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Yarrowia lipolytica is a widely-used chassis cell in biotechnological applications. It has recently gained
extensive research interest owing to its extraordinary ability of producing industrially valuable biochem-
icals from a variety of carbon sources. Genome-scale metabolic models (GSMMs) enable analyses of cel-
lular metabolism for engineering various industrial hosts. In the present study, we developed a high-
quality GSMM iYli21 for Y. lipolytica type strain W29 by extensive manual curation with Biolog experi-
mental data. The model showed a high accuracy of 85.7% in predicting nutrient utilization.
Transcriptomics data were integrated to delineate cellular metabolism of utilizing six individual metabo-
lites as sole carbon sources. Comparisons showed that 302 reactions were commonly used, including
those from TCA cycle, oxidative phosphorylation, and purine metabolism for energy and material supply.
Whereas glycolytic reactions were employed only when glucose and glycerol used as sole carbon sources,
gluconeogenesis and fatty acid oxidation reactions were specifically employed when fatty acid, alkane
and glycerolipid were the sole carbon sources. Further test of 46 substrates for generating 5 products
showed that hexanoate outcompeted other compounds in terms of maximum theoretical yield owing
to the lowest carbon loss for energy supply. This newly generated model iYli21 will be a valuable tool
in dissecting metabolic mechanism and guiding metabolic engineering of this important industrial cell
factory.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The growing environmental concerns of fossil-based chemical
production urge the development of alternative microbial biopro-
duction [1,2]. As a non-conventional model oleaginous yeast [3],
Yarrowia lipolytica has recently gained extensive research interest
owing to its extraordinary ability of producing industrially valu-
able biochemicals such as citrate, erythritol, lipids and terpenoids,
from a variety of carbon substrates including plant oils, glycerol,
acetate, xylose and even organic waste materials [4]. Notably, Y.
lipolytica can accumulate lipids up to 90% of its dry weight when
grown on cheap substrates such as glucose [4], making it an ideal
eukaryotic cell factory for lipid biofuel production. However, most
of studies focused on improvement of fermentation process [5-7],
whereas the mechanistic understanding of cellular metabolism is
limited, thereby significantly hindering the effective engineering
of this important industrial yeast for biochemical production. Y.
lipolytica type strain W29 is the origin of many genetically engi-
neered Y. lipolytica strains [8], which has been extensively studied
for its physiological metabolism, genome editing and metabolic
engineering [9,10]. Compete genome sequence and annotation of
W29 are available in NCBI database.

Genome-scale metabolic model (GSMM) and flux balance
analysis (FBA) have been widely employed to analyze metabolic
phenotypes, stress responses, antimicrobial killing, and engineering
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Table 1
Comparison of iYli21 with previous Y. lipolytica models.

Model iYL619_PCP iNL895 iMK735 iYali4 iYL_2.0 iYLI647 iYli21

Year 2012 2012 2015 2016 2017 2018 2022
No. of Reactions 1,142 2,002 1,336 1,985 1,471 1,347 2,285
No. of Metabolites 849 1,847 1,111 1,683 1,083 1,119 1,868
No. of Genes 596 895 735 901 645 647 1,058
Reference Genome CLIB122 CLIB122 CLIB122 CLIB122 CLIB122 CLIB122 W29
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strategies in many prokaryotes and eukaryotes [11-18]. To date, 6
GSMMs have been developed for Y. lipolytica [19-24]; none of them
were constructed for type strain W29, except model iYali4; and the
previous models were validated for a limited number of carbon
sources [6,25,26]. Additionally, most flux calculations were purely
based on metabolic network [20,24] without any further constraints
on either enzyme abundance or activity. Taken together, an experi-
mentally validated, high-quality model is urgently required for strain
W29 to accurately predict its metabolic phenotypes.

In this study, with extensive manual curation using Biolog
experimental data we developed a high-quality GSMM iYli21 for
strain W29, which showed a high accuracy of 85.7% in predicting
nutrient utilization. It was then integrated with transcriptomic
data to delineate cellular metabolism and analyze gene essential-
ity. The maximum theoretical biochemical yields were predicted
using various carbon sources. The model will be a promising tool
in assisting metabolic engineering of this important yeast cell
factory.

