase com-
pared to 10.9 g/L obtain with no nPG addition condition (da
Veiga et al. 2021). A report identified the mevalonate along
with Methyl erythritol phosphate (MEP) pathways essential
for isoprenoid biosynthesis in the oleaginous yeast Y. lipol-
ytica. This report also demonstrated that the MEP pathway is
activated in Y. lipolytica Pold cultivated in nitrogen-limiting
conditions (Dissook et al. 2021).

As Y. lipolytica strains are well-known for their higher
potential for the production of a wide range of lipids, differ-
ent approaches to optimize the recovery of the intracellular
lipids from this oleaginous yeast and used them as feedstock
toward an economically feasible biofuel and oleochemical
production have been envisioned. Biofuels have some attrac-
tive environmental benefits compared to fossil fuel resources
all over the world because of the absence of adverse effects
on the environment. To this end, some nanoparticles coated
with axially oriented graphene, with no inhibitory effects
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in the exponential growth of yeast and weak concentration-
dependent inhibition at the entry of the stationary phase,
have been employed to extract 50% of total intracellular
lipids from Y. lipolytica cells, grown in nitrogen restricted
medium (Pandit et al. 2021). This highlights a promising
environmentally friendly and cost-effective way to extract
lipids from oleaginous yeasts. It has been previously recog-
nized that Y. lipolytica is an auxotroph for thiamine as it is
unable to biosynthesize this vitamin that typically contains
pyrimidine (4-amino-5-hydroxymethylpyrimidine) and a
thiazole (4-methyl-5-fB-hydroxyethylthiazole) moiety. The
mechanism underlying thiamine auxotrophy in Y. lipolyt-
ica is now described in the work of Walker et al. (2020).
They unveiled, in Y. lipolytica native genome, the absence
of 4-amino-5-hydroxymethyl-2-methylpyrimidine phos-
phate synthase (THI13) gene responsible for the de novo
thiamine biosynthesis and demonstrated that thiamine pres-
ence strongly affected lipid biosynthesis as its supplementa-
tion significantly improved growth, sugar assimilation and
augmented the lipid production in the yeast strain YISR001
(Walker et al. 2020). The knowledge acquired from lipid
metabolism and substrate utilization may allow redesigning
the existing biological systems to gain new functions.

Metabolic engineering approaches for lipid
and synthesis of natural molecules

These methods encompassed the use of strategy to augment
precursor supply, organelles targeting for integration of syn-
thetic pathways, the overexpression of enzymes involved in
lipid metabolism, and the deletion of enzymes from compet-
ing pathways.

Fatty acid metabolism is known to be vital for the
biogenesis of cellular components. The unique molecu-
lar and chemical characteristics of very-long-chain fatty
acids (FAs with 22 or more carbons) and their restricted
natural abundance make them attractive targets for bio-
synthesis. The oleaginous yeast Y. lipolytica contains
native diacylglycerol acyltransferases among which the
enzyme Y1Dgalp was recently found to be crucial for the
accumulation of very-long-chain fatty acids (VLCFA, e.g.
behenic acid (C22:0), erucic acid (C22:1A13)). It has been
shown that engineered Y. lipolytica strain, YL53 (Amfe,
PpTEF-YIDGAI, S8UAS-pTEF-TaFAE]I, overexpressing both
Y1Dgalp (Y. lipolytica YIDgal) and 3-ketoacyl-CoA syn-
thase (Thlaspi arvense TaFAEI), and in which fatty acid
degradation pathway is disrupted by deletion of YIMFEI-
mediated p-oxidation, generated 120 pg of VLCFAs per g
of produced biomass, representing 34% of total fatty acids
in biomass (Gajdos et al. 2022). An efficient method for
microbial lipid production from acetate-containing waste
streams has been achieved using engineered strains of Y.
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lipolytica Polf. Indeed, the first step of engineering has
been performed through the overexpression of the key
enzyme of acetyl-CoA synthetase. This led to an accumu-
lation of 9.2% microbial lipids from acetate under shake
flask fermentation conditions. The second step consisted
in overexpressing a second key enzyme of acetyl-CoA car-
boxylase (ACC1) and fatty acid synthase (FAS) in the Y.
lipolytica strain generated in the first step. This led to the
bioconversion of acetate into lipid with a 25.7% increase
in lipid content. Finally, the cultivation of co-substrate
made with glycerol and acetate in fed-batch fermentation
conditions generated a lipid content of 41.7% represent-
ing an increase of 68 (with glycerol) and 95% with acetate
(Chen et al. 2021).

