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Abstract A metabolic flux analysis (MFA) model was devel-
oped to optimize the xylose conversion into ethanol using
Candida shehatae strain. This metabolic model was
compartmented and constructed with xylose as carbon sub-
strate integrating the enzymatic duality of the first step of
xylose degradation via an algebraic coefficient. The model
included the pentose phosphate pathway, glycolysis, synthesis
of major metabolites like ethanol, acetic acid and glycerol, the
tricarboxylic acid cycle as well as the respiratory chain, the
cofactor balance, and the maintenance. The biomass compo-
sition and thus production were integrated considering the
major biochemical synthesis reactions from monomers to each
constitutive macromolecule (i.e., proteins, lipids, polysaccha-
rides, nucleic acids). The construction of the model resulted
into a 122-linear equation system to be resolved. A first ex-
periment allowed was to verify the accuracy of the model by
comparing calculated and experimental data. The metabolic
model was utilized to determine the theoretical yield taking
into account oxido-reductive balance and to optimize ethanol
production. The maximal theoretical yield was calculated at
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0.62 CmoOlethano/Cmolyyise for an oxygen requirement of
0.33 molyxygen/MOlyi0se linked to the cofactors of the xylose
reductase. Cultivations in chemostat mode allowed the fine
tuning of both xylose and oxygen uptakes and showed that
lower was the oxygen/xylose ratio, higher was the ethanol
production yield. The best experimental ethanol production
yield (0.51 Cmolano/Cmolyyios) Was obtained for an oxy-
gen supply of 0.47 molyyygen/MOlyyiose.

Keywords Candida shehatae metabolism - Metabolic flux
analysis - Ethanol production - Ratiogxygen/xylose

Introduction

Due to the importance of biobased alternatives for fuel
substitution, ethanol from lignocellulosic biomass has
been intensely studied over the last years. While the
conversion of C6 sugars like glucose has been broadly
mastered, C5 conversion in particular of xylose is still a
scientific and technical challenge. The C5 fraction in
lignocellulosic materials can represent a significant pro-
portion in the range 1040 % (w/w) (Singh and Mishra
1995). In order to maximize sugar conversion into etha-
nol, two strategies exist: one based on engineering ge-
netically modified strains (mainly in Saccharomyces
cerevisiae) to convert both C6 and C5 sugars and the
other based on the use of naturally C5-fermenting yeasts
like those of the Pichia or Candida genera.

Candida shehatae yeast has been described as a poten-
tial converter of xylose into ethanol (Toivola et al. 1984).
Studies have shown that oxygen strongly impacts the ca-
pacities of the strain to produce ethanol, but its role is not
entirely understood (Du Preez and van der Walt 1983;
Sanchez et al. 1997). The oxygen supply affects xylose
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metabolism: DuPreez et al. (1989) performed cultures with
several aeration levels without any control of the dissolved
oxygen concentration and showed that the xylitol produc-
tion yield on xylose increased as an inverse function of
the aeration. In this paper, the effect of the aeration on
xylitol production was only observed between anoxic and
aerobic conditions but not quantified. Interestingly, no eth-
anol was produced in fully aerobic culture leading to a
maximal biomass production yield of 0.49 gpiomass/Exylose-
Controlling the dissolved oxygen tension (DOT) at 0.7 %
of the air saturation, these authors obtained a maximal
ethanol concentration of 45 g/L and an ethanol yield of
0.38 Zethanol/Exylose With C. shehatae. More recently,
Fromanger et al. (2010) quantified the oxygen limitation
level by measuring the specific oxygen uptake rate in
bioreactor culture of C. shehatae on mineral medium with
xylose as substrate. They reached an ethanol yield of
0.33 Zethanol/Exylose With 1.19 mmolO,/gpcw/h and a max-
imal ethanol titer of 49 g/L representing 43 % of carbon
consumed. The maximal yield of 0.45 gemanol/xylose Was
obtained by Slininger et al. (1985) in flask cultures with-
out any control of oxygen supply defined as aerobic:
batch cultures in flasks were closed with perforated caps
and incubated on a rotary shaker. The oxygen uptake
seemed to be determinant, but optimization studies failed
in the quantification of oxygen requirement and its role
remains unclear. As oxygen is involved in the redox bal-
ance (Bruinenberg et al. 1983), the biological demand for
cofactors of both growth and ethanol production was strin-
gently dependent on metabolic pathways. These constraints
on carbon, oxido-reductive potential, cofactors equilibrium,
and energetics can be described and evaluated through
metabolic models. Metabolic flux analysis (MFA) is gen-
erally used to estimate intracellular flux distribution based
on a complete description of the metabolic pathways rela-
tive to substrate consumption, biomass synthesis, energy
consumption and production, and metabolite production
(Llaneras and Picd 2008). MFA was based on the assump-
tion of pseudo-steady state in the intracellular concentra-
tion; it can estimate for determined/overdetermined linear
systems the metabolic flux distribution without intracellular
concentration measurements by fitting with measured ex-
tracellular rates such as biomass and metabolite production
and substrate consumption (Stephanopoulos et al. 1998).
This paper proposes a MFA approach to understand
both the role of oxygen and the carbon flux distribution
of C. shehatae metabolism in order to define the max-
imal theoretical capacities of the selected yeast towards
ethanol production and to optimize xylose conversion
for bioethanol production. Two sets of experiments were
carried out in two different culture modes in order to,
first, validate to metabolic model and then to compare
theoretical predicted results with experimental ones.
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Material and methods
Strain and pre-culture conditions

