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A B S T R A C T

The yeast Rhodosporidium toruloides has been extensively studied for its application in biolipid production. The
knowledge of its metabolism capabilities and the application of constraint-based flux analysis methodology
provide useful information for process prediction and optimization. The accuracy of the resulting predictions is
highly dependent on metabolic models. A metabolic reconstruction for R. toruloides metabolism has been re-
cently published. On the basis of this model, we developed a curated version that unblocks the central nitrogen
metabolism and, in addition, completes charge and mass balances in some reactions neglected in the former
model. Then, a comprehensive analysis of network capability was performed with the curated model and
compared with the published metabolic reconstruction. The flux distribution obtained by lipid optimization with
flux balance analysis was able to replicate the internal biochemical changes that lead to lipogenesis in oleaginous
microorganisms. These results motivate the development of a genome-scale model for complete elucidation of R.
toruloides metabolism.

1. Introduction

In the last decades, microbial lipids have garnered much attention
as an alternative to plant oil, because they are independent of food
supply and easy to produce (Karamerou et al., 2017). These biolipids
are extensively studied for their application in the production of bio-
fuels and high-value nutritional oils (Béligon et al., 2016; Rutter et al.,
2015; Yang et al., 2014; Koutinas et al., 2014; Xu et al., 2013; Xue et al.,
2013; Papanikolaou and Aggelis, 2011b). Microbial lipids or single-cell
oils (SCO) are produced by several oleaginous microorganisms (bac-
terium, yeast, algae and filamentous fungus) capable of accumulating
more than 20% of their dry weight in lipids, mainly as neutral lipids in
triglyceride (TAG) form. In oleaginous microorganisms, de novo lipo-
genesis is a secondary anabolic activity, since lipid accumulation takes
place when carbon is in excess and a key nutrient, such as nitrogen, is
scarce (Papanikolaou and Aggelis, 2011a). Under these conditions,
cellular growth is limited, and the excess of carbon is channeled into
lipid bodies (Ageitos et al., 2011).

Oily yeasts have some advantages compared with other oleaginous
microorganisms, like short duplication times, nutritional versatility and

ease to scale-up for industrial application (Ageitos et al., 2011). Even
though Yarrowia lipolytica is the best-characterized oleaginous yeast,
Rhodosporidium toruloides has an enormous potential for SCO produc-
tion considering that it natively produces lipids at high titers during
growth on glucose and has more nutritional versatility than the wild-
type Y. lipolytica (Zhang et al., 2014). The lipid productivity of R. tor-
uloides varies according to the strain, the quality of the culture medium
and the culture conditions, as summarized in Table 1. The complete
elucidation of lipogenic metabolism of R. toruloides is crucial for the
development of efficient cultivation processes capable of yielding the
lipid productivity needed for its industrial application.

Metabolism can be studied using metabolic models, which contain
all relevant metabolic reactions. Furthermore, the application of con-
straint-based metabolic modeling (CBM) and in silico analysis is useful
to elucidate the physiological behavior and metabolic states of an or-
ganism upon various environmental/genetic changes. Flux balance
analysis (FBA) is a methodology capable of predicting the phenotype
(flux distribution) that is expressed under certain culture conditions.
These predictions are obtained by the optimization of an objective
function which represents the optimal behavior of the microorganism,
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subjected to a number of constraints (Varma and Palsson, 1994;
Edwards et al., 2002; Kauffman et al., 2003; Llaneras and Picó, 2008;
Orth et al., 2010) (also see references therein).

Few metabolic models have been proposed to describe lipid pro-
duction in oleaginous microorganisms (Mishra et al., 2016; Kavšček
et al., 2015; Ye et al., 2015; Loira et al., 2012; Pan and Hua, 2012). To
the best of our knowledge, the first metabolic model for lipid produc-
tion by R. toruloides was reported in Bommareddy et al. (2015). This
model represents a significant step towards a better understanding of R.
toruloides metabolism. Consequently, it should guide further improve-
ments aiming at predicting the de novo lipid accumulation and cell mass
production under different scenarios. In this work, we present a small-
scale metabolic model obtained from curation of the original re-
construction proposed by Bommareddy et al. (2015). By means of FBA,
a comprehensive analysis of the network capability was performed for
model quality assessment and validation.

