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We constructed a xylose-utilizing Saccharomyces cerevisiae strain using endogenous xylose-assimilating genes (strain
K7-XYL). Such self-cloning yeast is expected to make a great contribution to cost reduction of ethanol production pro-
cesses. However, it is difficult to modify self-cloning yeast for optimal performance because the available gene source is
limited. To improve the ethanol productivity of our self-cloning yeast, a kinetic model of ethanol production was con-
structed and sensitivity analysis was performed. Alcohol dehydrogenase (ADH1) was identified as a metabolic bottleneck
reaction in the ethanol production pathway. An ADH1 overexpression strain (K7-XYL-ADH1) was constructed and eval-
uated in YP (yeast extract 10 g/L, peptone 20 g/L) medium containing 50 g/L xylose as the sole carbon source. Strain K7-
XYL-ADH1 showed higher ethanol productivity (13.8 g/L) than strain K7-XYL (12.5 g/L). Then, K7-XYL-ADH1 was evaluated
in YP medium containing 80 g/L glucose and 50 g/L xylose; however, the ethanol productivity did not change relative to
that of K7-XYL (K7-XYL 46.3 g/L, K7-XYL-ADH1 45.9 g/L). We presumed that due to the presence of glucose, the internal
redox balance of the cells had changed. On culturing in an aerated 5-L jar fermentor to change the internal redox balance
of cells, strain K7-XYL-ADH1 showed higher ethanol productivity than K7-XYL (K7-XYL 45.0 g/L, K7-XYL-ADH1 49.4 g/L).
Our results confirmed that ADH1 was a metabolic bottleneck in the ethanol production pathway. By eliminating the

bottleneck, self-cloning yeast showed almost the same ethanol productivity as genetically modified yeast.
© 2018, The Society for Biotechnology, Japan. All rights reserved.
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Bioconversion of cellulosic biomass to ethanol is attracting
much attention worldwide to help reduce carbon dioxide emissions
from fossil fuels. The main components of cellulosic biomass are
cellulose and hemicellulose, which are degraded to glucose and
xylose, respectively. Because xylose is the second most abundant
sugar in hard wood and herbs, converting not only glucose but also
xylose to ethanol could greatly reduce the cost of bioconversion of
cellulosic biomass to ethanol.

Saccharomyces cerevisiae is highly effective for the production of
ethanol from glucose and has been used in the fermentation in-
dustry for a long time. However, S. cerevisiae cannot naturally use
xylose for growth and ethanol production. Thus, many researchers
have tried to develop engineered S. cerevisiae strains that can
convert xylose to ethanol. Heterologous expression of the xylose
reductase (XR) and xylitol dehydrogenase (XDH) genes from the
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xylose fermenting yeast Scheffersomyces stipitis is often used to
introduce xylose-fermenting ability into S. cerevisiae (1—3). How-
ever, since the yeast thus produced has foreign genes, it is regarded
as a genetically modified organism (GMO) and subjected to controls
and limitations when it is used, so the economic efficiency of
ethanol production decreases. A possible solution to overcome this
problem could be the application of “self-cloning” yeast. Self-
cloning yeast does not contain heterologous genes, and consists
only of genes from the organism itself and closely related species.
Some countries (such as Japan) do not regard self-cloning yeast as a
GMO (4), so diffusion prevention measures become unnecessary.
Thus, the use of self-cloning yeast greatly contributes to reduction of
ethanol production costs. This is an important point when
manufacturing something with a low selling price, such as ethanol.