Candida shehatae strain ATCC 22984 (American Type
Culture Collection), a xylose-fermenting yeast, was main-
tained on plate count agar (PCA) (AES Chemunex), and its
long-term storage at —80 °C used yeast extract peptone dex-
trose medium (YPD 10 g/L yeast extract, 10 g/L peptone,
20 g/L dextrose, and 9 g/L NaCl) adding 45 % (v/v) glycerol.
Pre-cultures grown first on YPD for 24 h at 30 °C, stirred at
100 rpm, were transferred into flasks containing a complete
mineral medium (Fromanger et al. 2010) complemented with
20 g/L xylose. Flask cultures were grown for 24 h at 30 °C
under shaking at 100 rpm before inoculation in the bioreactor.

Medium

A mineral medium adapted to Candida strains was de-
fined in order to avoid nutritional limitations up to a
biomass concentration of 20 gcpw/L. The pH of the
medium was adjusted to 4.5, and the composition was
described by Fromanger et al. (2010). To increase etha-
nol tolerance, a vitamin-feeding strategy was used as
described by Alfenore et al. (2002) for Saccharomyces
strains. Chemicals (xylose, salts, oligo-elements, and
commercial ammonia solution) were provided from
Prolabo (France) and vitamins from Sigma (France).
All chemicals were of the highest analytical grade
available.

Cultures in instrumented bioreactors

Two sets of experiments were carried out in two different
culture modes: the data from the first were dedicated to met-
abolic model validation, and from the second were utilized to
compare with theoretical predicted results.

The first set of experiments was performed in fed-batch
mode in a 5-liter instrumented bioreactor (B Braun
International Biotech, Sartorius group), with an initial work-
ing volume of 3 L. The temperature was set at 30 °C and the
pH at 4.5 by addition of ammonia solution (14 % v/v). The
dissolved oxygen partial pressure (pO,) was measured by an
oxygen probe (InPro® 6800 Mettler Toledo). Aeration and
stirring rates were managed in order to run two different cul-
ture conditions: the first intended for growth with full oxygen
supply (pO, up to 40 % saturation value under working con-
ditions (30 °C, atmospheric pressure)) and the second under
oxygen limitation (pO, of 0 % saturation) to favor ethanol
production. Inlet and outlet gas compositions were monitored
by mass spectrometry as described in Analytical methods and
gas analysis section. The carbon substrate was supplied con-
tinuously by adding sterile xylose solution of 634 g/L.
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The second set of cultivations was carried out in chemostat
mode, a 2-L instrumented bioreactor (B Braun International
Biotech, Sartorius group) using working volume of 1 L.
Temperature and pH regulation and measurement of dissolved
oxygen partial pressure were as described above for the fed-
batch experiment. The substrate feeding was performed by
continuously adding fresh mineral medium with a xylose con-
centration of 33 g/L. Three steady-state conditions were per-
formed corresponding to different oxygen and xylose supplies
and dilution rates. Details are described in the Results and
Discussion sections.

Analytical methods and gas analysis

Biomass concentration was measured both by optical density
and gravimetric methods. Optical density (OD) was measured
at 620 nm in a spectrophotometer (Hach Lange DR 3900) in a
glass cuvette (2 mm optical length) and correlated against cell
dry weight measurements. Cell dry weight (CDW) was mea-
sured by filtration of a known volume through 0.45 pm-pore
size polyamide membranes (Sartorius) dried at 60 °C to a
constant weight under a partial vacuum (200 mmHg) for
48 h. Biomass elementary formula (CH,O,N,) was deter-
mined at Central Analysis Service (CNRS, Solaize) on ten
independent experimental samples by either combustion or
pyrolysis and infrared detection or thermal conductibility.

Major fermentation products (ethanol, glycerol, xylitol,
acetic acid, pyruvic acid, succinic acid, and xylose) were
quantified by HPLC (Alliance 2690, Waters) in culture super-
natant using an Aminex HPX 87 H column, running in
isocratic mode with a flow rate of 0.5 mL/min of H,SO4
(5 mM) eluent, operating at 50 °C. The system was equipped
with refractive index detector (RI 101—SHODEX) and UV
detector (Waters 996).

Inlet and outlet gas compositions were measured by a mass
spectrometer (Proline Dycor, Ametek Process Instruments)
calibrated using a standard gas composition (20 % CO,,
20 % Oy, 1 % Ar, 1000 ppm ethanol, complemented at
100 % by N»). The volumetric O, consumption rate and the
CO, production rate were calculated from mass balances in-
volving inlet and outlet gas compositions, taking into account
the evolution of the bioreactor liquid volume, the accumula-
tion of O, and CO, in liquid and gas phases, the inlet airflow
rate (regulated by a mass flow meter), and the operating tem-
perature and pressure.