A method focused on replacing the native A9 fatty acid
desaturase (Olelp) with homologs from other species and
changing the expression of both Olelp and the A12 fatty
acid desaturase (Fad2p) to interrupt the palmitoleic acid,
minimized linoleic acid content in TAG, and significantly
reduced oleic acid content to approximately 40 percent of
the total fatty acids, permitted to approach triacyl-glycerol
(TAG) storage lipids in Y. lipolytica (derived from the W29
background strain Y-63746) mimicking cocoa butter (Kon-
zock et al. 2022). Concerning the well-known preference
of Y. lipolytica for glycerol over glucose, a study recently
confirmed that the rapid assimilation of glycerol is due to
the presence of six active transporters encoding genes, YAL-
10C04730g (STL2), YALIOC16522g (STL3), YALIOB17138g
(STL6), YALI2C00079g (STLS8), YALIOE05665g (FPS1), or
YALIOF00462g (FPS2); dedicated for glycerol import in Y.
lipolytica DSM 3286 (Erian et al. 2022). It is worth not-
ing that the preference of glycerol over glucose is suggested
to rely on the diminished growth rate of glucose compared
to glycerol, the presence of one hexose transporter along
with at least three genes coding for proteins associated with
glycerol transport, and the absence of homologues for genes
described to be implicated in carbon catabolite repression
(in the presence of glucose) in the genome of Y. lipolytica
(Workman et al. 2013).

As cytosol is the main target for the production of high-
value chemicals in microorganisms and this organelle is a
crossroad for multiple metabolic pathways that may limit
the efficient synthesis of the desired molecules (biosynthesis
bottlenecks), a study was initiated to express the astaxanthin
biosynthesis pathway in different sub-organelles (lipid body,
endoplasmic reticulum or peroxisome) of the oleaginous
yeast Y. lipolytica (Ma et al. 2021). The overall goal was
to examine the impact of this strategy on the synthesis of
astaxanthin. It has been found in the individual organelles
expressing f-carotene ketolase and hydroxylase (enzymes
converting f-carotene to astaxanthin), an accelerated conver-
sion of p-carotene (C40H56) to astaxanthin accompanied
by a drastic decreased in the accumulation ketocarotenoid
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intermediates. A further increase in astaxanthin synthesis
estimated as 858 mg/L of astaxanthin in fed-batch fermen-
tation occurred when the two enzymes were expressed in
the three aforementioned organelles at the same time. In
addition to the carotenoid astaxanthin, Y. lipolytica is used
for the synthesis of carotenoid precursors Zeaxanthin (a C40
hydroxyl-carotenoid). p-Carotene-producing strain express-
ing genes, such as crtE, crtB, crtl, and carRP, were engi-
neered using crtZ genes encoding B-carotene hydroxylase
from different organisms. The use of crtZ from the bacte-
rium Pantoea ananatis leads to 21.98 + 1.80 mg/L of zeax-
anthin in a medium rich in yeast extract peptone dextrose
while 3.20 + 0.11 mg/g has been estimated in a synthetic
yeast nitrogen base medium to culture the cells. Addition-
ally, a large amount of lycopene and p-carotene have been
identified in zeaxanthin-producing strains (Xie et al. 2021).
Likewise, to design a p-carotene-producing Y. lipolytica
strain with higher B-carotene contents, Y. lipolytica was
engineered in two steps. In the first step, multiple copies of
13 genes linked to the B-carotene biosynthesis pathway have
been inserted in the genome of strain T1 leading to an engi-
neered strain exhibiting an 11.7-fold increase in p-carotene
content compared with the initial strain T1. In the second
step, metabolic stress linked to the gradual change of cells
from oval-shaped yeast to hyphae has been prevented by
deleting CLA4 and MHY1 genes to maintain yeast form. This
step allowed a further increase of the 3-carotene production
by 139% and reached 7.6 g/L and 159 mg/g DCW B-carotene
in fed-batch fermentation (Liu et al. 2021a).

