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Abstract
Bioconversion of lignocellulosic biomass into ethanol requires efficient xylose fermentation. Previously, we developed an
engineered Saccharomyces cerevisiae strain, named SR8, through rational and inverse metabolic engineering strategies, thereby
improving its xylose fermentation and ethanol production. However, its fermentation characteristics have not yet been fully
evaluated. In this study, we investigated the xylose fermentation and metabolic profiles for ethanol production in the SR8 strain
compared with native Scheffersomyces stipitis. The SR8 strain showed a higher maximum ethanol titer and xylose consumption
rate when cultured with a high concentration of xylose, mixed sugars, and under anaerobic conditions than Sch. stipitis. However,
its ethanol productivity was less on 40 g/L xylose as the sole carbon source, mainly due to the formation of xylitol and glycerol.
Global metabolite profiling indicated different intracellular production rates of xylulose and glycerol-3-phosphate in the two
strains. In addition, compared with Sch. stipitis, SR8 had increased abundances of metabolites from sugar metabolism and
decreased abundances of metabolites from energy metabolism and free fatty acids. These results provide insights into how to
control and balance redox cofactors for the production of fuels and chemicals from xylose by the engineered S. cerevisiae.
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Introduction

Lignocellulosic ethanol production is a renewable liquid fuel
alternative closest to commercialization, while xylose is the
second most abundant sugar in the hydrolysates of
lignocellulosic-based feedstocks. However, it is challenging
for microorganisms to ferment xylose. Saccharomyces
cerevisiae is one of the most common strains that produce

ethanol from feedstocks by fermenting hexoses or disaccha-
rides. Nevertheless, it has a limited range of pentose sugar
fermentation (Kwak and Jin 2017). Accordingly, substantial
research effort has been put into enabling S. cerevisiae to
utilize xylose (Øverland and Skrede 2017).

Scheffersomyces stipitis is one of the most studied yeasts
regarding its biochemistry of xylose assimilation and xylose
conversion into ethanol (Acevedo et al. 2017). For the heter-
ologous expression of xylose-utilizing genes in eukaryotic
host systems, those from Sch. stipitis have been more widely
introduced than for any other eukaryotic xylose pathway (du
Preez and Prior 1985; Jeffries and Van Vleet 2009). However,
S. cerevisiae is a robust organism with a high tolerance to
inhibitors such as furfural and methyl furfural as well as to
ethanol products, whereas Sch. stipitis shows less tolerance
(Hahn-Hägerdal et al. 2007). In addition, the culture condi-
tions associated with high ethanol production are in a narrow
range of oxygen concentration, so effective control of the
oxygen supply is required (Silva et al. 2010).

S. cerevisiae has advantages over the innate xylose-
utilizing microorganisms regarding robustness against various
stresses, such as low pH, high osmotic pressure, and high
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alcohol concentration (Hong and Nielsen 2012; Kwak and Jin
2017). For this reason, to enable S. cerevisiae to assimilate
xylose, the most common strategy to introduce the fungal
pathway from Sch. stipitis consists of the xylose reductase
(XR, encoded by the XYL1 gene) and xylitol dehydrogenase
(XDH, encoded by the XYL2 gene) pathways (Kötter et al.
1990; Tantirungkij et al. 1993; Walfridsson et al. 1995; Ho
et al. 1998; Toivari et al. 2001). XR catalyzes the reduction
of xylose to xylitol, then XDH subsequently oxidizes xylitol
to xylulose. However, XR uses both NADH and NADPH,
while XDH favors using NAD+ only. This redox imbalance
leads to xylitol accumulation and low ethanol yield in
S. cerevisiae, which is the main problem to be resolved.

Recently, we have developed an engineered S. cerevisiae
strain, named SR8, through rational and inverse metabolite
engineering strategies (Kim et al. 2013). First, the SR8 strain
possesses an optimized heterologous xylose-assimilating
pathway by altering the copy numbers of XYL1, XYL2, and
XYL3. Second, the SR8 strain is a product of evolutionary
engineering which has overcome xylose toxicity resulting in
a long lag time through serial subcultures on xylose.
Mutations have evolved in PHO13 as a loss-of-function
which may block a futile cycle with xylulokinase overexpres-
sion associated with shorter lag time and improved xylose-
fermenting capabilities compared with the parental strain.
Third, the SR8 strain has a deletion in the ALD6 gene
encoding acetaldehyde dehydrogenase which prevents acetate
accumulation. This simple set of genetic perturbations has
allowed the co-fermentation of glucose and xylose at various
concentrations. However, its fermentation profile in anaerobic
conditions and at very high xylose concentrations has not yet
been studied.