S. cerevisiae possesses genes encoding aldose reductase (GRE3)
and XDH (XYL2) that are respectively homologous to the xylose-
assimilating XR and XDH genes of S. stipitis (5,6). The possibility
of creating self-cloning xylose-using S. cerevisiae with GRE3 and
XYL2 has been demonstrated (7). While XYL2 was not induced in
the presence of xylose, SOR1, coding for a sorbitol dehydrogenase
that also has XDH activity, was induced. Subsequently, we showed
that S. cerevisiae could be given the ability to use xylose by over-
expression of GRE3 and SOR1 (8). These are the only reports on

1389-1723/$ — see front matter © 2018, The Society for Biotechnology, Japan. All rights reserved.

https://doi.org/10.1016/j.jbiosc.2018.10.020



564 FUKUDA ET AL.

creating self-cloning xylose-using S. cerevisiae. However, as the
ethanol productivity of the self-cloning xylose-using S. cerevisiae is
not sufficient to be commercially viable, further modification is
needed.

Metabolic pathway simulation is one of the most successful and
useful approaches for improving the productivity of industrially
relevant microorganisms during their cultivation (9—12). Metabolic
flux analysis (MFA) is a systematic method to assess the roles of
individual steps in a metabolic pathway network. Previous studies
on xylose-using yeast utilizing MFA and metabolic modeling have
been reported (13,14), but all relate to GMOs. There is no precedent
for MFA and metabolic pathway simulation of self-cloning xylose-
using yeast. GMO yeast and self-cloning yeast have different genes
used to metabolize xylose, and because of different coenzyme
specificities, their metabolic behavior is considered to be different.

The ethanol yield from glucose is now close to the theoretical
value in many strains, and there is little margin for further
improvement. However, since the ethanol yield from xylose in self-
cloning yeast is still low, this can be improved. In this study, we
analyzed the culture supernatant and intracellular metabolites of
self-cloning xylose-using S. cerevisiae in Xylose culture and con-
structed a kinetic model of the ethanol production pathway from
xylose. Then, we identified a metabolic bottleneck and manipulated
a gene corresponding to the bottleneck. Furthermore, ethanol
productivity was examined in glucose and xylose mixed culture.
This is the first report on metabolic simulation of self-cloning
xylose-using S. cerevisiae.

MATERIALS AND METHODS

Strain, media and culture conditions  The strain used in this study was the
industrial sake yeast S. cerevisiae Kyokai No. 7 (K7). For precultivation of yeast cells,
YPD medium (yeast extract 10 g/L, peptone 20 g/L, glucose 20 g/L) was used. Batch
fermentations were carried out in 500-mL baffled shaken flasks (with a filtered
silicone plug to avoid ethanol evaporation) at 30°C with shaking at 140 rpm in
YPD medium (pH 5.0). Each flask contained the indicated amount of glucose and/
or xylose as the carbon source(s). The initial cell concentration was 2 x 10% cells/
mL for flask fermentation. A 5-L scale jar fermentor (ABLE, Tokyo, Japan) with 3 L
working volume was also used for batch fermentation to control the dissolved
oxygen concentration at 0.2 ppm. The temperature was maintained at 30°C, and
the pH was controlled at 5.0 through addition of 5 M NaOH. The culture was
sparged with air at 50 mL/min. The initial cell concentration was 1 x 107 cells/mL
for jar fermentation. Flask and jar fermentor fermentations were carried out twice
each. Synthetic complete (SC) medium containing 6.7 g/L yeast nitrogen base was
used for yeast transformant selection. Escherichia coli ]M109 was used for cloning
of plasmids and grown at 37°C with shaking at 140 rpm in LB medium (yeast
extract 5 g/L, tryptone 10 g/L, NaCl 5 g/L).

Plasmid and strain construction Construction of the xylose assimilating
gene expression cassette, XR, XDH and xylulose kinase (XKS) with a phosphoglyc-
erate kinase (PGK1) promoter and a terminator, was described previously (8). The
expression cassette with EcoRI and Hindlll restriction sites was introduced into
the multiple cloning site of pUC18 (Takara, Shiga, Japan) to create pUC-XYL. XYL2
was amplified from the genomic DNA of strain K7 with a Smal restriction site and
introduced into Smal-digested pUC18 to create pUC-XYL2. pUC-XYL and pUC-XYL2
were digested with EcoRI and Hindlll, and Apal respectively. The fragments were
blunted and ligated to create pUC-XYL2-XYL-XYL2. pUC-XYL2-XYL-XYL2 was
digested with Smal and transformed into K7 to produce strain K7-XYL. Yeast
transformation was carried out by the lithium acetate method (15). Transformants
were selected on SC agar plates with xylose as the sole carbon source.