Two steps of metabolic engineering methods have been
recently applied to generate 4.86 g/L retinol (vitamin A)
in Y. lipolytica. A first step has given rise to B-carotene-
producing strains exhibiting a high-lipid-production ability
through the overexpression of heterologous f-carotene bio-
synthetic genes, endogenous geranylgeranyl pyrophosphate
synthase, FADI encoding flavin adenine dinucleotide syn-
thetase, and deletion of several genes with a central role
in carotenoid production, followed by a second step where
11 copies of B-carotene 15,15'-dioxygenase (BCO) gene
from marine bacterium 66A03 (Mb.Blh) integrated into
the previously created p-carotene producer strain from the
first step coupled with the addition of antioxidant butylated
hydroxytoluene (BHT), allowed to recover the highest reti-
nol producer Y. lipolytica strain CJ2104 producing 4.86 g/L
bio-based retinol and 0.26 g/L retinal in fed-batch fermen-
tation in a 5-L bioreactor (Park et al. 2022). Vitamin A (or
retinol) is a micronutrient whose deficiency is connected
to obesity (Viroonudomphol et al. 2003). The amounts in
utero of the metabolites derived from dietary retinol, such
as retinoic acid (RA), are controlled by the maternal intake
of dietary vitamin A and are critical for monitoring the size
of the lymphocyte pool and the resistance to infection in the
offspring (van de Pavert et al. 2014). Therefore, a microbial

source for retinol supplementation has a strong potential to
address clinical cases related to retinol deficiency.

A genome-wide functional genetic screen platform spe-
cifically adapted to non-conventional microorganisms has
been successfully designed for Y. lipolytica. To overcome
the undesirable regulatory mechanisms from substrates
that generally encourage the activity of some enzymes with
inhibitory effects that are detrimental to the production of
the molecules of interest in engineered microorganisms, two
effective approaches to reduce the effect of enzyme inhibi-
tion have been applied to Y. lipolytica Polf strain for the
overproduction of the natural molecule carotenoid, espe-
cially B-carotene. The first strategy employed structure-
guided protein engineering combined with phylogenetic
datasets, to produce protein variants with mutated (sub-
stitutions) areas responsible for substrate inhibition. This
method, informed by the strong substrate-inhibited effect
of lycopene cyclase enzyme during the synthesis of carot-
enoids, completely impeded substrate inhibition without
reducing enzyme activity and allowed to generate strain with
a single mutation Y27R endowed with a noticeable increase
of B-carotene production. The second strategy focused on
reducing the formation rate of lycopene relative to its con-
version rate and establishing a geranylgeranyl pyrophosphate
synthase (GGPPS)-mediated metabolic flow restrictor that
monitors the substrate lycopene formation rate, which has
been implemented to maintain sub-inhibitory levels of lyco-
pene and high lycopene conversion into f-carotene. The two
strategies allowed the creation of a strain capable of produc-
ing 39.5 g/L B-carotene (98% selectivity) with a 0.165 g/L/h
volumetric productivity in bioreactor fermentation and to
reach lycopene titer of 17.6 g/L and productivities of 0.073
g/L/h (Ma et al. 2022).

Y. lipolytica is a good candidate for the synthesis of plant
triterpenoids; a group of specialized metabolites exploited
in pharmaceutical industries. For example, it has been used
as a microbial cell factory to produce asiatic, madecassic,
and arjunolic acids. The report showed a different amount
of the aforementioned molecules resulting from the expres-
sion cytochrome P450 monoxygenases enzymes, CaCY-
P716C11p, CaCYP714E19p, and CaCYP716E41p, from the
Centella asiatica in Y. lipolytica HiMas strain. Indeed, 8.9
mg/g DCW maslinic acid has been obtained by expressing
CaCYP716C11p in oleanolic acid-producing HiMas strain,
4.4 mg/g DCW arjunolic acid was estimated after express-
ing codon-optimized CaCYP714E19p HiMas strain and an
increase to 9.1 mg/g DCW was unveiled by swapping the
N-terminal domain of CaCYP714E19p with the N-terminal
domain from a Kalopanax septemlobus cytochrome P450 in
HiMas strain (Arnesen et al. 2022).