Data analysis and calculation

For each culture sample, substrate or metabolite masses pro-
duced or consumed were calculated taking into account the
liquid volume variation in the bioreactor. The carbon and the
oxido-reductive balances were calculated on raw data and
closed at more than 90 %. Production and consumption rates

were calculated using a homemade software based on polyno-
mial regression coupled with an optimization procedure. This
procedure dealt with the minimization of a quadratic criterion
between the experimental and the calculated data. Moreover,
the calculated rates were reconciled in order to recover all the
elemental balances. Homemade software was used for meta-
bolic flux analysis which resolved the linear equation system
of metabolic fluxes with Matlab® as previously described by
Bideaux et al. (2008). All the stoichiometric biochemical re-
actions chosen and introduced in the model were presented in
the Supplementary Tables S1 to S6 (122 linear equations
depended on the hypothesis formulated for the construction
of the model).

Construction of the C. shehatae metabolic network

Candida shehatae was considered as a compartmented cell as
Saccharomyces. So, biochemical reactions can occurr either in
the cytosol or in the mitochondria, and some components can
be exchanged between these two compartments as described
in previous works for Saccharomyces cerevisiae species
(Nissen et al. 1997; Pagliardini et al. 2013). Due to this fact,
in the absence of specific data, the metabolic network (set of
biochemical reactions) of C. shehatae was based on informa-
tion available for Candida utilis strain on the database KEGG
(http://www.genome.jp/kegg/kegg?.html). Compartmented
model was constructed with a single carbon substrate: the
xylose. Thus, the first step of xylose degradation was
introduced as well as the pentose phosphate pathway,
glycolysis, synthesis of major metabolites like ethanol,
acetic acid, and glycerol, and the tricarboxylic acid cycle.
The respiratory chain, the cofactor balance and maintenance
were also included as were all the anabolic reactions
(synthesis of proteins, lipids, polysaccharides, and nucleic
acids linked to biomass composition and production). Each
step of the construction was detailed in the further sub-
sections.

Transport of extracellular metabolites in and out the cell
was modeled through proton symports for ammonium, sul-
phate, and phosphate and through facilitated diffusion for
the other extracellular metabolites (xylose, ethanol ...) (Van
Gulik and Heijnen 1995; Vanrolleghem et al. 1996).

First step of xylose degradation

As described by Bruinenberg et al. (1984), the first step of
xylose degradation is performed by the enzyme xylose reduc-
tase (XR) which can be both NADH dependent and NADPH
dependent. Depending on the cofactor considered for XR in
the model, the redox balances in the cell were completely
modified inducing different calculated intracellular fluxes to
equilibrate the metabolism. To take into account both the co-
enzymes of XR in the metabolic model, an algebraic
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coefficient called coeffinadph (Table 1) was introduced into the
xylose degradation reaction (see Eq. 1).

H : _ XRNaDPH
This coefficient was defined as coeffnadph = B —

xylose + coeffinadph x nadph + (1—coeffnadph) x nadh + h
= xylitol + coeffnadph x nadp + (1—coeffnadph) x nad (1)

Based on literature data relative to measured values of NADH-
and NADPH-dependent XR activities (Table 2), the coeffnadph
coefficient was within the range [0.41-0.80] depending on the
culture conditions. In aerobic conditions, the mean value of the
coeffnadph was calculated at 0.67 £ 0.05, in micro-aerobic con-
ditions 0.6 + 0.1, and in anoxia 0.72 + 0.05.

Anabolism reactions

The strategy to describe the major anabolic reactions was to
start from the precursors which were converted into mono-
mers first and then into macromolecules until biomass forma-
tion. All these anabolic steps (i.e. from the precursors to bio-
mass) were translated as stoichiometric equations in the mod-
el. Monomeric and macromolecular compositions in terms of
lipids, proteins, polysaccharides, DNA, and RNA were initial-
ized using data from the literature for microorganisms compa-
rable to C. shehatae.

The quantities of amino acids, in mol AA/g protein, were
obtained from Carnicer et al. (2009). The distribution of sterols
into ergosterol, squalene, lanosterol, and obtusifoliol was deter-
mined according to Abu-Elteen and Whittaker (1997). These
authors also gave a phospholipid distribution, in accordance
with Rattray et al. (1975). Two groups of fatty acids were used:
the palmitate group representing the fatty acids from C12:0 to
C17:1 and the stearate group representing C18 fatty acid ac-
cording to Thorpe and Ratledge (1972). Thus, the sterols, phos-
pholipids and triacylglycerols accounted for 0.142, 0.532, and
0.326 g/g lipids (Abu-Elteen and Whittaker 1997). The

carbohydrate content was derived from Carnicer et al. (2009):
glucans and mannans each represented 42 % of the total carbo-
hydrate fraction, glycogen 15 %, and trehalose less than 0.1 %.