A global system-based approach to investigate changes in
small-molecule metabolite profiles has become an important
tool to understand phenotypes and fermentation outcomes in
biological processes. In the present study, we investigated and
compared xylose fermentation profiles for ethanol production
in the engineered S. cerevisiae SR8 and native Sch. stipitis.
Using metabolomic approaches, we examined metabolic
changes elicited in the two strains associated with fermenta-
tion phenotypes under micro-aerobic and anaerobic condi-
tions. These results could be further utilized to engineer mi-
croorganisms that can overcome by-product formation during
xylose fermentation and ethanol production.

Materials and methods

Culture conditions and flask fermentation
experiments

Yeast cells (S. cerevisiae SR8 and Sch. stipitisCBS6054) were
precultured in 5 mL of YP medium (10 g/L yeast extract and

20 g/L peptone) containing 20 g/L glucose (YPD) for 24 h at
250 rpm. Cells were harvested by centrifugation at
15,000 rpm for 1 min. The adjusted OD600 1.0 (OD600 1.0 =
3.5 × 107 cells/mL) of initial cell concentration was added to
20 mL of YPX 40 (40 g/L xylose), YPX 80 (80 g/L xylose),
YPX 120 (120 g/L xylose), and YPDX 70, 40 (70 g/L glucose
and 40 g/L xylose) in a 100-mL Erlenmeyer flask at 30 °C and
agitated at 80 rpm. Anaerobic cultivation was performed at 30
°C in a 100-mL serum bottle with agitation at 130 rpm. All
experiments were performed in triplicate.

Intracellular metabolite extraction

Metabolite extraction was conducted according to the method
described by Jung et al. (Jung et al. 2017). Briefly, 5 mL of cell
culture at the mid-exponential growth phase was quenched by
quick injection into 25 mL of 60% (v/v) cold methanol
(HEPES, 10 mM; pH 7.1) at − 40 °C. The cells were centri-
fuged at 4000 rpm (3134×g) for 10 min at − 20 °C and the
supernatant was removed thoroughly. Subsequently, 5 mL of
75% (v/v) boiling ethanol (HEPES, 10 mM; pH 7.1) was
added to the quenched cell pellet. The mixture was vortexed
for 30 s, incubated for 5 min at 80 °C, and then immediately
cooled in an ice bath for 5 min. The cell residues were sepa-
rated from the extract by centrifugation at 4000 rpm (3134×g)
for 10 min at 4 °C. The supernatant (0.2 mL) was vacuum-
dried for 6 h using a speed vacuum concentrator.

Metabolite analysis using gas chromatography/mass
spectrometry (GC/MS)

Prior to the GC/MS analysis, the vacuum-dried samples
w e r e d e r i v a t i z e d b y me t h o x y am i n a t i o n a n d
trimethylsilylation. For methoxyamination, 40 μL of
methoxyamine hydrochloride in pyridine (40 mg/mL;
Sigma-Aldrich, St. Louis, MO) was added to the samples
and incubated for 90 min at 30 °C. For trimethylsilylation,
40 μL of N-methyl-N-(trimethylsilyl)trifluoroacetamide
(Sigma-Aldrich, St. Louis, MO, USA) was added to the
samples and incubated for 30 min at 37 °C.

The GC/MS analysis was conducted using an Agilent 6890
GC equipped with an Agilent 5973 mass selective detector
(Agilent, Santa Clara, CA, USA). A 1-μL aliquot of
derivatized samples was injected into the GC in splitless mode
and separated on an RTX-5Sil MS column (30 m × 0.25 mm,
0.25-μm film thickness; Restek, Bellefonte, PA). The initial
oven temperature was set at 50 °C for 1 min, then ramped at
20 °C/min to a final temperature of 330 °C and held for 2 min.
Helium was used as the carrier gas at a constant flow rate of
1.5 mL/min. The temperatures of the ion source and transfer
line were set at 250 °C and 280 °C, respectively. An electron
impact of 70 eV was used for the ionization. The mass
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selective detector was operated in scan mode with a mass
range of 50–800 m/z.

High-performance liquid chromatography (HPLC)
analysis

The concentrations of xylose, xylitol, glycerol, acetate, and
ethanol in the culture were determined via HPLC (Agilent
Technologies 1260 Series, Santa Clara, CA, USA) equipped
with a refractive index detector using a Rezex ROA-Organic
Acid H+ (8%) column (Phenomenex, Inc., Torrance, CA,
USA). The column was eluted with 0.005 N H2SO4 at a flow
rate of 0.6 mL/min at 50 °C.