Construction of the alcohol dehydrogenase (ADH1) overexpression vector was as
follows. A PGK1 promoter and terminator, and ADH1, were respectively amplified
from the genomic DNA of strain K7. The three fragments were ligated and introduced
into the Smal site of pAUR135 (Takara) to create pAUR135-ADH1. pAUR135-ADH1
was digested with Stul and transformed into K7-XYL to produce strain K7-XYL-
ADHI1. For selection of transformants, 0.5 mg/L aureobasidin A (Takara) was added to
YPD agar plates.

Analytical methods  Cell density was measured by optical density mea-
surement at 600 nm (OD600) using a UV1800 spectrophotometer (Shimadzu, Kyoto,
Japan). Cell growth was calculated using a predetermined correlation with OD600.

Concentrations of glucose, xylose, ethanol, glycerol, xylitol, and acetate in cul-
ture supernatants were determined with a high-performance liquid
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chromatography system (Shimadzu) equipped with a SUGAR SP0810 column
(Shodex, Tokyo, Japan) using water as the mobile phase at a flow rate of 0.8 mL/min
and 80°C.

Intracellular metabolites were quantitated using liquid chromatography/triple-
stage quadrupole mass spectrometry (LC-QqQ-MS). Metabolite analysis by LC-QqQ-
MS was performed as previously described (16), and samples were prepared as
follows. For quenching, 1 mL cell culture was injected into a 15-mL Falcon tube
containing 5 mL pure methanol precooled to —20°C and mixed by inversion. Sub-
sequently, samples were centrifuged at 15,000 xg at —9°C for 2 min, and the su-
pernatant was discarded. The pellets were washed with 3 mL precooled water and
centrifuged at 15,000 xg at —9°C for 2 min. Samples were stored at —80°C until
metabolite extraction. For metabolite extraction, the pellets were resuspended in
1 mL 100% methanol containing 6 uM (+)-10-camphor sulfonic acid (Tokyo Chem-
ical Industry, Tokyo, Japan) as an internal standard and transferred to a 1.5-mL tube
that contained 2 mm zirconia beads. The cell suspension was disrupted using a bead
cell disrupter (MS-100R; TOMY, Tokyo, Japan) at 3000 rpm and —9°C for 5 min. Then,
samples were centrifuged at 15,000 xg at —9°C for 5 min, and supernatants were
collected in a fresh 15-mL Falcon tube on ice. The pellets were resuspended in 1 mL
50% (v/v) methanol and disrupted again. Samples were centrifuged, and superna-
tants were added to the Falcon tube containing the methanol extract already
recovered. The collected supernatants were mixed with chloroform and water at a
ratio of 1:1.5:1 and centrifuged at 15,000 xg at —9°C for 5 min. The aqueous phase of
the extract was dried under vacuum (CVE-2000, EYELA, Tokyo and DTU-20, ULVAC,
Kanagawa, Japan) and stored at —80°C until further use.