Based on these data, the metabolic model was used to cal-
culate the elementary composition of each macromolecule
(proteins, lipids, carbohydrates, DNA, RNA) and compared
to elementary macromolecule compositions available in the
literature. Compared to data from Carnicer et al. (2009) in
fully aerobic conditions for Pichia pastoris, the differences
for CH,OyN, composition were obtained for proteins and
lipids and were below 5 % except for N in proteins (15 %)
and H and O for lipids (9 and 13 %, respectively).

In parallel, the elementary composition of biomass
(CH,OyN,) was also measured from culture samples. Then,
a homemade optimization method was performed to calculate
the fraction of each macromolecule in the biomass minimizing
the differences between the measured elementary composition
of the biomass and that calculated by the metabolic model. A
set of lower and upper bounds were given for each macromol-
ecule based on literature data analysis (Atkinson and
Mavituna 1983; Carnicer et al. 2009; Castro et al. 1971,
Lange and Heijnen 2001; Ratledge and Wilkinson 1988;
Rattray et al. 1975). Residual water in the biomass (due to
partial rehydration of samples prior to elementary analysis)
was taken into account to correct the experimental measure-
ments of the CH,O,N,, biomass composition. The results are
presented in Table 3.

Compartmentation and model construction

The model was compartmented, and reactions occurred either
in the cytosol or the mitochondria as described in previous
works (Nissen et al. 1997; Pagliardini et al. 2013). As pro-
posed by Pagliardini et al. (2013, 2010), some amino acids
were formed in the mitochondria (arginine, leucine, proline,

Table 1 Nomenclature

Term Description
PPP Pentose phosphate pathway
XR Xylose reductase
coeffnadph Coefficient represented the cofactor dependency of XR varying in a range [0—1]:
. 1 if XR only NADP Hdependent
coeffnadph = { 0if XR only NAD Hdependent
R; Net extracellular rate (i = 1 to 15, respectively, for xylose, biomass, xylitol, water,
pyruvic acid, acetic acid, ethanol, CO2, glycerol, O2, phosphate ions, hydrogen
ions, ammonium ions, sulfate ions, and succinic acid)
7 Intracellular flux (i = 1 to 122). Cf. supplementary file containing the list of all the

chosen reactions

Yethanol/xylo se

ratlooxygen/ xylose

Yield for xylose conversion into ethanol
Ratio between the consumed oxygen and the consumed xylose
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Table 2 Enzymatic activity of xylose reductase in Candida shehatae strain from the literature

C. shehatae strain Xylose reductase (umol.min '.mg protein ) Calculated Condition References
coeffnadph
NADH NADPH
CSIR'Y 492 0.37 0.58 0.61 Aerobic DuPreez et al. (1989)
0.28 0.54 0.66 Micro-aerobic
0.28 0.51 0.65 Anoxic
ATCC 22984 0.07 0.28 0.8 Aerobic Alexander et al. (1988)
0.08 0.31 0.79 Micro-aerobic
0.1 0.33 0.77 Anoxic
CSIRY 1632 493 34 0.41 Micro-aerobic Yablochkova et al. (2003)
CSIRY 1632 3.1 4.81 0.61 Aerobic Yablochkova et al. (2004)
493 34 0.41 Micro-aerobic
231 5.02 0.68 Anoxic
CBS 5813 0.21 0.48 0.69 Aerobic Bruinenberg et al. (1984)
ATCC 22984 0.3 0.48 0.62 Anoxic Fromanger et al. (2010)
ATCC 22984 0.11 0.21 0.66 Oxygen transfer rate Girio et al. (1989)
0.15 0.29 0.66 descending in flask
0.13 0.26 0.67 cultures
0.13 0.33 0.72
0.1 0.23 0.68 Aerobic
0.14 0.35 0.71 Micro-aerobic
0.33 0.87 0.73 Anoxic

valine) and others were synthesized in the cytosol. Several
shuttle mechanisms were included in the model to take into
account the translocation of the redox power between the dif-
ferent compartments.

Transport could be either direct, with some com-
pounds easily crossing between the compartments, or
more complex, via shuttles (Bruinenberg et al. 1985;
Celton et al. 2012; Nissen et al. 1997). The shuttles led
to substrate cycling that regenerated cytosolic NADH
and increased the mitochondrial NADH pool. In this pa-
per, one model was presented based on the ethanol-
acetaldehyde shuttle (Bakker et al. 2001).

The ethanol-acetaldehyde shuttle consisted of an NADH-
dependent mitochondrial alcohol dehydrogenase which con-
verts acetaldehyde into ethanol, as these compounds can free-
ly diffuse through the membrane.