Statistical analysis

The metabolites were evaluated with a principal component
analysis (PCA) using STATISTICA software (Version 7.0,
Stat Soft, Tulsa, OK, USA). The significance (p < 0.05) of
the presented based on a t test was determined using SPSS
software (Version 23.0, SPSS, Inc., Chicago, IL, USA).

Data availability

The datasets supporting the conclusions of this article are in-
cluded within it.

Results

The engineered S. cerevisiae SR8 shows faster xylose
fermentation than native Sch. stipitis under a high
concentration of xylose

The S. cerevisiae SR8 strain expressing XYL1, XYL2, and
XYL3 has been evolutionarily engineered to overcome growth
inhibition at 40 g/L xylose (Kim et al. 2013; Kim et al. 2015).
To characterize the xylose fermentation performance of the
SR8 strain, we compared native Sch. stipitis and the SR8
strains micro-aerobically grown with 40 g/L or 120 g/L xylose
concentrations. Under 40 g/L xylose, the specific growth and
xylose consumption rates were similar between the two strains
(Fig. 1 and Table 1). However, due to the formation of by-

Fig. 1 a–e Fermentation profiles of Sch. stipitis CBS 6054 and
S. cerevisiae SR8 in YP medium containing 40 g/L or 120 g/L xylose
under micro-aerobic conditions at 30 °C. The initial cell density was
OD600 = 1.0. All of the experiments were performed in triplicate. Blue-

filled circle, Sch. stipitis grown with 40 g/L xylose; red-filled square, SR8
grown with 40 g/L xylose; green circle, Sch. stipitis grown with 120 g/L
xylose; and violet square, SR8 grown with 120 g/L xylose
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products (xylitol and glycerol), the ethanol yield and titer were
lower in the SR8 strain.

When cultured in 120 g/L xylose as the sole carbon source,
the SR8 strain exhibited faster xylose fermentation and cellu-
lar growth rate than native Sch. stipitis (Fig. 1 and Table 1).
The SR8 strain consumed almost all of the xylose provided
(98.6 ± 0.59%) and produced 40 g/L of ethanol within 60 h.
However, similar to the lower xylose concentration condition
(40 g/L xylose), the strain generated a considerable amount of
xylitol and glycerol as by-products, while Sch. stipitis only
produced trace amounts of these (12.7 ± 0.30 g/L and 7.71 ±
0.44 g/L, respectively).

Meanwhile, to elucidate the mechanisms underlying
changes in the fermentation profile, the yields of biomass,

ethanol, xylitol, and glycerol were compared from various
concentrations of xylose (40, 80, and 120 g/L; Fig. 2). Both
strains showed similar biomass production per gram of xylose
consumed (0.12~0.19 g cells/g xylose). However, the average
ethanol yields of SR8 (0.32 ± 0.031 g/g xylose) and Sch.
stipitis (0.40 ± 0.028 g/g xylose) were significantly different.
Moreover, the high yields of xylitol (0.10 ± 0.0081 g/g) and
glycerol (0.070 ± 0.0065 g/g) of the SR8 strain were noticed at
all xylose concentrations, which were one order of magnitude
lower in Sch. stipitis (0.010 ± 0.0099 and 0.003 ± 0.0023 g/g,
respectively). The calculated fermentation product ratio
(ethanol:xylitol:glycerol) of the engineered SR8 strain was
65:20:14 whereas that of Sch. stipitis was 97:2:1, with carbon
recovery values of 79.3% and 79.5%, respectively. The results

Table 1 Fermentation profiles of Sch. stipitis CBS 6054 and S. cerevisiae SR8 under various sugar and oxygen conditions

Micro-aerobic conditions Anaerobic conditions

40 g/L xylose
(at 36 h)

120 g/L xylose
(at 60 h)

40 g/L xylose and 70 g/L
glucose (at 60 h)

40 g/L xylose
(at 96 h)

Sch. stipitis SR8 Sch. stipitis SR8 Sch. stipitis SR8 Sch. stipitis SR8

Ethanol (g/L) 16.50 ± 0.21 11.55 ± 1.11* 32.37 ± 0.99 39.98 ± 1.09* 30.07 ± 0.62 39.54 ± 0.11* 6.14 ± 0.08 10.94 ± 0.25*