2. Materials and methods

2.1. Published metabolic model for R. toruloides

As mentioned above, an earlier metabolic model (referred here as
original model) for R. toruloides was constructed by Bommareddy et al.
(2015), considering the current knowledge from literature (Kumar
et al., 2012; Zhu et al., 2012; Liu et al., 2009) and the protein database
UniProtKB (Magrane and UniProt Consortium, 2011). This model in-
cludes 85 reactions, 69 metabolites and 2 compartments (cytosol and
mitochondria) and comprises the main metabolic pathways: glycolysis,
pentose phosphate (PP) pathway, tricarboxylic Acid (TCA) cycle and
glyoxylate cycle. The model also considers the uptake reactions of four
carbon sources (glucose, glycerol, xylose and arabinose), NH3, O2,
SO4

2−, and the efflux reactions for CO2, TAG, Cell mass and ATP (to
consider maintenance).

In the original model, TAG is synthesized from three molecules of
C16PAL (fatty acid used as reference) and glycerol 3-phosphate (glyc3p)
(Eq. (1)). For the fatty acids (FAs) synthesis, cytosolic Acetyl-CoA
(AcCoA) is needed as well as energy (ATP) and reducing power
(NADPH) (Eq. (2)). In addition, glyc3p is obtained from dihydrox-
yacetone phosphate by Glycerol-3-phosphate dehydrogenase (GDP1) or
Glycerol kinase (GUT1) when glycerol is added to the culture medium.

GLYC3P 3C PAL TAG16+ → (1)

8AcCoA 7ATP 14NADPH C PAL 7ADP 14NADP16+ + → + + (2)

2.2. Complete curation of the original metabolic model

Despite the quality of a metabolic model, it is common for metabolic
reconstructions to contain some imbalanced stoichiometries,

incomplete pathways, and metabolic gaps. To improve the reconstruc-
tion, manual curation must be performed by using data from many
different databases.

In this section, the curation of the original reconstruction is de-
scribed. First, the reactions involved in nitrogen metabolism were un-
blocked in order to consider nitrogen uptake during growth (Section
2.2.1). Then, a set of reactions was modified to obtain mass and charge
balanced equations by adding phosphate (Pi), protons (H+), water
(H2O) and Coenzyme-A (CoA) (Section 2.2.2). Finally, membrane
transporters were revised and the complete compartmentalization of
the model was obtained by separating ATP, ADP, and CoA between
cytosolic and mitochondrial compartments (Section 2.2.3).

2.2.1. Central nitrogen metabolism in R. toruloides
The nitrogen source incorporated from the culture medium to sup-

port cell growth leads to three key compounds: ammonium (NH4
+),

glutamate (glut) and glutamine (glum). In the metabolism of R. tor-
uloides these metabolites are linked by the anabolic reactions NADPH-
dependent glutamate dehydrogenase (GDH1) that produces glutamate
from α-ketoglutarate and ammonia, and glutamine synthetase (GLN1)
that synthesizes glutamine by ammonia and glutamate. There are also
two catabolic reactions: the NADH-dependent glutamate synthase
(GLT1) used to produce glutamate when glutamine is the sole nitrogen
source, and NAD+-linked glutamate dehydrogenase (GDH2) that re-
leases ammonia from glutamate (Zhu et al., 2012).

In the original model, the central nitrogen metabolism is re-
presented by the following reactions:

NH3t : NH3[c]→ (3)

GLN1 : ATP NH3[c] GLUT[c] GLUM[c] ADP+ + → + (4)

GLT1 : AKG[c] GLUM[c] NADH[c] 2 GLUT[c] NAD[c]+ + → + (5)

where Eq. (3) is the NH3 uptake reaction and [c] denotes the cytosolic
compartment.

From the former reactions it results that there is no reaction in the
original model that consumes nitrogen precursors. Therefore, no ni-
trogen uptake is possible at steady state and, consequently, the reaction
of ammonia uptake is blocked. Moreover, the cell mass reaction in the
original reconstruction does not take into account glutamine, glutamate
or other precursors with nitrogen. The importance of glutamate and
glutamine as cell mass precursors, and consequently the central ni-
trogen metabolism, becomes apparent by highlighting their involve-
ment in transamination reactions required for the synthesis of L-amino
acids, and the biosynthesis of purines and pyrimidines (Ljungdahl and
Daignan-Fornier, 2012).