The assumption in the model was that pyruvate, oxalo-
acetate, citrate, succinate, fumarate, and o-ketoglutarate
can diffuse easily across the mitochondrial membrane
(Granstrom et al. 2000). Pyruvate can be converted in the
cytosol either into acetaldehyde by pyruvate decarboxylase
or into oxaloacetate by pyruvate carboxylase (anaplerotic
reaction) (Passoth et al. 1996). It was assumed that the
pyruvate dehydrogenase was mitochondrial and catalyzed

Table3  Elemental composition of the macromolecules of the biomass from Candida shehatae either calculated by the metabolic model or analyzed

from cellular samples

C H o N P S Calculated % w/w
in dry biomass
Protein 1 1.57 0.35 0.3 0.01 0.0018 53.14
Carbohydrates 1 1.67 0.83 0 0 0 30.73
Lipids 1 1.85 0.14 0.0049 0.0080 0 53
RNA 1 1.23 0.73 0.4 0.1 0 6.54
DNA 1 1.26 0.61 0.38 0.1 0 429
Calculated elementary biomass composition 1 1.86 0.60 0.184 0.0145 0.001
Analyzed elementary biomass composition 1 1.86 £ 0.03 0.60 + 0.02 0.184 £ 0.003 0.02 0.002
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the degradation of pyruvate into acetyl-coA (Granstrom
et al. 2000). The NAD"-dependent acetaldehyde dehydro-
genase was assumed to be cytosolic as was the NADP"-
dependent isocitrate dehydrogenase (Bruinenberg et al.
1985) to replenish the NADPH stock in this compartment.
Cytosolic acetate participated in acetyl-CoA synthesis in
the cytosol via acetyl-CoA synthetase. This compound is
involved in sterol and fatty acid synthesis. ATP consump-
tion for maintenance energy and pH homeostasis were also
included according to Van Gulik and Heijnen (1995). The
oxidative phosphorylation coefficient (PO) was fixed at
1.33 for both NADH and FADH oxidation according to
Verduyn et al. (1991).

As a conclusion, the stoichiometric matrix (n X m) con-
struction resulted in a system containing n = 137 metabo-
lites and m = 122 intracellular rates (Supplementary
Tables S1 to S6), and the retained metabolic network was
summarized in Fig. 1. Net rates of 15 extracellular com-
pounds were considered: xylose, biomass, xylitol, water,
pyruvic acid, acetic acid, ethanol, CO,, glycerol, O,, phos-
phate ions, hydrogen ions, ammonium ions, sulfate ions,
and succinic acid (noted from R1 to R15, Supplementary
Table S2). The degree of freedom for the model was 8,

meaning that a least eight independent net rates had to be
measured to calculate a single solution for each system.

Results

The stoichiometric model developed was validated using
experimental data. The dynamic behavior of C. shehatae
during growth and ethanol production was characterized
during a fed-batch culture with xylose as carbon source.
The culture was carried out in two phases: growth only
and both growth and ethanol production. The produced
metabolites or consumed substrate were plotted in mass
in Fig. 2. The first phase was dedicated to growth in
aerobic conditions (dissolved oxygen pressure (pO;) up
to 40 % of saturation value). This phase allowed reaching
a biomass concentration close to 50 g/L in 50 h of culture.
The second phase, dedicated to both biomass and ethanol
production, was monitored under oxygen limitation (i.e.
oxygen was supplied by aeration below the oxygen re-
quirement of the biomass, and pO, was below detection
limit and considered as nil). During the next 30 h, culture
biomass concentration reached nearly 65 gcpw/L whereas

Fig. 1 Representation of the cytosol
chosen metabolic network of GeP o ribu .
Candida shehatae. r; intracellular * 5 i I P XYItOl e feremrrerreres xylose
flux, R; net extracellular rate ¥ ¥ H
- ribop * X5P r2 i
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Fig. 2 Evolution of substrate and product masses during the validation
experiment. Experimental values for (filled diamond) xylose (g), (filled
circle) biomass (g), (empty triange) ethanol (g), (empty square) xylitol
(g), (empty diamond) glycerol (gy—reconciliated values in dashed lines

ethanol production was close to 35 g/L. Low xylitol pro-
duction was observed representing less than 3 % of the
carbon consumed. Carbon and oxido-reductive balances
were recovered at 97.6 and 99.1 %, respectively.

The maximal specific growth rate of 0.43 h™' was
obtained. The average biomass yield was 0.49 guiomass/
Sxylose (i-e., 96 % of the theoretical yield). During this
phase, both ethanol and biomass were produced with
global yields of 0.10 and 0.20 gcmanol/Exyloses Te€SPECtive-
ly. The instantaneous maximal ethanol yield reached
0.35 Zethanol/xylose- All the rates (expressed in g/h or
mol/h) were calculated for ethanol, xylitol, biomass, or-
ganic acids, CO,, and glycerol productions and for both
xylose and O, consumptions to be used to validate the
proposed metabolic model.

Validation of the metabolic models

Model calculations were validated by comparing exper-
imental and calculated rates. Based on experimental
measurements, ten net rates were determined during cul-
ture and eight of them were supplied to the metabolic
model for resolution. Validation used the two other ex-
tracellular rates. As biomass and CO, were the major
products in the two phases (99 and 65 % of the total
consumed carbon during the aerobic and the oxygen
limited phases, respectively), these two metabolite rates
were chosen for error estimation. As the culture was
carried out in aerobic conditions with a controlled value
of the specific oxygen consumption rate (not null), the
value of coeffnadph was fixed at 0.67 according to lit-
erature data reported in Table 2. Figure 3 overlaid both
the calculated and the experimental rates for the metab-
olites as a function of time. The calculated rates were
close to the experimental ones with average quadratic
discrepancies of 3.5 and 0.1 % for biomass and CO,
rates, respectively. As the average discrepancies for

Fig. 3 Comparison of experimental rates for biomass (filled circle) and
CO, (empty circle) compared to those calculated by the model (full lines)

calculated biomass and CO, rates were quite low, the
model was considered valid; it is suitable to correctly
describe the metabolism of C. shehatae.