Model development A mathematical model of ethanol production from
xylose in xylose-assimilating S. cerevisiae was constructed by an ordinary differential
equation system with reference to previously reported models (17—19). As Fig. 1
shows, the metabolic model includes the central carbon metabolism system,
pentose phosphate pathway, xylose metabolism pathway, and glycerol, ethanol
and acetic acid production pathways. The mathematical model consists of two
compartments: extracellular (culture fluid) and intracellular (cytoplasm). The
intracellular metabolic reactions were described based on each enzyme reaction
mechanism (20) (Table S1). Sugar uptake was described by a Michaelis—Menten
type equation based on the difference in concentration inside and outside the cell
(21,22). Substance transport between the two compartments was described via
linear equations. Concentration change in each compartment because of the
transport of substances inside and outside the cell was determined based on the
yeast-specific cell volume 2.0 mL/g-dry cell weight (23) (Table S2). Among the
coenzymes included in the model, ATP, ADP, AMP, NAD", NADH, NADP" and
NADPH concentrations were interpolated from experimental time course data and
used in simulation by substituting the values calculated by interpolation at each
time point into other ordinary differential equations (Table S3 and Fig. S1).
Quinone, quinol, CoA, phosphoric acid and CO, were assumed to be constant
regardless of time (Table S2).

First, the kinetic parameter values for the mathematical model were investi-
gated in enzyme reaction databases such as BRENDA (24), and as many kinetic
parameter values as possible were acquired (Table S4). Next, other parameters
whose values were unknown were estimated using a real-valued genetic algorithm
(25) and manual operation to reproduce the experimental data obtained in flask
culture with an initial xylose concentration of 50 g/L. Simulations were carried out
with the Gear method (26) (Table S5). The simulation results of the model were
evaluated by comparison with the time course of the experimental results and the
correlation coefficient between the experimental values and the simulation values.
Three mutants of K7-XYL, a xylulose kinase (XKS1) upregulation strain, a pyruvate
decarboxylase (PDC1) upregulation strain, and a pyruvate transporter down-
regulation strain, were created to prevent overfitting in kinetic parameter estima-
tion. The correlation coefficient between the experimental values and the simulation
values of three mutants are shown in Table S6. A XKS1 upregulation strain and a
PDC1 upregulation strain were constructed in the same method for preparing an
ADH1 upregulation strain described in the materials and methods. A pyruvate
transporter downregulation strain was substituted by a pyruvate dehydrogenase
(PDA1) downregulation strain, which was created by disruption of PDA1, since it was
difficult to disrupt pyruvate transporter itself. The mathematical equations for the
ethanol production system, kinetic parameters, and initial values of dependent
variables are described in the supplemental materials (Tables S1-S5).

Sensitivity analysis  Sensitivity analysis is a method for assessing the validity
of a developed model and clarifying which pathway(s) have the most impact, in the
present case on ethanol productivity. The amount of ethanol production at 48 h was
assessed in this study because all the xylose was consumed by 48 h.

The endpoint deviation (ED) of ethanol described below was assessed to reveal
which reaction pathway(s) impact ethanol production. In this calculation, we
assigned a 100% increase to each kinetic parameter in rate equations in the model;
each kinetic parameter was tested individually in this way.

ED = 100 x ([Ethanouchange — [Ethanol]contror)/[Ethanol]control (1)
where [Ethanol]change Was the ethanol concentration at 48 h given a 100% increase in

the kinetic parameter in the rate equation, and [Ethanol]control Was the ethanol
concentration without any change. The higher the absolute value of ED, the more a



VoL. 127, 2019

NADPH NADP+ NAD+ NADH

MODELING AND ANALYSIS FOR HIGHER ETHANOL PRODUCTION

565

NADPH NADP+

XleSGeXR_1>Xy|088cyt 3 Xyllt0cyt XyIquse Rlbu 6PG
R3 n 'y
Xylitolex X R|b05P
R15
R12:S7P+E4P—Ribo5P+F6P R11 E
R43:Xylosecyt—Biomass
F rG6P PGL
NADP+ NADPH
R17 l R10 S7P
F16BP
R18 I > DHAP
NAD+
R20 NADH GIV3P
13BPG R31 nksz
R21 I
Glycerol
3RG e
R22 I R33 HR34
206 Glycerolex
R23
OXA "0 PEP
R40 R24
. v R41
Mitochondrion Pyruvate
R39 ROE l
NAD(P)H NAD(P)+ —_—
Acetaldehyde Ethanolcyt€=2Ethanolex
NADP+ R28
R35 gNADPH

Glyoxylate cycle

R36
<€<———Acetatect =———> Acetate
R38 i R37 .