To overcome both problems (blocked reactions and the absence of
nitrogen compounds as cell mass precursors), we incorporated gluta-
mine and glutamate in the pseudoreaction that represents cell mass

Table 1
Recent reports of lipid production using R. toruloides.

Strain Lipid (%) Limitation Carbon source Culture Reference

AS 2.1389 69.5 N Crude glycerol B Xu et al. (2012)
AS 2.1389 47.0 N Distillery wastewater B Ling et al. (2013)
AS 2.1389 61.8 N Glucose C Shen et al. (2013)
AS 2.1389 37.9 N and P Myristic acid B Yang et al. (2015)
AS 2.1389 63.5 N and P Oleic acid B Yang et al. (2015)
DSMZ 4444 58.7 N Lignocellulosic hydrolysate B Fei et al. (2016)
DSMZ 4444 61.5 N Lignocellulosic hydrolysate FB Fei et al. (2016)
NCYC 921 17.27 N Carob pulp syrup B Freitas et al. (2014)
Y4 62.1 P Glucose B Wu et al. (2010)
Y4 43.3 N Jerusalem artichoke B Zhao et al. (2010)
Y4 56.5 N Jerusalem artichoke FB Zhao et al. (2010)
Y4 60.4 N Glucose FB Zhao et al. (2011)
Y4 56.8 S Glucose B Wu et al. (2011)

Cultivation mode: batch (B), fed-batch (FB), continuous (C).
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formation (Fig. 1) and added glutamate dehydrogenase reactions (Eqs.
(6) and (7)). Due to the absence of a published empirical cell mass
reaction for R. toruloides, the glutamate and glutamine coefficients were
stoichiometrically calculated by considering an average elemental for-
mula of CH1.76O0.58N0.16 (Zhou et al., 2012; Koutinas et al., 2014; Shen
et al., 2017). Then, 85% of the total nitrogen required for cell mass
production was incorporated as glutamate and 15% was derived from
glutamine (Ljungdahl and Daignan-Fornier, 2012).

GDH1: AKG[c] 2H[c] NADPH[c] NH3[c] GLUT[c] H2O[c]

NADP[c]

+ + + → +

+ (6)

GDH2: GLUT[c] H2O[c] NAD[c] AKG[c] 2H[c] NADH[c]

NH3[c]

+ + → + +

+ (7)

2.2.2. Mass and charge balance of the reactions involved in the metabolism
An essential stage in model curation is to detect mass and charge

imbalanced reactions in the metabolic network. By using computational
methods we found a number of mass imbalanced reactions in the ori-
ginal model (Supplementary data Section S1.2.1). In most cases, the
imbalance arises from the omission of a cofactor and other metabolites.
With the aim of obtaining a more accurate model for process simulation
under different conditions, we modified these reactions by in-
corporating Pi, H+, H2O and CoA when necessary. Besides mass, the
model was also balanced in charge considering that all compartments
have a physiological pH of 7.2 (Orij et al., 2009). The addition of io-
nized compounds, protons, and water to charge imbalanced reactions
was sufficient to ensure that almost all reactions had no net charge. The
only mass and charge imbalanced reaction in the model is the pseudo-
reaction of cell mass production. To maintain intracellular physiolo-
gical pH, a net production (or consumption) of protons had to be ba-
lanced by membrane transporters between compartments and with the
extracellular medium (for more details see Section 2.2.3).

To perform mass and charge balances, we checked each reaction in
the available literature and databases including BiGG Models knowl-
edgebase (King et al., 2016), UniProtKB (Magrane and UniProt
Consortium, 2011) and Saccharomyces Genome Database (SGD) (Cherry
et al., 2012). Since the R. toruloidesmetabolism has not been completely
elucidated, some reactions from Saccharomyces cerevisiae model
iMM904 (Mo et al., 2009) were incorporated in order to avoid missing
reactions (Supplementary data Table S4).

Cell mass formation, given as Cell_mass_Eqn in Table S1, was also
completed with Pi, H+, H2O and CoA. This modification provides a
balanced ATP utilization in the cell mass reaction:

ATP H O ADP Pi H .2+ → + +
+ (8)

Then, the ATP hydrolyzed in this expression can be used for accounting
the growth associated maintenance (GAM) (Feist et al., 2007). In ad-
dition, the protons consumed by the NAD(P)H associated reductions
were also considered in the cell mass reaction.