Utilization of the model to determine the theoretical
maximal ethanol yield

The ethanol-acetaldehyde shuttle model was used to calculate
the maximal theoretical yield for xylose conversion into etha-
nol only. For mathematical resolution, the consumption rate of
xylose was set at —100 mol/h and the production rates for
biomass and other co-metabolites (xylitol, glycerol, pyruvic,
acetic, and succinic acid rates) were set at 0. Oxygen rate
varied between 0 and 2.6 mol/h. Based on these constraints,
both CO, and ethanol rates were calculated.

Based on thermodynamic or enzymatic constraints, some
reactions were defined as irreversible: the oxidative part of the
PPP and the pyruvate dehydrogenase reaction. These reac-
tions were cofactors dependent and then impacted by oxygen
and had to be either nil or positive. Depending on the values of
the coeffnadph, lower and upper bounds were found for the
ratio oxygen/xylose to satisfy this criterion. The space was
then reduced to the sole possible biological solutions. This
was traduced as a dark grey triangle on Fig. 4, whereas all
the excluded solutions appeared in the light grey areas.
Regarding the equation of the global plan (both light and dark
grey areas), the theoretical ethanol yield was not directly im-
pacted by the value of coeffnadph and was assumed to be
dependent on the ratio oxygen/xylose only (Eq. 2).

Y cthanol/xylose = —4.550.1071° x coeffadph—0.133 X ratiogxygen/xytose (2)
+0.667

Thus, Eq. 2 can be simplified as Eq. 3.
Yethanol/xylose =—0.133 x I‘a-tiooxygen/xylose +0.667 (3)

As already mentioned, the value of coeffnadph reduced the
space of the possible biological solutions for the oxygen/
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Fig. 4 Space of solutions for theoretical ethanol yield as a function of
both the ratiogyygen/xylose and coeffnadph. Thermodynamically possible
biological solutions are in the dark grey triangle, whereas all the
excluded solutions appeared in the light grey areas

xylose ratio. For a coeffnadph value fixed at 0.67 (i.e., for fully
aerobic culture conditions), the model resolution gave a range
of between 0.33 and 2 molyyygen/molyy1ose for possible
oxygen/xylose ratio (ratiogxygen/xylose)- A Value for ratiogyygens
xylose 0£ 0.33 mol/mol corresponded to an inlet flux in the TCA
cycle equal to 0 which meant no growth and all the carbon
flux converted into ethanol production. For ratiogyygen/xylose
values higher than 2 mol,yygen/MOlyyiose, the oxidative part
of the PPP became negative.

As the critical value for oxygen/xylose ratio was
0.33 molyyygen/MOlyyiose, the equation found (Eq. 3) allowed
the calculation of a maximal theoretical ethanol yield of
0.62 CmoOlehanot/ Cmolyyiose (i-€. 0.475 Zemanol/Exylose)-

Optimizing the conversion of xylose into ethanol
in chemostat

Based on the correlation found between ratiooyygen/xylose and
Yethanolxylose (EQ. 3), the next strategy was to control different
ratiogyygen/xylose 1N @ range between 0.33 and 2 mol,yygen/
molyyiose in @ chemostat culture to experimentally quantify
its effect on the ethanol yield. The chemostat culture was
carried out in oxido-reductive mode, i.e., with a necessary part
of biomass production (and thus the resulting ethanol yield
was lower than the expected theoretical one which was calcu-
lated under reductive hypothesis without any other co-
production except CO,). All the culture conditions and results
are detailed in Table 4. For each steady state, both the carbon
and oxido-reductive balances were closed to 97 %. Three
dilution rates were carried out in aerated conditions under
oxygen limitation (pO2 = 0, i.e. pO, below detection limit).

@ Springer

The results showed that decreasing the ratiogxygen/xylose 16d to a
minimization of the biomass and byproducts production to
13 % of the total carbon consumed (see steady state 1). In this
culture condition (ratiogxygen/xylose = 0-47 MOloyygen/MOlkyiose)s
the ethanol yield (0.51 Cmolehano/Cmolyyiose) corresponded
to 85 % of the expected maximal theoretical ethanol yield (i.e.
0.60 Cmol/Cmol). Figure 5 shows the experimental ethanol
yields obtained for each steady state in comparison with
the maximal theoretical ethanol yields calculated by the
metabolic model in strictly reductive conditions (i.e. only
CO, and ethanol production).