μ 0.16 ± 0.012) 0.16 ± 0.02 0.13 ± 0.01 0.17 ± 0.01* 0.18 ± 0.00 0.17 ± 0.01 0.05 ± 0.00 0.07 ± 0.00*

rxylose 1.15 ± 0.01 1.10 ± 0.03 1.29 ± 0.09 1.89 ± 0.02* 1.44 ± 0.07 1.78 ± 0.01* 0.13 ± 0.01 0.42 ± 0.00*

Yxylitol 0.02 ± 0.00 0.10 ± 0.00* 0.00 ± 0.00 0.11 ± 0.00* 0.05 ± 0.00 0.03 ± 0.00* 0.08 ± 0.01 0.32 ± 0.01*

Yglycerol 0.01 ± 0.00 0.07 ± 0.00* 0.00 ± 0.00 0.07 ± 0.00* 0.01 ± 0.00 0.04 ± 0.00* 0.03 ± 0.00 0.08 ± 0.00*

Yethanol 0.40 ± 0.00 0.29 ± 0.03* 0.42 ± 0.02 0.35 ± 0.01* 0.35 ± 0.01 0.37 ± 0.00* 0.48 ± 0.02 0.27 ± 0.01*

Parameters: μ, growth rate (ΔOD600/h); rxylose, xylose consumption rate (g/L/h); Yxylitol, xylitol yield (g/g consumed sugars); Yglycerol, glycerol yield (g/g
consumed sugars); and Yethanol, ethanol yield (g/g consumed sugars). All of the rate parameters were calculated when more than 90% of the xylose was
consumed under each set of conditions
1) Fermentations were conducted in YP medium at 30 °C and the initial cell density was OD600 = 1.0
2) Values are the mean ± standard deviations from three biological replicates
* Significant difference (p < 0.05) between the Sch. stipitis and SR8 strains

Fig. 2 Product yields of Sch. stipitis CBS 6054 (a) and S. cerevisiae SR8 (b) in YP medium containing 40 g/L, 80 g/L, or 120 g/L xylose under micro-
aerobic conditions at 30 °C. The initial cell density was OD600 = 1.0. All of the experiments were performed in triplicate
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suggest that the engineered SR8 strain and Sch. stipitis have
completely different product partitioning patterns regardless
of the external concentration of xylose.

The engineered S. cerevisiae SR8 shows higher
ethanol production than native Sch. stipitis
under the mixed sugar condition

Fermentation differences between the SR8 and Sch. stipitis
strains were studied when cultured in a mixture of glucose
(70 g/L) and xylose (40 g/L), presenting general sugar com-
positions of cellulosic biomass. Both strains favored consum-
ing the glucose, then subsequently utilized the xylose after
consuming all of the glucose (Fig. 3b). The SR8 strain
completely consumed 70 g/L of glucose and 40 g/L of xylose
within 24 and 48 h, respectively. Meanwhile, the Sch. stipitis
strain consumed the glucose within 48 h, but hardly utilized
the xylose (consuming only 44%). The SR8 strain produced
ethanol from both glucose and xylose, resulting in 39.54 g/L
of maximum ethanol titer for 60 h culture. However, Sch.
stipitis mainly produced ethanol from glucose fermentation,
and there was no additional ethanol production after 40 h
when using xylose as the carbon source (Fig. 3c).

Interestingly, Sch. stipitis produced a higher concentration of
xylitol (4.5 g/L) from the mixed sugar composition compared
with the other conditions even higher than the SR8 strain.

Anaerobic conditions provide an advantage on xylose
consumption and ethanol production
to the engineered S. cerevisiae SR8

Xylose-fermenting yeasts are able to ferment xylose efficient-
ly when the oxygen flow is tightly regulated (Veras et al.
2017). A high oxygen level leads to aerobic growth and low
ethanol yield, whereas limited oxygen, like in anaerobic con-
ditions, slows the fermentation rate, increases xylitol accumu-
lation, and causes poor ethanol productivity (Hou 2012). To
test the effects of anaerobic conditions on the ethanol produc-
tion in the SR8 and Sch. stipitis strains, their fermentation
profiles with a xylose medium (40 g/L) were compared.
During the anaerobic fermenting, the SR8 strain gradually
grew up to 5 g/L of cell biomass and consumed approximately
95.5% of the xylose within 96 h (Fig. 4). At the end of the
fermentation, the SR8 strain generated 10.94 g/L of ethanol
and an even higher concentration of xylitol (13.09 g/L).