The association of Y. lipolytica M53-S with Tricho-
derma reesei Rut C-30 during the co-fermentation of
distillers grains, conducted under one-pot solid-state
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fermentation condition at initial moisture of 55%, pH of
5.0, NaCl addition of 0.02 g/gds and DGS mass of 200
g in 144 h, allowed a maximum erythritol production of
267.1 mg/gds (Liu et al. 2022a). This confirmed for the
first time the co-fermentation potential of this oleaginous
for erythritol production and the advantages of using
polymicrobial culture systems for complex substrate co-
utilization. Additionally, Y. lipolytica has been coupled
to Trichosporon cutaneum for the bioconversion of acid-
hydrolyzed spentwash-based dual-stage fermentation
into lipid and volatile fatty acid (VFA). The experiment
generated lipid yields ranging from 29.8 to 35%, lipid
titer (0.89 g/L), and total VFA of 16 g/L have been noti-
fied with Trichosporon cutaneum, whereas only 5.5 g/L
of total VFA is estimated with Y. lipolytica (Rachapudi
et al. 2022). Another example of erythritol production
has been provided. Heterologous overexpression of the
sugar alcohol phosphatase as well as expression of native
glycerol kinase (GK), and transketolase (TKL) in Y. lipo-
lytica Polf (MATa leu2-270 ura3-302 xpr2-322 axpl)
grown on glycerol lead to the synthesis of 27.5 + 0.7 g/L
erythritol during batch growth and 58.8 + 1.68 g/L eryth-
ritol during fed-batch growth in shake-flasks conditions.
The production of erythritol gives rise to intracellular
metabolites such as amino acids, sugar alcohols, and pol-
yamines (Jagtap et al. 2021). Besides, concerning poly-
amines production, a yield of 4.5 g/L has been reported
when the gene 4HPPD encoding 4-hydroxyphenylpyru-
vic acid dioxygenase enzyme implicated in homogentisic
acid (direct precursor to pyomelanin) is overexpressed
in aromatic amino acid (AAA)-overproducing chassis
strain of Y. lipolytica (JMY8208). The aforementioned
strain contains three copies of the 4HPPD overexpres-
sion cassette linked with the increase in pyomelanin
yield (Larroude et al. 2021). Pyomelanin is a polymer of
homogentisic acid (2,5-dihydroxyphenylacetic acid) with
a multifaceted nature that can be exploited in numerous
applications. For example, it may act as reporter genes
and can be employed in cosmetics, dyes, colorings, and
sunscreens (Weiner 1997). Therefore, Y. lipolytica is
a promising biological platform to furnish acceptable
quantities of a marketable pigment.

Y. lipolytica is used as a host system to synthesize high-
value compounds; wax esters (WE), by expressing genes
encoding fatty acyl-CoA reductases and wax ester synthase
in the yeast genome. The overall production reached 7.6
g/L WE with a yield of 0.31 (g/g) from waste cooking oil
(WCO) within 120h (Soong et al. 2021). The WE can be
used to fill various industry niches. For example, Demski
et al. (2022) entrapped moth sex pheromone precursors in
WE to efficiently control the insect pests, moths (of the order
Lepidoptera), known to significantly compromise the yield
security of food and fiber crops.
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It is worth noting that, a yeast-to-filament transition
is also stimulated by neutral-alkaline pH. Indeed, it
has been highlighted that the pH-responsive transcrip-
tion factor Ylrim101 encoded by the gene YIRIMI01,
from Y. lipolytica Rim101, is the predominant regulator
of alkaline-induced filamentation as its control of the
expression of the majority of alkaline-regulated cell wall
protein genes including cell surface glycosidase gene
YIPHRI assuming a vital role in growth, cell wall func-
tion, and filamentation at alkaline pH. This control is sig-
nificantly impeded upon the deletion of YIRIM 101 (Shu
et al. 2021). The same authors revealed the filamentation
regulatory role of the Msn2/Msn4-like transcription fac-
tor, Mhy1, that particularly monitored both alkaline- and
glucose-triggered filamentation (Shu et al. 2021).