Yethanolxylose InCreased as ratiogyygen/xylose decreased as pre-
dicted by the model. The flux through the TCA cycle (r88)
decreased and the carbon flux was directed from the biomass
to ethanol. Y.ianolxylose in the three steady states attained 50,
72, and 85 % of Yeihanolxylose Calculated, respectively. In
oxido-reductive conditions, mainly producing biomass, etha-
nol and CO,, a linear correlation between the experimental
Yethanol/xylose A1 Tati0 oy gen/xylose Was found (Eq. 4) with a high
value of R? (0.9997):

Y ethanol /xylose — —0.3027 x I'atiooxygen/xylose + 0.6524 (4)

In chemostat culture conditions for ratioygen/xylose €qual to
0.33 mol/mol, the calculated maximal ethanol yield would be
0.55 CmoOlehanol/Cmolyyiose, i.e. 88 % of the theoretical yield
in fully reductive mode. The residual part of the carbon was
due to biomass formation which occurred under these oxido-
reductive culture conditions.

Discussion

In this work, a compartmented model was constructed for
Candida shehatae species with xylose as the sole carbon sub-
strate. Three previous works were found in the literature rela-
tive to metabolic models for Candida genus or Pichia genus
which was phylogenetically close to Candida. Two MFA
models were proposed by Granstrom et al (2002; 2000) deal-
ing with Candida species growing on both glucose and xylose
or glucose, xylose, and formate, whereas the third one con-
cerned Pichia stipitis growing on both glucose and xylose
(Unrean and Nguyen 2012) using elementary flux modes
analysis. For Granstrom et al. (2000) and Unrean and
Nguyen (2012), the xylose reductase activity was strictly
NADPH dependent and the biomass was generated either
from macromolecules (Granstrom et al. 2000) or by both nine
precursors, cofactors, ammonia, and ATP (Unrean and
Nguyen 2012). In 2002, Granstrom et al. (2002) modified
their first model including a variable coefficient for XR activ-
ity; the biomass description remained as in the previous work.

The proposed metabolic network for Candida shehatae
was defined as stoichiometric reactions dealing with the first
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Table 4 Main characteristics of
the chemostat experiment

Steady state 1 Steady state 2 Steady state 3

Dilution rates (h ")

Qs (MMolyiose-gx-h ")

o2 (Mmolyyyeen.gx-h ')
Yoygensxylose (mol.mol ™)
Yethanotixylose (Cmol.Cmol ™)
Yijomassixylose (Cmol.Cmol ™)
Ycossylose (Cmol.Cmol ™)

Yacids/xylose (CmOLCmOFI)

-1
Y(xylitol + glycerol)/xylose (CmolCmol )

0.039 + 0.006 0.039 £ 0.007 0.09 £ 0.01
3.95 +0.04 2.037 + 0.002 2.61 £0.01
1.86 £ 0.03 1.696 + 0.004 3.52+£0.01
0.47 +£0.03 0.83 £ 0.01 1.35+0.05
0.512 + 0.001 0.397 + 0.001 0.245 + 0.002
0.103 + 0.001 0.197 + 0.001 0.28 £ 0.04
0.358 + 0.001 0.3797 + 0.0003 0.413 = 0.004
0.003 + 0.001 0.0010 + 0.0004 0.019 £ 0.006
0.024 + 0.003 0.024 + 0.002 0.044 + 0.001

step of xylose degradation, the pentose phosphate pathway,
glycolysis, synthesis of major metabolites like ethanol, acetic
acid and glycerol, and the tricarboxylic acid cycle. The respi-
ratory chain and the cofactor balance and maintenance were
also included as were all the anabolic reactions (synthesis of
proteins, lipids, polysaccharides, and nucleic acids linked to
biomass composition and production).

Based on the experimental elementary composition of
biomass (CH,OyN,) and using a homemade optimization
method, the fraction of each macromolecule in the bio-
mass was calculated minimizing the differences between
the measured elementary composition of the biomass
and the calculated one (Table 3).

The calculated protein percentage in dry biomass was 53 %
close to the value obtained by Granstrom et al. (2002; 2000)
(protein content of 52 % for Candida tropicalis on xylose). The
results of Carnicer et al. (2009) were between 35 and 41 % for
Pichia pastoris strain depending on the analysis method
(Lowry’s quantification or amino acid measurements) and pro-
teins reached 37 % after their own reconciliation procedure.
Carbohydrates represented 37 % of biomass for Carnicer et al.
(2009) after their reconciliation procedure, 42 % for Granstrom
et al. (2002; 2000), while the value calculated here was