2. Experimental procedures

2.1. Strain and media

Y. lipolytica W29 was stocked in Yeast Extract Peptone Dextrose
(YPD) media (10 g�L�1 yeast extract, 20 g�L�1 peptone, 20 g�L�1 D-
glucose) with 20% glycerol at �80℃. Before use, strain W29 was
sub-cultured on YPD agar plate at 30℃ overnight. For Biolog nutri-
ent utilization assay, synthetic minimal media (7.5 g�L�1 ammo-
nium sulfate, 14.4 g�L�1 potassium dihydrogen phosphate,
0.5 g�L�1 magnesium sulfate heptahydrate, 20 g�L�1 glucose, trace
metal and vitamin solution, pH 6.0) was used [27,28]. For growth
assay, W29 was cultured at 30℃ in 250 mL flasks with 50 mL syn-
thetic minimal media, 3 mL fermentation broth was sampled to
measure dry cell weight and extracellular metabolite concentra-
tions. The specific glucose uptake rate and growth rate were calcu-
lated using previous methods [28].

2.2. Biolog assay

Biolog Phenotype Microarrays (PM1-2, Biolog, Hayward, CA,
USA) were employed to examine the utilization of 190 carbon
sources with OmniLog incubator (Biolog, Hayward, CA, USA).
Microplates were incubated at 30℃ for 24 h with measurement
of the optical density at 595 nm every 15 min. Growth curves were
recorded and the maximum specific growth rate (lmax) was esti-
mated using R package growthrates [29].

2.3. Genome-scale metabolic model

Previous GSMM iYali4 was utilized as a template to expedite
model construction [24]. Notably, iYali4 was constructed for strain
W29, but it incorrectly used genome annotation of another strain
CLIB122 [24]. To correct this error, the CLIB122 genes in model
iYali4 were then replaced with their corresponding W29 homologs
identified by reciprocal BLASTp (bit-score � 200, coverage � 50%).
Missing W29 reactions were then added to the draft model accord-
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ing to genome annotation, literature and BlastKOALA prediction
results [30-32]. BlastKOALA is a tool based on KEGG Ontology
and it was used to predict all possible biochemical reactions in
W29 cell based on genome annotation. The resulting model was
designated iYli21 according to model naming conventions [33].
2.4. Flux balance analysis

Flux balance analysis (FBA) was employed to predict aerobic
growth on Biolog nutrients with the uptake rate of each nutrient
empirically set to 2.43 mmol�gDW�1�h�1 [34].

maxvbiomass
s:t: S � v ¼ 0
aj � v j � bj; j ¼ 1;2; � � � ;n
where stoichiometric matrix S has m rows (metabolites) and n

columns (reactions). Each flux vj is constrained by its lower bound
aj and upper bound bj. Correct predictions of growth (true positive,
TP) or non-growth (true negative, TN), and incorrect predictions of
growth (false positive, FP) or non-growth (false negative, FN) were
used to calculate Matthews Correlation Coefficient (MCC) as previ-
ously described [18]. The false predictions (FP and FN) were
employed for model manual curation with the reference of KEGG
[15]. To analyze biochemical production using various carbon
sources, objective function of iYli21 was changed to maximizing
secretion of citrate, erythritol, oleic acid (C18:1), limonene, 3-
dehydroshikimate, respectively. Flux-sum is the total turnover rate
of a metabolite and was computed using previous method [35].
2.5. Integrative modelling with transcriptomic data

A previous study used single-end RNA-seq to examine the dif-
ferential gene expression of Y. lipolytica W29 growing on 6 differ-
ent carbon sources: glycerol, glucose, oleic acid, hexadecane,
triolein (glyceryl trioleate) and tributyrin (glyceryl tributyrate)
[36]. The gene expression data were used to constrain model iYli21
for accurate prediction of metabolic fluxes. First, the raw reads
(Accession E-MTAB-939) were downloaded from ArrayExpress
database and were subsequently quality-filtered, trimmed, and
aligned to W29 reference genome (GenBank Accession
GCA_001761485.1) using RSEM [37]. Secondly, the read counts

were summarized and the RPKM (Reads Per Kilo base per Million
reads) values were calculated for all the genes. Thirdly, RIPTiDe
was used to constrain reaction fluxes of iYli21 using the calculated
RPKM values [38]. Metabolic solution space was randomly sam-
pled with 500 points for each nutrient condition. In silico single-
gene deletion [34] was conducted to determine the condition-
specific gene essentiality. Finally, the metabolic flux differences
under varying nutrient conditions were identified and visualized
using R packages.