Fig. 3 a–e Fermentation profiles of Sch. stipitis CBS 6054 and
S. cerevisiae SR8 in YP medium containing 70 g/L glucose and 40 g/L
xylose under micro-aerobic conditions at 30 °C. The initial cell density

was OD600 = 1.0. All of the experiments were performed in triplicate.
Blue-filled circle, Sch. stipitis; red-filled square, SR8
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Meanwhile, the Sch. stipitis strain only grew up to 3 g/L of cell
biomass and hardly fermented the xylose.

Global metabolite profiling separates the different
metabolic phenotypes of SR8 and Sch. stipitis grown
with xylose as the carbon source

From the characterization of the various fermentation profiles
of the two strains, we found that the SR8 strain always
displayed a higher maximum ethanol titer and xylose con-
sumption rate compared with the native Sch. stipitis strain,
except when cultivated with 40 g/L xylose as the sole carbon
source. The decrease in ethanol productivity from xylose me-
tabolism mostly resulted from the unwanted production of
xylitol and glycerol. To investigate distinct features in the
metabolic physiology of the engineered yeast during xylose
fermentation, a global metabolomic analysis based on GC-
TOF/MS was conducted.

Seventy-eight intracellular metabolites, including organic
acids, amino acids, sugar alcohols, and glycolysis intermedi-
ate metabolites, were detected in the cells micro-aerobically
(oxygen-limited) or anaerobically grownwith 40 g/L xylose at
the mid-exponential phase. All detected metabolites were sta-
tistically evaluated via PCA. Both strains under different con-
ditions were clearly separated in score plots, indicating that the

two strains have distinct features in xylose metabolism (Fig.
5a and b).

To find the specific metabolic pathways which are differ-
ently regulated in the two strains, we compared the fold-
changes of intracellular metabolites from the two strains
grown micro-aerobically (Figs. 5 and 6a) or anaerobically
(Figs. 5 and 6b). Eight metabolites (mannose-6-phosphate,
arginine, xylobiose, inosine, adenine, galactinol, fructose-
1,6-bisphosphate, and trehalose-6-phosphate) increased
and eight metabolites (xylulose, glycerol-3-phosphate,
tetradecanoic acid, hexadecanoic acid, octadecanoic acid,
fumaric acid, serine, and uracil) decreased in the SR8 strain
compared with native Sch. stipitis under both micro-aerobic
and anaerobic conditions. These metabolites were indicative
of prominent features in the SR8 strain.

We further analyzed fold-changes in the intracellular me-
tabolites from each strain grown micro-aerobically versus an-
aerobically (Figs. 5 and 6). Ten metabolites (pyruvic acid,
ornithine-1,5-lactam, valine, aspartic acid, norleucine, gly-
cine, lysine, furan-2-carboxylic acid, asparagine, and glycyl-
proline) increased and five metabolites (pyridine, adenosine,
propargyl alcohol, galactinol, and mannitol) decreased in the
cells from both strains when grown micro-aerobically com-
pared with anaerobically grown ones. These metabolites show
the general metabolic changes between the microbial cells

Fig. 4 a–e Fermentation profiles of Sch. stipitis CBS 6054 and S. cerevisiae SR8 in YP medium containing 40 g/L xylose under anaerobic conditions at
30 °C. The initial cell density was OD600 = 1.0. All of the experiments were performed in triplicate. Blue-filled circle, Sch. stipitis; red-filled square, SR8
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from the micro-aerobic and anaerobic environments. With re-
spect to the differences in the strains, the micro-aerobic con-
ditions caused SR8 to produce more xylulose than the anaer-
obic conditions, while xylulose production was higher in the
anaerobically grown Sch. stipitis cells than the micro-
aerobically grown ones.

Xylulose and glycerol-3-phosphate are key
determinants for xylitol and glycerol accumulation

From the global metabolome, we selected five specific intra-
cellular metabolites (xylitol, xylulose, fructose-1,6-
bisphosphate, glycerol-3-phosphate, and glycerol) which are
the main intermediates in xylose fermentation (Fig. 7). Under
the micro-aerobic conditions, we detected significantly more
xylitol in the SR8 strain than Sch. stipitis (p < 0.05, Fig. 7a).
Xylulose, which is further oxidized from xylitol by xylitol
dehydrogenase, decreased further in SR8 than Sch. stipitis.
Meanwhile, fructose-1,6-bisphosphate was only detected in
SR8 at the mid-exponential phase. Glycerol-3-phosphate,

which is converted from dihydroxyacetone phosphate by
glycerol-3-phosphate dehydrogenase, significantly increased
in Sch. stipitis. Unlike glycerol-3-phosphate, the glycerol con-
centration was higher in SR8 compared with Sch. stipitis,
which suggests that xylitol accumulation could have resulted
from an insufficient supply of NAD+ followed by inefficient
oxidation of xylitol to xylulose, and glycerol could have been
overproduced to deplete glycerol-3-phosphate during the pro-
cess of NAD+ regeneration by glycerol-3-phosphate dehydro-
genase to provide NAD+ for xylitol oxidation (Rho and Choi
2018).