0.65

Yethanolixyiose = -0.1333 ratiogyygenxyiose +0.6667
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Fig.5 Comparison of theoretical ethanol yield and experimental ethanol

yield obtained for cultures in chemostat mode as a function of the

TatiOyyygen/xylose- 1N€ yields obtained in steady state are plotted in solid

squares and the theoretical relationship as a /ine. The limits of

thermodynamical validity of the model are plotted by dashed lines

significantly lower (30.7 %). The lipid content was calculated
at 5.3 %, whereas Carnicer et al. (2009) obtained 6.2 %
and Granstrom et al. (2002; 2000) reached 3 % correspond-
ing to the sum of both oleate and palmitoleate groups. For
Rattray et al. (1975), the lipid contents were qualified as
weak for C. utilis (<5 % cell dry weight) and middle (5 to
15 %) for C. tropicalis. For RNA content, Granstrdm et al.
(2002; 2000) found 6.3 % whereas Carnicer et al. (2009)
found 6.6 %. The value obtained was 6.5 % in this study
in accordance with the previous literature data. The calcu-
lated DNA content was at a the value of 4.3 % which was
very different from those obtained by Carnicer et al. (2009),
(0.13 %), whereas Granstrom et al. (2002; 2000) did not
assess the DNA. Water content was found at 8.5 % (w/w)
(Carnicer et al. 2009 for Pichia stipitis (6.3 %). Moreover,
Carnicer et al. (2009) included in their biomass composition
a part of sulfate and metals which both represented 6.9 %
of the calculated biomass composition. These components
were neglected in this work.

The coefficient coeffnadph was introduced to represent the
dependence of the XR on two cofactors NADH and NADPH
as proposed by Granstrom et al. (2002). It can be adjusted
between 0 and 1 to traduce the metabolic flexibility of the
strain under various oxygen conditions (full aerobiosis, oxy-
gen limitation, or anoxia). A sensitivity analysis was carried
out to evaluate the impact of the variation of this parameter on
the results of the calculation of intracellular flux distribution
(data not shown). The highest impacts were obtained on the
fluxes involving in the biomass synthesis mainly for fluxes
dealing with phosphoglucose isomerase (noted r3) and
ribulose-5-phosphate isomerase (noted r16), the transport of
some compounds across the mitochondrial membrane in as-
sociation with cytosolic isocitrate dehydrogenase (178; 173;
r77), the TCA cycle (r91—195), the reduction of FADH, in
the respiratory chain (198), and the oxidative part of the pen-
tose phosphate pathway (PPP) (noted r15).

Concerning theoretical ethanol production yields (i.e. mod-
el used in reductive conditions with only ethanol and CO,
productions), the variation of the value of coeffnadph allowed
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defining lower and upper bounds for the ratiogyygen/xyiose t0
satisfy all the thermodynamic constraints reducing the space
of the possible biological solutions. In these defined area, the
variation of coeffnadph had no effect on theoretical ethanol
yields, so it was then possible to write a linear correlation
between this yield and the ratiogyygen/xylose- This result was
in accordance with Unrean and Nguyen (2012) works which
showed that the decrease of ratiogyygen/xylose 1€d to0 an increase
N Yethanol/xylose USINg elementary flux modes analysis (Unrean
and Nguyen (2012)). The obtained linear correlation permitted
to calculate the range for the theoretical ethanol yield between
0.62 and 0.40 Cmolcihano/Cmol yyi0c When the ratio oxygen/
xylose varied from 0.33 to 2 mol,xygen/MOLsyiose- In accor-
dance, an ethanol yield of 0.62 Cmol mano/Cmolyyiose (i.e.
0.475 Zemanol/Exylose) Was suggested by Evans and Ratledge
(1984) in various xylose consuming yeasts assuming that
15 % of xylose was recycled to provide NADPH for ethanol
production.

The proposed metabolic model was validated on fed-batch
cultures of Candida shehatae comparing experimental and
calculated extracellular rates for biomass and CO, production
rates (discrepancies of 5.1 and 1.0 % for biomass and CO,
rates, respectively). In this experiment, the aerobic phase was
dedicated to growth only with a maximal specific growth rate
of 0.43 h™" which is similar to that obtained by Fromanger
et al. (2010). The average biomass yield was 0.49 gpiomass/
Sxylose (i.e. 96 % of the theoretical yield) according to Du
Preez et al. (1989). During the second phase, both ethanol
and biomass were produced with global yields of
0.10 Zhiomass/Exylose AN 0.20 Zeihanot/Exylose- The instantaneous
maximal ethanol yield reached 0.35 g/g, which was lower than
the maximal yield obtained by Slininger et al. (1985), i.e.
0.45 g/g in aerobic flask cultures.

A metabolic model was successfully developed on
Candida shehatae for the description of xylose metabo-
lism. A coefficient coeffnadph was included in the met-
abolic model to represent the dependence of the XR on
two cofactors in the metabolic model. The network
structure was validated on experimental data (discrepan-
cy <3.5 %). The model resolution gave a range between
0.33 and 2 moloyxygen/MOlyyiose fOr ratiogyygen/xylose for
pure conversion of xylose into ethanol and a linear cor-
relation was obtained indicating that higher was the eth-
anol yield as lower was the ratio between consumed
oxygen and consumed xylose. Based on simulations,
an ethanol yield of 0.51 Cmolchanot/Cmolyyiose (i-e.
85 % of the maximal ethanol yield) was obtained in
chemostat cultures for a ratiogxygen/xylose Of
0.47 molyyygen/molyyiose controlling both the oxygen
and xylose uptakes This result is in accordance with
theoretical results, showing the relevance of the model
to describe the xylose metabolism of Candida shehatae
and to propose innovative culture strategies to optimize

@ Springer

the ethanol production yield on xylose with by product
minimization.
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