Synthesis of oleochemicals and organic
acids

Recently, a metabolite-driven system has been emerged to
influence numerous biological processes including oleo-
chemicals production (fatty acid) and lipid biosynthesis.
Y. lipolytica has been extensively used for producing meta-
bolic intermediate and organic acids. Nicotinamide adenine
dinucleotide phosphate (NADPH)-producing a flux of Y.
lipolytica has been constructed. The integration of syn-
thetic pathways, converting glycolytic NADH into the lipid
biosynthetic precursors NADPH or acetyl-CoA, resulted
in an engineered Y. lipolytica strain exhibiting productiv-
ity of 1.2 g/L/h and a process yield of 0.27 g fatty acid
methyl esters/g-glucose, representing some 25% increase
over previously engineered yeast strains (Qiao et al. 2017).
When acetyl-CoA carboxylase (ACC) gene from Y. lipo-
lytica ACC (YIACCI) is expressed in Saccharomyces
cerevisiae CEN.PK2-1C, it highly increased the produc-
tion and accumulation of malonyl-CoA in the concerned
yeast (Pereira et al. 2022).The strain Y. lipolytica ARA9
grows on the crude glycerol-based medium (endorsing both
substrate and osmotic agent roles) produces a five-carbon
sugar alcohol compound; D-arabitol, in fed-batch fermen-
tation conditions and in the presence of nitrogen source,
NH3-H20, acting as pH regulator. D-Arabitol production
and productivity reported are 118.5 g/L and 1.10 g/L/h,
respectively. When nitrogen source exceeds, the activities
of cellular events such as gluconeogenesis and pentose
phosphate pathways, implicated in D-arabitol synthesis,
improve. These events are accompanied by an augmented
expression of nucleotide and structural proteins encour-
aging cell growth and supporting D-arabitol biosynthesis.
Under nitrogen-limited conditions, reactive oxygen spe-
cies elimination, and heat shock protein response occurred
within the stressed cells (Yang et al. 2021).
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Y. lipolytica (Yl) W29 strain is employed for the synthe-
sis of a high amount of organic acids, especially bio-based
succinic acid (SA). The global strategy used to this end
can be gathered in two steps. First, an engineered strain
Y. lipolytica PGC62-SYF containing fumarate reductase
encoding gene TbFrd from Trypanosoma brucei to improve
the carbon flow of the reductive TCA bypass, an expressed
library of the succinyl-CoA synthetase  subunit encoding
gene YIScs2, endogenous isocitrate lyase Yl/cl to augment
the flux via the oxidative TCA pathway, and malate syn-
thase YIMIs along with mitochondrial citrate transporter
YIYhm2 to improve glyoxylate bypass have been designed.
This strain (Y. lipolytica PGC62-SYF) has been employed
to generate Y. lipolytica PGC62-SYF-Mae, in which cell
membrane transporter SpMael and mitochondrial trans-
porter YIDicl were expressed. The latter strain (Y. lipolyt-
ica PGC62-SYF-Mae) was produced in Fed-batch fermen-
tation conditions with glucose as the sole carbon resource
101.4 g/L SA with a productivity of 0.70 g/L/h and a yield
of 0.37 g/g glucose (Jiang et al. 2021). Additionally, the
amount of bio-based SA obtained from the bioconversion
of municipal organic biowaste by the engineered yeast
strain Y. lipolytica PSA02004 has been estimated as 42.2
g/L succinic acids with 0.38 g/g yield and 0.84 g/L/h pro-
ductivity in fed-batch conditions. This amount drastically
increase upon gradual decrease of pH from 6 to 5.5 and
reached 54.4 g/L succinic acids with 0.44 g/g yield and
0.82 g/L/h productivity and 43% lower NaOH consump-
tion (Stylianou et al. 2021). This data also highlights the
strong contribution of pH to organic acid production in Y.
lipolytica. On the one hand, the essential intermediate for
vitamin B, biosynthesis; 5-Aminolevulinic acid (5-ALA),
has been biosynthesized for the first time in Y. lipolytica
by co-expressing genes, linked to C4 and C5 pathway, in
succinate dehydrogenase (SDH)-deficient Y. lipolytica. The
best-engineered strain, PGC62-IAL (MatA, xpr2-322, axp-
2, leu2-270, ura3-302, ASdh5::10xP, AAchl::loxP, ScPck,
ScHeml, StHemA, EcHemlL), cultivated in shake flask fer-
mentation containing glycerol substrate generate a titer of
5-ALA was 1050 mg/L. The titer was improved to 2216.8
mg/L in the fed-batch fermentation and estimated as 0.024
g/g glucose by excluding the amount of by-products; suc-
cinic acid, and porphyrin compounds (Cui et al. 2021a).
Another report revealed the higher impact of the nitrogen-
limited medium on SA-producing Y. lipolytica strains was
initiated by the interruption of biomass growth and redi-
rection of carbon flux toward succinic acid synthesis. For
example cultivation of strains, PGC01003 and PGC202,
engineered for succinic acid, in nitrogen-limited condi-
tions in fed-batch mode with glycerol as carbon and energy
source indicated production of 19 g/l SA with an overall
yield of 0.23 g/g and overall productivity of 0.23 g/L/h for
the strain PGC01003 while strain PGC202 produced 33

g/L succinic acid with an overall yield of 0.12 g/g and a
productivity of 0.57 g/L/h (Billerach et al. 2021).