FIG. 1. Metabolic pathway of ethanol production from xylose. X5P, xylulose 5-phosphate; Ru5P, ribulose 5-phosphate; R5P, ribose 5-phosphate; S7P, sedoheptulose 7-phosphate;
GAP, glyceraldehyde 3-phosphate; E4P, erythrose 4-phosphate; F6P, fructose 6-phosphate; G6P, glucose 6-phosphate; PGL, 6-phosphogluconolactone; 6PG, 6-phosphogluconate;
FBP, fructose-1, 6-bisphosphate; 1,3BPG, 1,3-bisphosphoglycerate; 3PG, glycerate 3-phosphate; 2PG, glycerate 2-phosphate; PEP, phosphoenolpyruvic acid; DHAP, dihydroxyacetone

phosphate; Gly3P, glycerol 3-phosphate; OXA, oxaloacetic acid.

kinetic parameter affects the ethanol production. Various genetic manipulation
strategies were developed based on the outcomes of this analysis.

RESULTS

Development of the kinetic simulation model of the ethanol
production pathway Batch cultures of strain K7-XYL were
grown in 500-mL baffled shaken flasks with an initial xylose
concentration of 50 g/L to obtain experimental data in
preparation for the development of the kinetic simulation model
of ethanol production. The experimental time course data and
simulation results are shown in Fig. 2. The xylose was depleted
after 48 h and the ethanol concentration reached 12.6 g/L at 24 h.
The simulation was conducted using an original program
developed in the language C. Forty-three reactions and 46
metabolites were included in the model (Tables S1 and S5). The
metabolic concentration data and the initial metabolic state were
determined based on data we acquired in this study. The model
included allosteric regulation of 6-phosphofructokinase and

pyruvate kinase based on previous works (17,19). The cell growth
rate equation included a term for growth shut-down to avoid
excess growth in the simulation. For coenzymes, time-course data
of the coenzyme concentrations obtained by measurement were
interpolated and expressed as a function of time. Constraints such
as competitive inhibition by substrate(s) and/or product(s) and
equilibrium constants were included based on enzyme kinetics
and reactions. The correlation coefficients (r) between the
experimental data and the simulation results for each metabolite
were calculated to be: 0.999 for xylose, 0.953 for xylitol, 0.997 for
glycerol, 0.999 for ethanol, 0.991 for biomass, and 0.927 for
acetate; overall, r was 0.978. To avoid overfitting in kinetic
parameter estimation, three mutants of K7-XYL, a XKS1
upregulation strain, a PDC1 upregulation strain, and a pyruvate
transporter downregulation strain, were created. The Kkinetic
parameters of the model were changed in one place to
correspond to each of the three mutations, and simulation was
carried out. The simulation results agreed with experimental data
in the three mutants as shown in Table S6. We conducted
sensitivity analysis using this simulation model and parameter
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FIG. 2. Experimental time course data and simulation results with initial xylose con-
centration 50 g/L. The symbols show experimental data and the lines indicate simu-
lation results. Experimental results are based on two replications. Data points
represent the average of two experiments and error bars indicate standard deviations.
(A) Xylose, open squares; ethanol, closed squares; xylitol, open circles; glycerol, closed
circles; acetate, open triangles. (B) Biomass, closed triangles.

sets, since the correlation coefficients of the simulation results and
experimental data were consistent for the three mutants of K7-XYL.