Fig. 1. Comparison of Biolog assay (left columns) and model predictions before (middle columns) and after curation (right columns). Red indicates either growth predicted by
model iYli21 or nutrient utilization examined by Biolog assays) while white indicates neither growth nor nutrient utilization. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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3. Results

3.1. Development of a genome-scale metabolic model for type stain
W29

Despite being constructed for strain W29, previous model iYali4
used the genome annotation of another strain CLIB122 [24].
According to NCBI annotation, the genomes of CLIB122
(GCA_000002525) and W29 (GCA_001761485) contain 6,471 and
7,949 protein coding genes, respectively; between them only
4,477 genes (69.2% for CLIB122, and 56.3% for W29) encode 100%
identical protein sequences. Model iYali4 contains 901 CLIB122
genes (Table 1). Among them, 886 (98.1%) were substituted with
their corresponding W29 homologs while using iYali4 as a tem-
plate to construct W29-specific model in the present study.
CLIB122 unique genes and their associated reactions were also
removed from the draft model. For instance, sucrose 6-phosphate
hydrolase gene YALI0_E26719g is present in CLIB122 genome but
absent in W29, it was thus removed in the draft model. The result-
ing model shows that W29 is unable to utilize sucrose as a sole car-
bon source for growth, which is consistent with experimental
observation [39]. Furthermore, based on literature and KEGG data-
base, 185 metabolites, 300 reactions, 157 genes were additionally
incorporated into the draft model, including those from pathways
of fatty acid metabolism, glycerolipid metabolism, amino and
nucleotide sugar metabolism, and cross-membrane transport (Sup-
plementary Table 1). The biomass composition was inherited from
previous experimentally verified Y. lipolytica biomass reaction (bio-
mass_C) [40] and the non-growth associated ATP maintenance was
set to 7.86 mmol�gDCW�1�h�1 according to literature [22]. Specifi-
cally, modifications of 72 iYali4 reactions in a previous curation
effort were incorporated during model construction [40]. After
Table 2
Comparisons of the predicted and experimentally determined growth rates.

Glucose uptake rate (mmol�gDCW�h�1) Specific growth rate (h�1) **
Experiment iYli21 iYali4

2.43* 0.26* 0.28 0.18
0.61 [24] 0.047 [24] 0.031 0.020
0.64 [24] 0.048 [24] 0.036 0.022

*The specific rates were experimentally determined in this study.
**The non-growth associated ATP maintenance was set to 7.86 mmol�gDCW�h�1.
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manual check of reaction directionality, reversibility, mass balance
and energetic consistency, a draft GSMM was obtained for type
strain W29.
3.2. Model curation based on Biolog Phenotype Microarrays

Biolog assay revealed that out of 190 carbon sources, 73 carbon
sources including carbohydrates, lipids, amino acids and nucleo-
tides could be utilized by strain W29 (Supplementary Fig. 1,2).
Computation using the aforementioned draft W29 model showed
zero in silico growth on 41 substrates, potentially due to lack of
the corresponding transport reactions (33 substrates) or presence
of pathway gaps (8 substrates) (Fig. 1). We further added all neces-
sary reactions to enable the cross-membrane transport of nutrients
or fill the pathway gaps. For instance, hexanoate and D-arabinose,
both of them were untilizable carbon sources in Biolog experiment
but the in silico biomass productions were zero before model cura-
tion. Model curation indicated that hexanoate activation reactions
were absent, acyl-CoA synthetase reaction was added to the draft
model and hexanoate can be used as sole carbon source.Similarly,
an isomerase reaction converting D-arabinose to D-xylulose 5-
phosphate was added to enable the utilization of D-arabinose.
After curation, the final model showed an overall accuracy of
85.7% (TP = 46) in predicting utilization of Biolog nutrients
(Fig. 1). It was then named iYli21 according to GSMM naming con-
ventions [41]. Further predictions of aerobic growth on glucose
show excellent consistency with experimental observations
(Table 2). Specifically, with the glucose uptake at 0.61, 0.64 and
2.43 mmol�gDCW�1�h�1, the growth rates predicted using previous
model iYali4 are 0.020, 0.022 and 0.18 h�1, respectively; whereas
these growth rates predicted using model iYli21 are 0.031, 0.036
and 0.28 h�1, much closer to the experimentally determined rates
of 0.047, 0.048 and 0.26 h�1. Model iYli21 contains 1,868 metabo-
lites, 2,285 reactions and 1,058 genes, and the MCC was increased
from 0.44 to 0.71 after curation against Biolog data, suggesting a
significant improvement in both component quantity and predic-
tion quality. Notably, model iYli21 contains all the major metabolic
pathways of Y. lipolytica W29 (Fig. 2). Hence, model iYli21 (Supple-
mentary file) is a comprehensive representation of the metabolic
network of this type strain.