On the other hand, high-value organic acid has been pro-
duced in an engineered strain of Y. lipolytica Polg ku70A.
Indeed, by coupling the expression of cis-aconitic acid
decarboxylase (CAD) gene from Aspergillus terreus (in
cytosol or peroxisome) to the overexpression of 10 genes
implicated in the production pathway of acetyl-CoA (LIP2
encoding lipases, POX1-6, MFE1, POTI, and PEX10 encod-
ing proteins essential for peroxisome assembly). with the
deletion of peroxisome genes (isocitrate lyase and carnitine
acetyltransferases encoding genes), an itaconic acid titer up
to 54.55 g/L was reached in a 5 L bioreactor employing
waste cooking oil as substrate (Rong et al. 2022).

Metabolic engineering tools and growing awareness
of climate change have recently spurred efforts to design
sustainable cell factories that employed eco-friendly bio-
processes and solely depended on renewable non-food biore-
sources as feedstocks.

Bioplastic degradation and bioremediation
features of Yarrowia lipolytica

There has been a growing interest in eliminating plastic
waste from the environment. Enzymes produced from Y.
lipolytica can effectively treat a range of pollutants, but
engineered strains showed superior characteristics as they
could be more potent than natural strains and exhibited
greater degradative capacities, as well as rapid adaptation
to diverse pollutants used as substrates. Y. lipolytica was
identified as a synthetic plastics degrader. An engineered
Y. lipolytica (strain Polf) was coupled with another micro-
organism to simultaneously decompose synthetic plastics
(polyethylene terephthalate or PET) and produce polyhy-
droxybutyrate (PHB) enzyme in a one-step fermentation
strategy. Indeed, Y. lipolytica Polf expressing the PETase
from Ideonalla sakaiensis with a signal peptide from lipase
and contributing to the hydrolysis of bis(2-hydroxyethyl)
terephthalate (BHET) and PET powder into the monomers
terephthalate (TPA) and ethylene glycol (EG), was com-
bined with TPA-degrading Pseudomonas stutzeri strain
engineered by the means of a recombinant plasmid express-
ing enzymes for biosynthesis of PHB encoded by the phb-
CAB operon from Ralstonia eutropha. This co-cultivation
strategy implicating the two engineered strains lead to a
total production of 0.31g/L TPA from the hydrolyzation of
PET in 228 h (Liu et al. 2021b). Kosiorowska et al. (2022a)
improved the ability of Y. lipolytica in degrading PET by
adding olive oil to the culture medium. It allowed releas-
ing of up to 66 % of terephthalic acid into the medium. A
modified Y. lipolytica A101, AJD2 pAD CUT_FS strain,
expressing an extracellular cutinase from Fusarium solani,
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was demonstrated to decompose amorphous PET powder
at 28°C to release terephthalic acid (TPA) and mono-
(2-hydroxyethyl)-terephthalic acid (MHET), whose quan-
tities were increasing daily, and estimated as 1.51g/L and
0.45g/L, respectively after 240h of bioreactor fermenta-
tion (Kosiorowska et al. 2022b). Furthermore, improving
Y. lipolytica robustness against lignocellulosic-derived
inhibitors has been claimed as a promising option for the
transition to a bio-based economy.

Evidence of aliphatic polyester-degrading ability of Y.
lipolityca has also been provided. The overexpressed native
lipase Lip2 combined with the expressed cutinases from
Fusarium solani f. sp. Pisi and Trichoderma reesei, in the
strain A101 of Y. lipolytica rendered this strain capable of
decomposing polyester at a pH ranging from 4.0 to 9.0; with
the expression of the highest esterase activity being notified
at pH 9.0. The engineered Y. lipolytica strain, co-expressing
cutinase from F. solani and native lipase from Y. lipolytica,
decomposed 0.5 g of polycaprolactone film within 144 h in
shake flask conditions (Kosiorowska et al. 2021).