Sensitivity analysis Our top three ranked sensitivity analysis
results and genetic manipulation strategies are shown in Table 1.
Table S7 shows the ED values of reactions having the fourth or
less impact onward on ethanol production and two of our
prediction results were compared with the previous metabolic
engineering works of the xylose-using S. cerevisiae strains in
Table S7. The factor in our simulation that had the biggest effect
on ethanol production was upregulation of XDH (R5 in Fig. 1).
However, XDH has already been upregulated with the PGK1
promoter to add xylose using ability to the yeast (K7-XYL). Since
the PGK1 promoter is one of the strongest promoters in
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S. cerevisiae (27), we decided that further upregulation of XDH
would be difficult. As our simulation showed other strategies that
would lead to high ED values, no further upregulation of XDH
was undertaken in this study.

The second ranked reaction that had an impact on ethanol
production was downregulation of xylose uptake (R1 in Fig. 1).
However, there is no xylose-specific transporter in S. cerevisiae, and
it is considered that non-specific hexose transporters transport
xylose with low transport rates (28,29). Thus, downregulation of
xylose uptake is not feasible within the constraints of our experi-
ments (i.e., in self-cloning xylose-using S. cerevisiae).

The third ranked enzyme reaction that had an impact on ethanol
production was that of alcohol dehydrogenase (R26 in Fig. 1). Our
simulation suggested that if ADH was upregulated twofold, the
ethanol productivity would increase by about 13%. We decided to
upregulate ADH and examine the effect on ethanol productivity,
because this manipulation strategy was feasible and logical.

Effect of ADH1 overexpression in xylose medium and
glucose/xylose mixed medium Initially, flask-scale cultures of
strains K7-XYL and K7-XYL-ADH1 were grown in 500-mL baffled
shaken flasks with an initial xylose concentration of 50 g/L
(Fig. 3A and B). Although K7-XYL-ADH1 converted xylose to
ethanol slightly slower than K7-XYL (K7-XYL 1.31 g/L/h, K7-XYL-
ADH1 1.08 g/L/h), the ethanol productivity of strain K7-XYL-ADH1
was higher than that of K7-XYL (K7-XYL 12.5 g/L, K7-XYL-ADH1
13.8 g/L). Glycerol production by K7-XYL-ADH1 increased by
0.73 g/L, and xylitol production of K7-XYL-ADH1 decreased by
4.01 g/L relative to strain K7-XYL, respectively. The productivity
of xylitol in Fig. 2A was about half of that in Fig. 3A, because the
amount of liquid in the flask used to generate the data in Fig. 2A
became less than that in the flask used for Fig. 3A, so conditions
in Fig. 2A were more aerobic and accumulation of xylitol was
suppressed. This was because, in order to obtain data for model
construction, the sampling frequency in Fig. 2A was higher than
that in Fig. 3A. Furthermore, for the collection of intracellular
metabolite data, the sampling amount in Fig. 2A was large. It was
difficult to reproduce reduction of liquid volume by sampling in
the simulation. The ethanol yield from the initial sugars was
46.5% for strain K7-XYL and 51.1% for K7-XYL-ADH1, which
indicated that overexpression of ADH1 increased the ethanol yield
in xylose medium.

Second, the effect of ADH1 overexpression in medium contain-
ing a mixture of glucose and xylose was evaluated. K7-XYL
consumed glucose first, then fermented xylose after depletion of
glucose. Since K7-XYL does not simultaneously consume glucose
and xylose, we expected that the effect of ADH1 overexpression
would be observed in glucose and xylose mixed medium during the
xylose consumption phase. Fig. 3C and D shows culture parameters
for flask scale cultures of K7-XYL and K7-XYL-ADH1 with YP (yeast
extract 10 g/L, peptone 20 g/L) medium containing glucose (initial
concentration 80 g/L) and xylose (initial concentration 50 g/L),
representing the typical sugar composition of cellulosic biomass.
Both strains rapidly fermented glucose to ethanol and then fer-
mented xylose. As observed in xylose medium, the xylose con-
sumption rate of K7-XYL-ADH1 was slower than that of K7-XYL.

TABLE 1. Top three ranked manipulation strategy for higher production of ethanol.