Finally, a qualitative test of relevance was used to verify energetic
(ATP) and redox consistency (NADH and NADPH). To this end, the
exchange flux of the four carbon sources available in the model was set
to zero and the reactions ATPM, NADPH_drain (Eq. (9)) and NADH_-
drain (Eq. (10)) were maximized one at a time. For the curated model,
no feasible solution was found during the test of relevance meaning that
there is no production of ATP and NAD(P)H in the absence of a carbon
flux.

NADPH NADP H .→ +
+ (9)

NADH NAD H .→ +
+ (10)

The complete list of modified reactions with the corresponding re-
ferences are given in the Supplementary data (Tables S3 and S4).

2.2.3. Compartmentalization of the model
As a result of the incorporation of new metabolites for mass balance,

transport reactions for metabolites moving between compartments
should be revised. The exchange reactions between extracellular space
and cytosol, indicated with the prefix ‘EX_’ in Table S1, were included
for the metabolites added during mass and charge balance. In the
particular case of protons, a cytosolic ATPase was considered for their
exchange with the extracellular medium (Liu et al., 2009). It is worth
noting that the importance of ATPase reactions to maintain in-
tracellular pH has been previously reported by Mondala et al. (2012). In
addition, transporters between mitochondria and cytosol were also re-
vised and updated accordingly. Diffusion through membranes was
considered only for O2, H2O and CO2. Finally, since ATP and ADP were
not compartmentalized in the original model, an ADP-ATP translocator
was incorporated to exchange the ATP generated by oxidative phos-
phorylation through the mitochondrial membrane (Liu et al., 2009).
More details are provided in Supplementary data Sections S1.2.2 and
S1.2.3.

2.3. In silico analysis of the metabolic network

In Bommareddy et al. (2015), the theoretical maximum yield of
TAG and cell mass was calculated for each carbon source from the flux
distribution obtained by Elementary Mode (EM) analysis. An EM re-
presents a non-decomposable, stoichiometrically and thermo-
dynamically feasible route for the conversion of substrates into pro-
ducts. In biological terms it can be used to determine the capability of a
metabolic network, this is to estimate all the phenotypes that can be

Fig. 1. Incorporation of glutamine and glutamate metabolites in the original cell mass reaction (dashed line).
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expressed (Schuster et al., 2000; Papin et al., 2004) (also see references
therein). From all the calculated EMs it is possible to obtain a set of EMs
where the yield of a certain product is maximum for a defined carbon
source, this is why it is used to calculate theoretical yields. However,
EMs enumeration is computationally expensive due to the combina-
torial explosion in the number of EMs as the network size increases
(Machado and Herrgård, 2015), and only non-adjustable constraints are
used to define it (Llaneras and Picó, 2008). Consequently, adjustable
constraints that incorporate experimental measurements and regulation
cannot be included in this methodology. In contrast, FBA is a predictive
technique that assumes an optimal behavior of the microbial cell under
certain adjustable and non-adjustable constraints, which can be mod-
ified to simulate different culture conditions. In addition, this approach
is easy to scale towards large metabolic networks (Costa et al., 2016).
FBA can be also used to calculate the maximum yield of the desired
product from an optimal flux distribution obtained by setting an ade-
quate reaction as the objective function.

For the general purpose of this work, there is no impediment to use
any of the techniques described above. Nevertheless, we consider that
FBA is more practical and has more potential for our future studies, in
particular, to incorporate adjustable constraints.

To determine the flux distribution by FBA, the COBRA toolbox
(Schellenberger et al., 2011) was used. The computational methods for
model analysis and simulation are extensively described in Supple-
mentary data Section S2.

The metabolism of R. toruloides was simulated under different en-
vironmental conditions to predict the maximum yields of cell mass and
TAG using the curated metabolic model. Simulation within the FBA
framework requires a linear objective function to be maximized
(Supplementary data Section S2.1). Predictions of the optimal network
state and the corresponding flux distribution are highly dependent on
the objective function being used (Feist and Palsson, 2010).