Its catalyst feature for bioremediation/biosensing of
mixed pollutants was illustrated through the identifica-
tion of Ylehd, an epoxide hydrolase with promiscuous
haloalkane dehalogenase capable of catalysing structurally
diverse epoxides and bromoorganics and whose expression
was shown to be induced on 1,2-Epoxyoctane (EO) and
1-Bromodecane (BD) (Bendigiri et al. 2017). Furthermore,
a co-expression of diacylglycerol acyltransferase (DGAI,
YALIOE32769g) and transketolase (TKLI, YALIOE06479g)
in Y. lipolytica cultured on both glycerol and glucose leads
to higher SCO synthesis and increasing lipid content by 40%
over the control strain overexpressing DGA1 (Dobrowolski

Control metabolism and

salinity conditions, Gul et al. (2019)

Design of rare earth elements (REEs)-
binding protein Lanmodulin (LanM),
Xie et al. (2022)

Inhibitory role of n- or isobutanol
(exhibiting biocides effects in aqueous or
solvent fuel systems) on Y. lipolytica ATCC
46483 growth, Elkins et al. (2022)

Fig.4 Numerous advantages linked to the oleaginous yeast Yarrowia
lipolytica. The design is based on the work of Gul et al. 2019; Zhang
et al. 2022; Parey et al. 2021; Wang et al. 2021; Xie et al. 2022;
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hormonal
secretions (ABA and IAA) under salinity
stress to stimulate maize growth under
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Design of a catalogue of senome-scale
metabolic models with enzymatic constraints
using GECKO 2.0 and ecModels container,
Domenzain et al. (2022)

and Mironczuk, 2020). Hamimed et al. (2022), revealed the
bioremediation ability of Y. lipolytica strain (CLIB40) on
saline wastewater. Indeed, they showed that this strain can
remove 97.49% chemical oxygen demand (COD), 98.90 %
phosphorus and 92.21% of salt from dephenolated olive
mill wastewater (DOMW )/tuna wash processing wastewater
(TWPW) mixtures. Other advantages linked to Y. lipolytica
biology are highlighted in Fig. 4.

Biomass-degrading features of Yarrowia
lipolytica

With the increasing environmental issues initiated by fos-
sil fuels and their rapid depletion, the requirement for a
renewable resource that can solve these environmental
issues in a greener way has emerged. Biodiesel produc-
tion from one of the richest sources of natural sugars,
lignocellulosic biomass, has been reported for this oleagi-
nous yeast. Y. lipolytica has been demonstrated to convert
sugarcane bagasse hydrolysates, deriving from alkaline
pre-treatment combined with ultrasonication, into 16.39
g/L yeast biomass, which is further submitted to in-situ
transesterification with K2CO3 catalyst and ex-situ trans-
esterification with KOH catalyst to yield 80% and 63%
biodiesel respectively (Vasaki et al. 2022). Yet, it should
be stressed that Y. lipolytica can exhibit a slow growth
on lignocellulosic hydrolysates due to the presence of
residual phenolic aldehydes; an inhibitor that also stimu-
lates poor cell growth and metabolism in other oleaginous
yeasts such as Rhodosporidium toruloides, Rhodotorula
glutinis (Zhang et al. 2022).

New class of hydrophobic and lipophilic
organogels for highly efficient encapsulation
of the yeast (Zhang et al. (2022)

Model to study proton pumping
mechanism of mitochondrial
NADH:ubiquinone oxidoreductase
(complex I), Parey et al. (2021)

Engineered strain to assimilate
methanol,Wang et al. (2021)

Model to analyze the effect of
adsorption resins on the
detoxification of desiccated coconut
residue hydrolysate,

Zainuddin et al. (2022)

Elkins et al. 2022; Domenzain et al. 2022 and Zainuddin et al. 2022.
Different colors are retained for more visibility
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Generally, the use of cellulosic biomass necessitates
a pre-conversion to highly concentrated biomass hydro-
lysates that will thereafter be used as substrate and subject
to bioconversion by microbes. Wei et al. (2021a) conferred
cellulolytic activity (important for cellulosic biomass
decomposition) to Y. lipolytica by knocking out the sucrose
non-fermenting 1 (SNF1) gene-mediated lipid and protein
biosynthesis processes inhibition and knocking in the cel-
lulase cassette fused with the recyclable selection marker
URA3 gene in a lipid-accumulating Y. lipolytica strain over-
expressing both ATP citrate lyase (ACL) and diacylglycerol
acyltransferase 1 (DGAI) genes. They reported improved
cell growth and lipid accumulation upon SNFI gene dis-
ruption, a drastic reduction of cellular saturated fatty acid
level, as well as saturated to unsaturated fatty acid ratio, and
reduced endoplasmic reticulum stress in the mutant YL163t
compared to its parent strain Polg ACL-DGAI (Wei et al.
2021a). Enabling efficient cellulosic biomass valorization
by the oleaginous yeast Y. lipolytica would greatly facili-
tate industrial cellulosic biorefineries knowing its versatility
and robustness as an industrial production platform. Addi-
tional tools and applications available for Y. lipolytica are
highlighted in Table 1. As a trade-off between growth and
production may impact the overall production of engineered
microbes, any approach to predict metabolic reactions that
influence metabolite production can strongly improve
growth and allow for the achievement of high production of
value-added molecules in oleaginous yeast.