The anaerobic culture conditions resulted in a similar intra-
cellular metabolite pattern in the xylose-fermenting pathway
compared with the pattern in the micro-aerobically grown
culture, except for xylitol (Fig. 7). However, the individual
concentrations of each metabolite were different between the
two culture conditions. While xylitol, xylulose, and glycerol-
3-phosphate increased under the anaerobic conditions, fruc-
tose-1,6-bisphosphate decreased, indicating deficient
substrate-level phosphorylation from glycolysis and an
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Fig. 5 Comparison of the intracellular metabolite profiles of SR8 and
Sch. stipitis grown in YP medium containing 40 g/L xylose under
micro-aerobic and anaerobic conditions. Intracellular metabolites were
detected by GC/TOF-MS and all the relative abundance was evaluated.
Score plots between SR8 (white square) and Sch. stipitis (white circle)
grown under micro-aerobic (a) and anaerobic culture (b) conditions.
Metabolites that increased in Sch. stipitis compared with SR8 under

both micro-aerobic and anaerobic conditions (the boxed metabolites
that were more highly detected in Sch. stipitis than in SR8 regardless of
the culture conditions) (c) and metabolites that increased in SR8
compared with Sch. stipitis under micro-aerobic and anaerobic
conditions (the boxed metabolites that were more highly detected in
SR8 than Sch. stipitis regardless of the culture conditions) (d)
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imbalance in the redox cofactors under the oxygen-restricted
conditions.

Global metabolite profiling reveals distinct changes
in central carbon and fatty acid metabolism for xylose
fermentation

In addition to changes in the specific xylose fermentative
pathway, our global metabolite profiling also showed that sev-
eral metabolic pathways, including central carbon and fatty
acid metabolism, were regulated differently in the SR8 and

Sch. stipitis strains. In the central carbon metabolism, we de-
tected increases in mannose-6-phosphate, mannitol, and
trehalose-6-phosphate and decreases in fumaric acid, malic
acid, alanine, and serine in the SR8 strain compared with
native Sch. stipitis under the micro-aerobically grown culture
conditions (Fig. 8). Interestingly, the concentration of free
fatty acids was much higher in Sch. stipitis than SR8 (Fig.
9). The anaerobic conditions resulted in similar patterns of
change in the metabolites, albeit not significantly different
ones, except for mannose-6-phosphate and trehalose-6-
phosphate (Figs. 8 and 9).

Fig. 6 Intracellular metabolite
fold-changes in SR8 and Sch.
stipitis grown in YP medium
containing 40 g/L xylose under
micro-aerobic and anaerobic
conditions. Intracellular
metabolites were detected using
GC/TOF-MS and fold-changes
were converted to a log 2 scale.
Comparisons were conducted
between SR8 and Sch. stipitis
under micro-aerobic (a) and
anaerobic (b) conditions, and
between micro-aerobic and
anaerobic conditions in SR8 (c)
and Sch. stipitis (d)
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Discussion

Sch. stipitis is widely known as an innate xylose-fermenting
yeast strain. Genes encoding the xylose assimilation pathway
in Sch. stipitis have been introduced into S. cerevisiae more
often than from any other yeast strain. SR8 is an engineered
S. cerevisiae strain heterologously expressing XR and XDH
originating from Sch. stipitis. Utilizing rational and directed
evolutionary engineering techniques, the strain has obtained
powerful xylose fermentation capabilities. In this study, we
compared the fermentation profiles of the SR8 and the Sch.
stipitis strains under different culture conditions by varying
carbon sources and oxygen-accessibility. The SR8 strain
showed a higher maximum ethanol titer and xylose consump-
tion rate when cultured on a high concentration of xylose (Fig.
1 and Table 1), mixed sugars (Fig. 3 and Table 1), and under
anaerobic conditions (Fig. 4 and Table 1). However, its etha-
nol productivity was less than Sch. stipitis on 40 g/L xylose as
the sole carbon source, mainly due to the formation of xylitol
and glycerol (Fig. 1 and Table 1). Global metabolite profiling

indicated different intracellular production levels of xylulose
and glycerol-3-phosphate in the two strains (Fig. 7). In addi-
tion, compared with Sch. stipitis, SR8 had increased abun-
dances of metabolites of sugar metabolism (Fig. 8) and de-
creased abundances of metabolites of energy metabolism and
free fatty acids (Figs. 8 and 9).