In the curated model, the cell mass reaction represents the residual
cell mass (i.e. only structural lipids are considered), whereas TAG is the
net amount of lipids. By distinguishing these fractions the composition
of cell mass is not altered by lipid accumulation. Otherwise, as was
recently reported by Shen et al. (2017), the R. toruloides composition
changes under nitrogen limitation at high consumed C/N ratios, where
lipogenesis takes place. Taking this into account, the objective function
was rationally chosen in order to predict the behavior of the cell under
different conditions. First, in a culture condition where carbon is the
limiting nutrient, the cell mass reaction (Cell_mass_Eqn in Table S1) was
set as the objective function to replicate the main evolutionary purpose
of the microorganism, which is survival. This objective function proved
to be the most accurate when compared with experimental measure-
ments (Llaneras and Picó, 2008). On the contrary, under nitrogen
limitation and excess of carbon source, TAG production (TAGEx in
Table S1) was chosen as the objective function. This is to simulate that
in oleaginous microorganisms, under the limitation of a growth essen-
tial nutrient (such as nitrogen), the carbon source is partly derived to
the synthesis of TAG (carbon overflow metabolism). This fact is in-
dependent of the culture mode (batch, fed-batch, and continuous cul-
ture). In the curated version of the model, FBA allows simulating the
cell mass production in a nitrogen limiting culture by constraining the
nitrogen uptake. As cell mass is the only product of the metabolism that

consumes nitrogen, cell mass production is proportional to nitrogen
uptake. Then, if this precursor is completely depleted, there is no flux of
cell mass. Consequently, the carbon source is channeled to TAG pro-
duction thus obtaining the theoretical maximum TAG yield.

Another constraint that is needed in order to apply FBA is the ATP
requirement for non-growth associated maintenance (NGAM). The non-
growth components included and determined empirically when mea-
suring maintenance are (1) shifts in metabolic pathways, (2) energy
spilling reactions, (3) cell motility, (4) changes in stored polymeric
carbon, (5) osmoregulation, (6) extracellular losses of compounds not
involved in osmoregulation, (7) proofreading, synthesis and turnover of
macromolecular compounds such as enzymes and RNA, and (8) defense
against O2 stress (Van Bodegom, 2007). In the curated model there are
two reactions that represent NGAM requirements: a cytosolic ATPase
(ATPS) and the pseudoreaction ATPM. ATPS reaction is used to main-
tain physiological pH by excreting the excess of protons that are pro-
duced as a result of metabolism. On the other hand, ATPM is a reaction
incorporated for modeling purposes, which considers all the reactions
of the metabolism that consume ATP and were not included in the
model. Since ATPM represents wasted energy for the cell, its flux is zero
unless a minimum value is incorporated as a lower bound (Orth et al.,
2010). The minimum flux of this reaction can be determined by means
of the following equation:

v m ys SNGAM ATP/= × (11)

where ms is the maintenance coefficient and yATP/S is the theoretical max-
imum yield of ATP for a defined substrate. The ms coefficient for glucose
was estimated from experimental data in Shen et al. (2013), whereas the
yATP/S was computed from the curated model by optimizing the ATPM
objective reaction for a substrate uptake of−1mmol/(gDCWh) (Orth et al.,
2010) using FBA (Table 2).

3. Results and discussion

3.1. Small scale metabolic model for lipid production in R. toruloides

The small scale metabolic model for R. toruloides resulting from
manual curation of the original model is illustrated in Fig. 2. It includes
93 metabolites: 82 internal and 11 external, and 104 reactions: 81 in-
tracellular reactions, 10 transport reactions from cytosol to the extra-
cellular medium, 11 exchange reactions with the environment (prefix
‘EX’) and 2 reactions of net production (GrowthEx and TAGEx).

As in the original reconstruction, this model includes the central
carbon metabolism represented by glycolysis, PP pathway, TCA cycle
and glyoxylate cycle and four carbon sources (glucose, glycerol, xylose,
and arabinose). Glycerol is an attractive carbon source since it is a sub-
product of biodiesel production (Koutinas et al., 2014). In addition,
since xylose and arabinose are renewable and low-cost raw materials,
they constitute an interesting alternative to conventional carbon
sources (Papanikolaou and Aggelis, 2011b). The model is compart-
mentalized in the cytoplasmic and mitochondrial compartments which
are connected by the corresponding transport reactions. Additionally,
central nitrogen metabolism is represented by ammonium assimilation
and the biosynthesis of glutamate and glutamine which are now cell
mass precursors. Finally, the model also includes the pseudo-reaction
that represents cell mass production from the metabolic precursors
(Cell_mass_Eqn) and non-structural lipids synthesis represented by the
TAG reaction (C51). These reactions were completed and balanced
accordingly.