The cell metabolism of strain W29 predicted using model iYli21
is different with that of strain CLIB122 using iYali4, iMK735,
iYLI647 and iYL_2.0. Across the 190 Biolog carbon sources, iYli21
00 400 600 800
Reaction counts

iYli21

iYali4

involved in iYli21 and iYali4.
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predicted that 46 are utilizable, whereas this number is 42, 31, 36
and 30 for iYali4, iMK735, iYLI647 and iYL_2.0, respectively, with
15 substrates in common. The predicted growth rates of W29
grown on these 15 substrates are significantly different with those
of CLIB122 (iYli21 vs iYali4: p = 0.0007, iYli21 vs iYL_2.0: p = 0.0114,
Wilcoxon test). The metabolism is also different. For instance,
iYli21, iYali4, iMK735, iYLI647 and iYL_2.0 predicted 42, 42, 28,
30 and 36 active pathways for aerobic growth on glucose, with
only 18 pathways in common. The unique active pathways of
W29 include b-alanine metabolism, propanoate metabolism, and
pentose and glucuronate interconversions. Such differences in
growth and metabolism may be a result of different quality across
models, and/or distinctive metabolic capabilities of W29 compared
to CLIB122.
3.3. Metabolic changes while utilizing varying carbon sources

Y. lipolytica is known for its extraordinary capability of utilizing
sugar and lipid substrates. Previous transcriptomic data were inte-
grated with model iYli21 to compare cellular metabolism on polyol
(glycerol), sugar (glucose), fatty acid (oleic acid), alkane (hexade-
cane) and glycerolipids (triolein and tributyrin). Comparisons of
predicted fluxomes showed that among totally 516 non-zero
fluxes, 302 fluxes were commonly present under all nutrient con-
ditions, whereas 214 fluxes were condition specific
(Supplementary Table 2).

Not surprisingly, a complete glycolysis from glucose to pyruvate
was used only when glucose was the sole carbon source. Pyruvate
was cleaved by mitochondrial pyruvate dehydrogenase to acetyl-
CoA, which was further fed to tricarboxylic acid (TCA) cycle to gen-
erate NADH and precursors for amino acid and lipid biosynthesis
(Fig. 3A). When glycerol was the sole carbon source, the upstream
glycolytic fluxes from glucose to glyceraldehyde 3-phosphate were
reduced to zero (Fig. 3B). Glycerol entered in glycolysis (1.83 mm
ol�gDW�h�1) and gluconeogenesis (0.25 mmol�gDW�h�1) simulta-
neously via glyceraldehyde 3-phosphate after phosphorylation
and dehydrogenation, respectively. Notably, only when fatty acid
Fig. 3. Metabolic variations of Y. lipolytica W29 grown on six carbon nutrients. (A) Cen
mitochondrial TCA cycle (blue shading) and fatty acid biosynthesis (green shading). (B) S
mean values. (For interpretation of the references to colour in this figure legend, the rea
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compounds were used as sole carbons sources, the cytoplasmic
phosphoenolpyruvate carboxykinase (PPCK) flux was activated to
start gluconeogenesis. For glycerolipid tributyrin and triolein, glyc-
erol was generated during the initial hydrolysis and then fed to
glycolysis and gluconeogenesis as described above. Analysis shows
different TCA fluxes under six carbon source conditions. Interest-
ingly, NADH-dependent isocitrate dehydrogenase ICDHxm (Reac-
tion R487) carried no flux during growth on any of oleic acid,
triolein and hexadecane, while glyoxylate shunt was utilized. In
addition, prediction shows that most TCA reactions were inactive
when hexadecane was used as the sole carbon source for growth.
The pentose phosphate pathway also shows a distinct flux distri-
bution. Only growth on glucose, hexadecane and oleic acid
required the activation of oxidative branch (glucose 6-phosphate
dehydrogenase [G6PDH2r, R325], 6-phosphogluconolactonase
[PGL, R71], and 6-phosphogluconate dehydrogenase [GND, R639])
to generate NADPH as redox power for biosynthesis. Growth with
all six substrates relies on transaldolase TALA (Reaction R764),
transketolase TKT1 and TKT2 (Reactions R765 and R766, respec-
tively) in non-oxidative branch, and ribulose 5-phosphate iso-
merase RPI (Reaction R712) to generate phosphoribosyl
pyrophosphate for nucleotide biosynthesis. Fatty acid b-oxidation
was commonly used to catabolize hydrocarbon (hexadecane) and
lipids (oleic acid, tributyrin and triolein) to acetyl-CoA and NADH.
Overall, Y. lipolytica showed different metabolism under varying
nutrient conditions based on model simulation.
3.4. Essential genes for growth