From the fermentation and metabolome profile analysis re-
sults (Figs. 2 and 7), we found that SR8 produces xylitol and
glycerol as by-products, possibly resulting from the insufficient
supply of NAD+ (Zhang et al. 2012), but these products were
not detected in Sch. stipitis, except for the mixed sugar compo-
sition. Recently, Hilliard et al. reported that XR in Sch. stipitis
shifts its cofactor preference depending on the oxygen uptake
rate (OUR) (Hilliard et al. 2018). As OUR decreases, the oxi-
dation of NADH through oxidative phosphorylation becomes
less necessary, and thus the availability of NADH increases.
This shifts the redox cofactor specificity of XR to NADH,
resulting in the decreased use of NADPH as well as decreased
flux via the oxidative pentose phosphate pathway in Sch. stipitis
on xylose (Hilliard et al. 2018). On the contrary, when oxygen

Fig. 7 a–e Abundances of the main intermediate metabolites in SR8 and
Sch. stipitis grown in YP medium containing 40 g/L xylose under micro-
aerobic and anaerobic conditions. The box extending from the 25th to the
75th percentiles and the line in the middle of the box are plotted at the

median. The whiskers go down and up to the minimum and maximum
values, respectively. p values were calculated via a t test: * and ** denote
significant differences at p < 0.05 and p < 0.01, respectively
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uptake is sufficient, NADH becomes less available because of
NADH oxidation through oxidative phosphorylation. This
shifts the redox cofactor specificity of XR to NADPH, resulting
in increased flux via the pentose phosphate pathway as well as
oxidative phosphorylation. Combined with our findings, we

speculate that Sch. stipitis controls the redox cofactor balance
on xylose fermentation more efficiently than S. cerevisiae by
switching the cofactor preference of XR. Although the SR8
strain expresses XR and XDH originating from Sch. stipitis,
its redox cofactor environment and control system could be

Fig. 8 a–g Abundances of the intermediate metabolites of central carbon
metabolism in SR8 and Sch. stipitis grown in YP medium containing 40
g/L xylose under micro-aerobic and anaerobic conditions. The box
extending from the 25th to the 75th percentiles and the line in the

middle of the box are plotted at the median. The whiskers go down and
up to the minimum and maximum values, respectively. p values were
calculated via a t test: * and ** denote significant differences at p <
0.05 and p < 0.01, respectively

Fig. 9 a–c Abundances of free fatty acids of SR8 and Sch. stipitis grown
in YP medium containing 40 g/L xylose under micro-aerobic and
anaerobic conditions. The box extending from the 25th to the 75th
percentiles and the line in the middle of the box are plotted at the

median. The whiskers go down and up to the minimum and maximum
values, respectively. p values were calculated via a t test: * and ** denote
significant differences at p < 0.05 and p < 0.01, respectively.
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different and less efficient. It is also noteworthy that with mixed
sugars of glucose and xylose, Sch. stipitis can ferment both
sugars through the concerted glycolytic and pentose phosphate
pathways. During this process, an imbalance in redox cofactors
occurs, resulting in deprivation of NAD+ for the oxidation of
xylitol and its subsequent accumulation.

Global metabolome profiling provides chemical finger-
prints specifying unique or differential cellular processes.
Using the technique, we compared the metabolic changes in
the two strains, SR8 and Sch. stipitis, associated with the fer-
mentation phenotypes under micro-aerobic and anaerobic
conditions. The results clearly showed 1) increased abun-
dances of metabolites from carbohydrate metabolism, 2) de-
creased abundances of metabolites from energy metabolism,
and 3) decreased abundances of free fatty acids in SR8 com-
pared with Sch. stipitis.