3.2. Analysis of the capability of cell metabolism using FBA

In order to determine the capabilities of cell metabolism, we studied
the network as a whole and analyzed the pathways that take place
under different culture conditions: carbon limitation and excess of ni-
trogen (case 1) and nitrogen exhaustion and excess of carbon (case 2),

Table 2
Theoretical maximum ATP yield for different carbon sources.

Carbon source yATP/S (mmol ATP/mmol S)

Glucose 16.8
Glycerol 9.75
Xylose 14
Arabinose 13.67

Substrate uptake: −1mmol/(gDCW h).
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for all the carbon sources in the curated model.
With glucose as the sole carbon and energy source, a flux distribu-

tion for optimal growth (case 1) is shown in Fig. 3A. As expected, the
fluxes through glycolysis and TCA cycle were high. These pathways,
coupled to the respiratory chain, provide the ATP needed for cell mass
synthesis. In addition, due to the incorporation of nitrogen precursors in
the cell mass reaction, the central nitrogen metabolism was unblocked

resulting in a net flux through ammonium transport reaction (NH4t)
and the anabolic reactions GDH1 and GLN1. Notice that, under carbon
limitation, there was no net flux in the reactions involved in TAG
production (C16 and C51). These results were consistent with experi-
mental observations in continuous cultures (Shen et al., 2013). Recall
that structural lipids were considered in the cell mass fraction, which
represents the ‘residual cell mass’ in this model.

Fig. 2. Metabolic map of R. toruloides. The symbol represents primary metabolites while represents secondary metabolites. Cytosol and Mitochondria com-
partments are delimited by the dark green line. Metabolites h, pi, coa, and h2o were incorporated during model curation. Reactions ‘EX_GLC’, ‘EX_GLY’, ‘EX_ARB’ and
‘EX_XYL’ can be used to adjust carbon source uptake. To optimize cell mass formation and lipid production the FBA objective functions are ‘Cell_mass_Eqn’ and
‘TAGEx’, respectively. This map was generated with Escher (King et al., 2015). (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)
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On the other hand, when TAG reaction (C51) was the objective
function (case 2), the flux distribution changed significantly (Fig. 3B).
As it was mentioned before, the de novo lipogenesis in this model has
two key steps: (i) biosynthesis of FAs and (ii) TAGs assembly from es-
terification of FAs with glyc3p. The stage (i) is induced in oleaginous
yeasts under nitrogen limitation. The biochemical process starts with
the decrease of intracellular AMP, which leads to the deactivation of
NAD-dependent isocitrate dehydrogenase (IDH1). As a result, citrate is
accumulated in the mitochondria at critical levels, so it must be
transported to the cytosol via the mitochondrial malate transporter
(MCT1). Cytoplasmatic citrate is then used to produce acetyl-CoA by
ATP citrate lyase (ACL1), which is the main source of AcCoA for FAs
synthesis in oleaginous yeast (Papanikolaou and Aggelis, 2011a; Zhu
et al., 2012). The required AcCoA can also be provided by the acetyl-
CoA synthetase (ACS2). It was found that ACS2 level increases during
lipogenesis in R. toruloides (Zhu et al., 2012). In addition, in oleaginous
microorganisms the reducing power (NADPH) needed for FAs bio-
synthesis is supplied by the NADP-malic enzyme (ME1) and glucose 6-
phosphate dehydrogenase (ZWF1). In R. toruloides, ZWF1 is upregulated
during lipogenesis (Zhu et al., 2012). Furthermore, ME1 protein level
also increases during lipid production. ME1 is part of the transhy-
drogenation machinery together with pyruvate carboxylase (PYC1) and
malate dehydrogenase (MDHc) (Zhu et al., 2012). As can be seen in
Fig. 3B, under complete nitrogen exhaustion, glycolysis reactions were
intensified and TCA reactions were impaired. This was in agreement
with previous experimental observations of Zhu et al. (2012). There
was also a high flux of MCT1 through cytosolic citrate. Besides, AcCoA
was produced mainly by ACL1 with almost six times higher flux than
ACS2 (Supplementary data Table S5). From the flux distribution map,
NADPH was provided by PP pathway (ZWF1) and ME1, and there was a
net flux in PYC1 and MDHc. In stage (ii) of lipid production, the FAs
synthesized in stage (i) are esterified with glyc3p. When glucose was
the carbon source, the required glyc3p was provided by glycerol-3-
phosphate dehydrogenase (GPD), which was found at high levels during
lipogenesis in R. toruloides (Zhu et al., 2012). In Fig. 3B, GDP was the
only reaction that provided glyc3p with glucose as carbon source. No-
tice that the cell mass reaction had zero flux in the simulated scenario.
This is a theoretical optimal state of TAG production that will be
achieved under negligible amounts of nitrogen in the culture medium.