Rank Reaction step? Strategy Enzyme” Sensitivity, % Reaction

1 R5 Up XDH 164 Xylitoleyy —» NAD" < Xylulose + NADH

2 R1 Down Xylose uptake 133 Xyloseex — Xylosecyt

3 R26 Up ADH 13.2 Acetaldehyde + NAD(P)H — Ethanolcy: + NAD(P)*

¢ Reaction step corresponds to numbering in Fig. 1.

b Enzymes are abbreviated as follows: XDH, xylose dehydrogenase; ADH, alcohol dehydrogenase.
¢ Sensitivity indicates the endpoint deviation (ED) of ethanol at 48 h, when we applied a 100% increase to each respective kinetic parameter in the rate equations in the

model.
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FIG. 3. Fermentation profiles of flask cultures of strains K7-XYL (A, C) and K7-XYL-ADH1 (B, D) in YP medium containing 50 g/L xylose (A, B) or 80 g/L glucose plus 50 g/L xylose (C,
D) as the carbon source(s). Results are based on two replications. Data points represent the average of two experiments and error bars indicate standard deviations. Glucose, closed
triangles; xylose, open squares; ethanol, closed squares; xylitol, open circles; glycerol, closed circles; acetate, open triangles.

However, the ethanol productivity of K7-XYL-ADH1 was almost the
same as that of K7-XYL in the glucose and xylose mixed-medium
(K7-XYL 46.3 g/L, K7-XYL-ADH1 45.9 g/L). These data indicated
that, unlike in xylose medium, overexpression of ADH1 did not
increase the ethanol yield in glucose and xylose mixed medium in
flask-scale culture.

Controlled dissolved oxygen fermentation In flasks,
although an effect of ADH1 overexpression was observed when
xylose was the sole carbon source, the effect was not confirmed in
mixed glucose-xylose medium. We presumed that the internal
redox balance of the cells changed due to the presence of the
glucose and this led to there being no effect of ADHI
overexpression. To modify the internal redox balance, 5-L jar
fermentor cultures of K7-XYL and K7-XYL-ADH1 were grown
with dissolved oxygen concentration maintained at 0.2 ppm.
Fig. 4 shows the culture parameters. Both strains converted 80 g/
L glucose and 50 g/L xylose within 48 h. Although the initial cell
concentration in the 5-L jar fermentor culture was 20-times
lower than that in flask-scale cultures, xylose consumption in the
5-L jar fermentor was faster than that in flask-scale culture. The
ethanol productivity of strain K7-XYL-ADH1 was higher than that
of K7-XYL (K7-XYL 44.9 g/L, K7-XYL-ADH1 49.2 g/L). The ethanol
yield from the initial sugars was 66.9% for K7-XYL, and 73.3% for
K7-XYL-ADH1. The results from the 5-L jar fermentor with
controlling oxygen concentration sufficiently reflect the results of
their flask culture, even though the amount of medium was
significantly different between the flask cultivation and the 5-L
jar fermentor.

DISCUSSION

We analyzed an ethanol production pathway of S. cerevisiae
involving the endogenous xylose-assimilating genes GRE3 and
SORI1 (i.e., a self-cloning xylose-using S. cerevisiae) by construction
of a kinetic simulation model of the ethanol producing pathway
and undertaking sensitivity analysis in that model. Then, we