The Crabtree effect is a phenomenon described as the
glucose-induced inhibition of cellular respiratory flux (Lemus
et al. 2018). As a Crabtree-positive strain, S. cerevisiae produces
ethanol under aerobic and high glucose conditions via strong
glycolytic flux rather than producing biomass via the tricarbox-
ylic acid (TCA) cycle. On the other hand, Sch. stipitis is a
Crabtree-negative strain in which fermentation is regulated by a
decrease in oxygen levels and is not dependent on the sugar
concentration. SR8 showed higher abundances of fructose-6-
phosphate derivatives (fructose-1,6-bisphosphate, mannose-6-
phosphate, and mannitol) during xylose metabolism (40 g/L)
under both micro-aerobic and anaerobic conditions (Figs. 7 and
8). High content of the fructose-1,6-bisphosphate, the phosphor-
ylation product of fructose-6-phosphate by phosphofructokinase,
is known as an important indicator of glycolytic hyperactivity
(Peeters et al. 2017). Because the non-oxidative pentose phos-
phate pathway of xylose metabolism is connected to both upper
and lower glycolytic pathways, the high abundance of fructose-
1,6-bisphosphate in SR8might indicate strong glycolytic activity
during xylose metabolism as well. However, to support the reg-
ulatory role of fructose-1,6-bisphosphate during xylose me-
tabolism in SR8, further evidence needs to be provided with
time-course analysis of glycolytic intermediates as well as
molecular level analysis of its mechanism of action.
Meanwhile, mannose-6-phosphate andmannitol are generated
from fructose-6-phosphate in a process catalyzed by
phosphomannose isomerase and NADH-specific mannitol de-
hydrogenase, respectively. Therefore, there might be some
interaction between the xylose metabolism lacking NAD+

and the mannitol production yielding NAD+.
Different from SR8, Crabtree-negative Sch. stipitis had

higher abundances of fumaric acid and malic acid in the TCA
cycle, suggesting more flux through the latter to acquire energy.
In addition, this energy generation through the TCA cycle,
ultimately followed by oxidative phosphorylation, makes more
NAD+ cofactor for the XR activity. Higher abundances of ala-
nine and serine, derived from 3-phosphoglycerate and pyruvate,

respectively, in Sch. stipitis may be explained in line with the
higher metabolite abundances in energy metabolism.

Meanwhile, the accumulation of sugar phosphates in SR8
can be explained by a loss-of-function mutation in the PHO13
gene. In E. coli, haloacid dehalogenase–like phosphatases,
where Pho13 belongs in the superfamily, exhibit substrate
promiscuity with very wide and overlapping substrate ranges,
including pentose and hexose phosphates (Kuznetsova et al.
2006; Kim et al. 2015). Currently, it is not clear whether eu-
karyotic Pho13 is closely related to bacterial orthologs or not.
However, our results could provide more information on the
role and substrate specificity of the Pho13 enzyme.

From our metabolite profiling results, we observed higher
abundances of free fatty acids (tetradecanoic, hexadecenoic,
and octadecanoic acids) in Sch. stipitis. When it comes to the
cofactor preference shift of XR in Sch. stipitis, XR shifts its redox
cofactor preference to NADPH in the oxygen-available environ-
ment. High metabolic flux through NADPH-generating path-
ways is required to meet the demand on NADPH for xylose
assimilation. Commonly, the oxidative pentose phosphate path-
way is considered as a major route for generating NADPH,
which functions as a driving force for the XR activity (Stincone
et al. 2015; Kwak and Jin 2017; Jin et al. 2017). However, extra
gluconeogenic anabolism is required to use the oxidative pentose
phosphate pathway in Crabtree-negative strains like Sch. stipitis.
To overcome this inefficient metabolic burden, we speculate that
the cells could use mechanisms other than the oxidative pentose
phosphate pathway for generating NADPH, e.g., enzymes such
as cytosolic isocitrate dehydrogenase and malic enzyme associ-
ated with an increase in fatty acid synthesis and lipid accumula-
tion (Koh et al. 2004; Zhang et al. 2007). Although it is unclear
how Sch. stipitis splits NADPH into xylose assimilation and fatty
acid synthesis, the mechanism for balancing NADP+ and
NADPH could be different from S. cerevisiae SR8.

In this study,we investigated the phenotypic andmetabolomic
differences between an innate xylose-utilizing yeast (Sch. stipitis)
and an engineered xylose-utilizing yeast (S. cerevisiae SR8). The
identified metabolic differences between Sch. stipitis and SR8
suggest efficient ways to control the redox balance in Sch. stipitis.
We expect that these results will provide insights on how to
control and balance redox cofactors for the production of fuels
and chemicals from xylose by the engineered S. cerevisiae.
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