New computer-assisted and synthetic tools
for Yarrowia lipolytica engineering

Machine learning methods coupled with metabolic pathways
engineering have been attracting much attention to synthesize
natural and non-natural compounds. A deep learning-based
guide design algorithm tool, also known as DeepGuide,
allows to accurately predict the activity of 20 nt Streptococ-
cus pyogenes Cas9 single guide RNA (sgRNA) with an NGG
PAM, as well as 25 nt Lachnospiraceae bacterium Casl2a
sgRNA with a TTTV PAM, has been developed for Y. lipol-
ytica. This algorithm is made of three interconnected neural
networks spanning convolutional autoencoder (CAE) exploit-
ing the k-mers from the genome of interest, a convolutional
fully connected neural network (FCCN) trained via back-
propagation from input pairs of sgRNA sequences and their
corresponding cutting score (CS) values, and a small fully
connected network that is employed to capture nucleosome
occupancy data (Baisya et al. 2022). The dimorphic yeast Y.
lipolytica, a representative hemiascomycota yeast, attracts
much attention as it is highly amenable to genetic perturba-
tions. Nevertheless, the low homologous recombination (HR)
efficiency hinders its accurate genetic manipulation during

microbial cell factory construction, and any method that can
enhance HR activity and down-regulate the non-homologous
end joining (NHEJ) is viewed as a suitable solution for the
high amount of value-added biological chemicals. Consider-
ing that the NHEJ preference (major repair pathway for DNA
double-strand breaks) of Y. lipolytica, can restrict lipid pro-
duction, a genome-scale trackable mutagenesis library, allows
for randomly inserting DNA across the chromosomes, more
specifically in both nucleosome-occupancy regions and nucle-
osome-free regions, has been designed for Y. lipolytica. This
mutagenesis approach focused on NHEJ-mediated integration
and enhanced (-carotene biosynthesis and acetic acid tolerance
rapidly (Liu et al. 2022b). It has been uncovered that meta-
bolic engineering-designed Y. lipolytica strains, by the mean
of Non-homologous end joining (NHEJ)-mediated integration
targeting YALIO_A00913g (“Al gene”) for deletion, displayed
an enhanced protein synthesis process as well as fatty alcohol
overproduction phenotype when transformed with fatty acyl-
CoA reductase gene (FAR) and grown in batch conditions (Li
et al. 2022b).

Furthermore, a Golden Gate modular cloning system
(YALIcloneNHE]) for robust DNA assembly and exploiting
the Non-homologous end-joining (NHEJ)-mediated random
integration system has been designed and used in Y. lipolytica
for the overproduction of the sesquiterpene (-)-a-bisabolol.
To this end, some constructs for the biosynthesis route and
improvement of the flux in the mevalonate pathway have
been employed. The engineered strain produced 4.4 g/L
(-)-a-bisabolol (Li et al. 20224, ¢, d).

This species has been used to develop artificial chromo-
somes (ylAC) enabling rapid and efficient assembly of mul-
tiple genes (genes for xylose utilization XYLI, XYL2, and
XKS1), genes for cellobiose consumption (CBP1, CDTI,
and scPGM?2)) and chromosomal elements in a single step
in vivo, in less than one week, into a complete, independ-
ent, and linear supplementary chromosome with a yield
over 90%. The design ylAC can be genetically conserved
over several generations either under selective conditions
or, without selective pressure, exploiting an essential gene
as the selection marker (Guo et al. 2020).

Conclusion

The review improved our understanding of molecular
events occurring in Yarrowia lipolytica cells upon sub-
strate utilization and protein overproduction. We notified
that this yeast has unlimited abilities in the synthesis of
desired molecules and even its morphological transition
can be controlled for up-scaling the biosynthesis of tar-
geted compounds in hyper-producer strains. This oleagi-
nous yeast possessed a feature for designing some sustain-
able biocontrol strategies in the food industry. More Y.
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lipolytica strains with biocontrol characteristics against
pathogens should be investigated. Its feature concerning
the bioconversion of agro-industrial residues containing
inhibitors should be extended to diversify the low-cost
substrates it can use to generate cost-effective value-added
products by exploiting the new available synthetic tools.
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