Through the analysis of the flux distributions obtained by FBA with
glucose as sole carbon source under different culture conditions (case 1
and case 2) it was possible to replicate the metabolic changes that occur
in R. toruloides during growth and lipogenesis, respectively. Similar
results were obtained when glycerol, xylose, and arabinose were used

as carbon source (Supplementary data, Section S3.1).

3.3. Effect of model curation in cell mass and TAG optimal yields

Once the optimal flux distributions for cell mass and TAG were
obtained for all the available carbon and energy sources in the model,
maximum yields were calculated as follows:

Y v
vX S

X

S
/ =

(12)

Y v
vS

L

S
TAG/ =

(13)

where vX is the growth flux in h−1, vS is the substrate flux in
mmol/(gDCWh) and vL is the TAG flux in mmol/(gDCWh). For residual
cell mass, a molecular weight of 26.2 gDCW/Cmol was calculated from the
elemental formula, considering a 3.5% of ashes (Shen et al., 2017). In ad-
dition, TAG was assumed as C51H98O6 with a molecular weight 807.34 g/
mol.

In Fig. 4, production envelopes for TAG and cell mass yields cal-
culated using the original and the curated model are shown. Even when
TAG maximum yield was not altered, the modifications incorporated
during model curation resulted in a lower cell mass maximum yield for
all carbon and energy sources. After analyzing the possible reasons for
these differences, we found that the decrease in cell mass yields was the
result of the incorporation of nitrogen precursors (glut and glum) in the
cell mass reaction and the addition of protons during mass and charge
balance. First, the reactions involved in glut and glum biosynthesis
(GDH1 and GLN1) require reducing power (NADPH) and energy (ATP)
with the concomitant reduction of their availability for cell mass bio-
synthesis. Since nitrogen is not involved in TAG production, the optimal
yields were not affected by the unblocking of central nitrogen meta-
bolism. On the other hand, the addition of protons in the model has a
minor effect in reducing cell mass yield. The assimilation of all the
carbon sources in the model generated internal protons that should be
excreted to the environment (culture medium) in order to maintain
physiological pH. Thereby, the energetic cost of pH regulation in the
cell leads to a lower cell mass yield. For more details see Supplementary
data, Section S3.2.

All these biochemical changes can be simulated only with the cu-
rated model since there are no protons and nitrogen precursors in the
cell mass reaction of the original model.

Fig. 3. A feasible flux distribution for optimal
growth (A) and optimal TAG production (B)
with glucose as carbon source. Reactions with
blue arrows have nonzero fluxes. Refer to
Fig. 2 for label details and Supplementary data
(Table S5) to see the flux values of these dis-
tributions. (For interpretation of the references
to color in this figure legend, the reader is re-
ferred to the web version of the article.)
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4. Conclusion

In this work, we presented a curated version of a small-scale me-
tabolic model for de novo lipid production by R. toruloides. During the
curation process, the central nitrogen metabolism, essential to predict
the lipid metabolism at different culture conditions, was unblocked.
Moreover, the process of mass and charge balancing incorporated ad-
ditional restrictions to cell mass production. Then, more rigorous the-
oretical maximum yields were obtained. The application of FBA for the
network analysis resulted in some advantages. In particular, the pos-
sibility of including adjustable constraints allowed incorporating a
minimum bound for ATPM with the concomitant reduction of the ATP
available for growth and TAG production. In future studies, this model
will be used to simulate the simultaneous cell mass and TAG production
under different C/N ratios.

The contributions made in this work are the starting point for the
generation of a genome-scale model to elucidate the complete meta-
bolism of R. toruloides.
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