Model iYli21 was subsequently employed to predict gene essen-
tiality during aerobic growth on the aforementioned six carbon
sources (Fig. 4, Supplementary Table 3). Overall, 211–227 essential
genes were identified; among them, 183 genes from central meta-
bolism were commonly discovered across all conditions. 156 genes
were identified under no more than five conditions, suggesting
that they are conditionally essential for growth.
tral metabolism including glycolysis/gluconeogenesis, pentose phosphate pathway,
ignificantly altered metabolic fluxes under six carbon nutrient conditions shown in
der is referred to the web version of this article.)



Fig. 4. Essential genes predicted under six carbon source conditions. The common essential gene and common non-essential genes of six conditions are not displaying. Red
indicates essential genes, while blue indicates non-essential genes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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For instance, the genes encoding pyruvate dehydrogenase com-
plex (YALI1B13179g, YALI1E31947g, YALI1F27556g,
YALI1D30618g, Reaction R693) are essential only for growth on
2508
glucose or glycerol because digestion of either metabolite requires
glycolysis and pyruvate dehydrogenase mediated pyruvate cleav-
age to produce acetyl-CoA in mitochondria [42]. Gluconeogenetic



Table 3
Flux-sum analysis of major energy and redox cofactors in iYli21. Values are shown as
mean (mmol�gDCW�1�h�1).

C
ofactor

Triolein Tributyrin Oleic
acid

Hexadecane Glycerol Glucose

ATP 207.73 76.26 73.70 69.57 22.88 28.39
ADP 204.49 72.90 72.61 68.49 22.88 28.40
AMP 13.63 10.94 4.40 4.35 0.14 0.29
NADH 165.85 34.18 56.34 50.22 11.32 12.96
NADPH 10.27 5.18 3.13 7.64 2.47 2.02
Acetyl-CoA 120.10 27.11 40.32 35.66 1.44 2.30

Fig. 5. Predicted production of targeted biochemicals using the selected substrates.
(A) The maximum theoretical yields of six biochemicals using 46 selected carbon
sources. (B) The major routes of producing citrate from hexanoate. Reaction fluxes
are indicated in red. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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genes (phosphoenolpyruvate carboxykinase, YALI1C24367g, Reac-
tion R634, and fructose-bisphosphatase, YALI1A15925g, Reaction
R312) are only essential for growth on glycerol and lipid substrates
as sugars required for cell envelope and nucleotide biosynthesis
can only be generated from gluconeogenesis.

On the other hand, 124–146 genes were categorized as non-
essential; among them, 102 non-essential genes are commonly
identified across all nutrient conditions, suggesting that they either
encode dispensable metabolic functions, or can be replaced by
alternative genes. For example, the two hexokinases
(YALI1B29133g and YALI1E18539g, Reaction R387) are non-
essential with glucose as sole carbon source but are the key
enzymes in glucose metabolism. The ATP-citrate lyase genes
(ACITL, encoded by YALI1E41315g or YALI1D32268g, R1894) are
also non-essential under glucose or glycerol nutrient conditions.
The ATP-citrate lyase catalyzes the cytosolic cleavage of citrate to
yield oxaloacetic acid and acetyl-CoA [43], while acetyl-CoA is a
vital metabolite for biosynthesis of fatty acids, an essential compo-
nent for biomass formation. The malate synthase (YALI1E18927g,
YALI1D24249g, Reaction R536) of glyoxylate shunt is non-
essential during growth on tributyrin, triolein, glycerol and hex-
adecane. The glyoxylate shunt is critical for the fatty acid to enter
gluconeogenesis. These genes are non-essential as they are iso-
zymes and functionally replaceable by each other.