identified a metabolic bottleneck in the pathway. Analysis revealed
that the reaction catalyzed by ADH1 was a bottleneck, and that
overexpression of ADH1 would enable the self-cloning xylose-using
S. cerevisiae to increase the ethanol yield. This was verified in the
presence of xylose in flask-scale cultures (K7-XYL, yield 12.5 g/L;
K7-XYL-ADH]1, 13.8 g/L), and in the presence of glucose and xylose
in 5-L jar fermentor cultures (K7-XYL, yield 45.0 g/L; K7-XYL-ADH1
494 g/L). Improvement in ethanol yield by 10% means that variable
and fixed costs are reduced by 10%. That would have a dynamic
impact on industry, especially in manufacture of a low-priced
product such as ethanol. Natural cellulosic biomass contains both
glucose and xylose. The ethanol yield (g ethanol/g sugars) from
strain K7-XYL-ADH1 was 0.38 in the presence of glucose and xylose
in 5-L jar fermentor culture. By comparison, the ethanol yield from
genetically modified yeasts containing S. stipitis XR and XDH was
0.40 (30,31). Thus, our self-cloning yeast showed almost same the
ethanol productivity as genetically modified yeast. In the future,
overexpression of ADH1 should be carried out in genetically
modified yeast and the effect on ethanol productivity should be
confirmed. If there is a positive effect on genetically modified yeast,
a quantitative comparison with self-cloning yeast is necessary.

S. stipitis XR can use both NADPH and NADH. However, GRE3 has
strict NADPH specificity (32). S. stipitis XDH and SOR1 use only
NAD™ as a cofactor, but self-cloning xylose-using S. cerevisiae con-
taining GRE3 cannot supply NAD™ for the XDH reaction. That is, the
metabolic pathways in the self-cloning xylose-using S. cerevisiae
tend to cause a cofactor imbalance. Creating a self-cloning xylose-
using S. cerevisiae is difficult (as mentioned above), but would be
expected to contribute to the reduction of ethanol production costs.
In oxygen-controlled fermentation conditions, our self-cloning
xylose-using S. cerevisiae showed close to the same ethanol yield
as the genetically modified yeast, suggesting that there is a possi-
bility that self-cloning xylose-using S. cerevisiae could be used for
industrial ethanol production. Strain K7-XYL-ADH1 showed higher
ethanol yield than K7-XYL in the presence of glucose and xylose in
5-L jar fermentor culture but not in flask culture. We guessed that
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FIG. 4. Fermentation profiles of 5-L jar fermentor cultures of strains K7-XYL (A) and K7-
XYL-ADH1 (B) in YP medium containing 80 g/L glucose plus 50 g/L xylose as carbon
sources. Results are based on two replications. Data points represent the average of
two experiments and error bars indicate standard deviations. Glucose, closed triangles;
xylose, open squares; ethanol, closed squares; xylitol, open circles; glycerol, closed
circles; acetate, open triangles.

this was because, in flask culture, the dissolved oxygen concen-
tration was low during the xylose consumption phase because most
of the oxygen had been consumed during the glucose consumption
phase, and, due to lack of respiration, NAD" regeneration did not
occur. Therefore, the NAD' supply was not sufficient for the reac-
tion of XDH. The increased oxygen supply in the aerated 5-L jar
fermentor might make it possible to regenerate NAD" by respira-
tion and thus accelerate the conversion of xylitol to xylulose by
XDH, leading to an overall increase in ethanol production. Since
only one oxygen concentration was tested in our experiments,
ethanol productivity may increase further if the oxygen concen-
tration is optimized.

We constructed a kinetic model of ethanol production from
xylose and conducted a sensitivity analysis to assess the validity of
the model and clarify which pathway(s) have most impact on the
ethanol productivity. The model we constructed identified a
bottleneck in the ethanol production pathway. Since our experi-
mental data were consistent with the prediction, the method was
validated. Although we have not implemented MFA this time, we
believe that it is necessary to compare MFA of self-cloning yeast
with that of genetically modified yeast to further improve ethanol
productivity in the future.

In summary, we have demonstrated that overexpression of
ADHT1 in S. cerevisiae strain K7-XYL improved ethanol productivity

J. Biosct. Bioenc.,

in glucose and xylose mixed medium. Our xylose-using S. cerevisiae
had almost the same ethanol productivity as genetically modified
yeast, despite the large constraint of self-cloning. From the view-
point of industrialization of ethanol conversion from cellulosic
biomass, use of self-cloning yeast is an important approach to in-
crease ethanol productivity without using GMOs.

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jbiosc.2018.10.020.
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