3.5. Evaluating production yields of biochemicals

Y. lipolytica produces industrially valuable biochemicals using a
variety of substrates [3,4]. A systematic evaluation of substrates
from the production yield perspective is critical for rational design
of cell factory. Using model iYli21, we calculated the maximum
theoretical yields of citrate (organic acid), erythritol (functional
sugar alcohol), oleic acid (unsaturated fatty acid), limonene (ter-
pene) and 3-dehydroshikimate (aromatics) production from the
selected 46 carbon sources (Fig. 5A). Among these carbon sources,
hexanoate (caproic acid in Biolog) shows the highest theoretical
yields of 1.64, 0.51, 1.19, 0.96 and 0.47 g/g in production of citrate,
oleic acid, erythritol, 3-dehydroshikimate and limonene, respec-
tively. Whereas L-glycine, an amino acid substrate, has the lowest
theoretical yields of 0.18, 0.05, 0.15, 0.13, 0.04 g/g in producing the
above 5 biochemicals (Fig. 5A).

Specifically, when hexanoate was the substrate for production
of citrate, it was degraded via b-oxidation to produce NADH and
acetyl-CoA (Fig. 5B). When the uptake rate of hexanoate is
10 mmol�gDW�1�h�1, a total of 81 mmol�gDW�1�h�1 ATP were gen-
erated, with 7.86 mmol�gDW�1�h�1 consumed by non-growth
associated maintenance, 10 mmol�gDW�1�h�1 consumed by the
fatty acid activation (acyl-CoA synthetase, Reaction R1898), and
the rest 63.14 mmol�gDW�1�h�1 used for creating a cyclic loop of
ATP by Reaction R121 and R603. Hence, hexanoate can produce
ample energy and substrate for citrate synthesis (citrate synthase,
Reaction R237) compared to other substrates without carbon loss.
As a contrast, degradation of L-glycine for citrate production only
2509
produces ATP at a rate of 28 mmol�gDW�1�h�1; 80% L-glycine
was fed to TCA, resulting in a significant loss of carbon via CO2

emission the lowest production yields for target biochemicals.
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Generating different end products from the same substrate
shows significantly different yields. When using glucose as sub-
strate to produce citrate, the energy consumption includes non-
growth associated maintenance and pyruvate carboxylation, which
is completely covered by the energy generated by glycolysis. As a
result, the maximal yield of citrate from glucose could reach a high
level of 1.05 g/g. Whereas for erythritol biosynthesis from glucose,
TCA cycle is essential for compensate the energy consumption
from generating the precursor F6P and G3P, which led to carbon
loss, resulting in a theoretical yield of 0.9 g/g, lower than that of
citrate.

Overall, the high-quality GSMM iYli21 for type strain W29 can
be used to calculate the maximum theoretical yields of the tar-
geted end products from many substrates and may guide rational
design of Y. lipolytica cell factory.
4. Discussion

Y. lipolytica has emerged as an important non-model yeast host
for industrial production of many high-value biochemicals includ-
ing citrate, erythritol, mannitol and lipid from a variety of cheap
biomass substrates [4]. This industrial microbe also exhibits a high
tolerance to manufacturing stress and an extraordinary capability
of utilizing waste materials such as aromatic compounds and urea
as substrates [44,45]. However, limited understanding of the com-
plex metabolism has significantly hampered the use of this valu-
able cell factory. Therefore, we constructed a high-quality GSMM
iYli21 for Y. lipolytica type strain W29 by extensive manual cura-
tion with Biolog experimental results (Fig. 1). Importantly, we
have, for the first time, integrated transcriptomic data as con-
straints to accurately calculate the metabolic changes in response
to different carbon nutrients; and systematically compared the
production yields using a variety carbon sources as substrates.

Thus far, six GSMMs (iYL619_PCP, iNL895, iMK735, iYali4,
iYL_2.0, and iYLI647), have been developed to delineate the meta-
bolism of Y. lipolytica [19-24]; none of them were constructed
specifically for strain W29. Models iYL619_PCP and iNL895 repre-
sent the first trials of metabolic modelling for this important
oleaginous yeast in 2012. Model iMK735 was released in 2015
and it was constructed mostly based on S. cerevisiae model
iND750 [46]. iYL_2.0 is an updated version based on iYL619_PCP
and iYLI647 was derived by integrating components from other
models on top of the scaffold iMK735. Model iYali4 is virtually a
model of another strain because it used CLIB122 genome annota-
tion (Table 1). CLIB122 was derived from a cross between isolates
from a Paris sewer (W29) and an American corn processing plant
(ATCC 18942) [8]. Hence, the metabolism of these two strains
might have significant differences. Indeed, compared to CLIB122,
the W29 genome encodes unique enzymes in glycine, serine and
threonine metabolism, magnesium transport, and starch and
sucrose metabolism. In the present study, we have developed a
model iYli21 specific for W29. In addition, the model covers most
metabolic pathways in KEGG database (Fig. 2) and has 17%, 11%
and 15% increment of genes, metabolites, and reactions, respec-
tively, compared to the previously largest Y. lipolytica model iYali4
(Table 1); it represents the most comprehensive GSMM to date for
Y. lipolytica W29.

Metabolic engineering of Y. lipolytica for biochemical produc-
tion requires comprehensive understanding of several critical
metabolic pathways, especially generation of acetyl-CoA (building
blocks) and NADPH (redox power). With transcriptomic con-
straints, we calculated the metabolic flux distributions under six
individual carbon sources using model iYli21 (Table 3). The results
show that acetyl-CoA is mainly generated via mitochondrial pyru-
vate dehydrogenase, cytosolic ATP citrate lyase, and lipid b-
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oxidation (Fig. 3A). The former two contribute 88% to overall
acetyl-CoA production when grown on glycerol and glucose, while
b-oxidation contributes 50% exclusively when grown on lipids.
Furthermore, NADPH generation is mainly via the pentose phos-
phate pathway, NADP-dependent isocitrate dehydrogenase, glyc-
erol dehydrogenase and alkane assimilation. Notably, NADPH
production from glycerol exceeds that from glucose because oxida-
tion of 1 mol glycerol (via glycerol dehydrogenase) can generate 1
extra mol NADPH before it enters into glycolysis. Hence, glycerol or
glycerol-containing substrate is more preferable for producing a
chemical of high reduction degree such as fatty acids.

TCA cycle is a part of central carbon metabolism for energy and
precursor supply. However, when using triolein, oleic acid and
hexadecane as sole carbon sources, the TCA cycle is not fully acti-
vated. The metabolic shift from TCA to the glyoxylate shunt is pos-
sibly due to excessive NADH production from b-oxidation. The
oxidative part of pentose phosphate pathway is inactivated during
growth on triolein, tributyrin and glycerol, and part of NADPH is
generated via glycerol dehydrogenase.

Further simulations were conducted to analyze productions of
erythritol, citrate, 3-dehydroshikimate, limonene and oleic acid
with 46 carbon sources. With glucose as the sole carbon source,
the maximum yield of citrate is 1.05 g/g (Fig. 5A), even larger than
the highest reported value thus far (0.90 g/g) [47]. This is because
the model calculation assumes the complete use of glucose in pro-
duction of citrate without any expense on biomass accumulation;
whereas during batch fermentation, part of glucose was inevitably
consumed for cell growth and by-product formation, which results
in a relatively low yield of citrate. Similarly, the maximum yields of
erythritol with glycerol and glucose as substrate are 1.0 g/g and
0.90 g/g, respectively, larger than the highest values (0.77 g/g
and 0.37 g/g) previously reported [48,49].

5. Conclusions

A GSMM iYli21 for Y. lipolytica type strain W29 was built, which
contained more genes, metabolites and reactions than any other
published Y. lipolytica GSMM, and showed a high accuracy in pre-
dicting nutrient utilization. This model was used to delineate cellu-
lar metabolism, analyze gene essentiality and predict biochemicals
production yields on various carbon sources, indicating that it is a
high-quality model for Y. lipolytica and will be a powerful tool for
cell factory design in the future.
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