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Reduced Oxidative Pentose Phosphate Pathway Flux in Recombinant
Xylose-Utilizing Saccharomyces cerevisiae Strains Improves
the Ethanol Yield from Xylose
Marie Jeppsson, Björn Johansson, Bärbel Hahn-Hägerdal, and Marie F. Gorwa-Grauslund*
Department of Applied Microbiology, Lund University, 221 00 Lund, Sweden
Received 18 September 2001/Accepted 7 January 2002

In recombinant, xylose-fermenting Saccharomyces cerevisiae, about 30% of the consumed xylose is converted
to xylitol. Xylitol production results from a cofactor imbalance, since xylose reductase uses both NADPH and
NADH, while xylitol dehydrogenase uses only NADⴙ. In this study we increased the ethanol yield and decreased
the xylitol yield by lowering the flux through the NADPH-producing pentose phosphate pathway. The pentose
phosphate pathway was blocked either by disruption of the GND1 gene, one of the isogenes of 6-phosphogluconate dehydrogenase, or by disruption of the ZWF1 gene, which encodes glucose 6-phosphate dehydrogenase.
Decreasing the phosphoglucose isomerase activity by 90% also lowered the pentose phosphate pathway flux.
These modifications all resulted in lower xylitol yield and higher ethanol yield than in the control strains.
TMB3255, carrying a disruption of ZWF1, gave the highest ethanol yield (0.41 g gⴚ1) and the lowest xylitol yield
(0.05 g gⴚ1) reported for a xylose-fermenting recombinant S. cerevisiae strain, but also an 84% lower xylose
consumption rate. The low xylose fermentation rate is probably due to limited NADPH-mediated xylose
reduction. Metabolic flux modeling of TMB3255 confirmed that the NADPH-producing pentose phosphate
pathway was blocked and that xylose reduction was mediated only by NADH, leading to a lower rate of xylose
consumption. These results indicate that xylitol production is strongly connected to the flux through the
oxidative part of the pentose phosphate pathway.
Eliasson et al. (12) reported improved ethanol yield from
xylulose in S. cerevisiae strains that have low phosphoglucose
isomerase activity (PGI) or a deletion in the GND1 gene, which
encodes 6-phosphogluconate dehydrogenase (6-PGDH). Glucose 6-phosphate, a branch point metabolite between glycolysis
and the pentose phosphate pathway (PPP), is reversibly converted to fructose-6-phosphate using PGI, while 6-PGDH converts 6-phosphogluconate to ribulose-5-phosphate in the PPP
(35). This difference suggests that the increased ethanol yield
from xylulose observed for these strains could be related to
altered flux through the PPP.
We tested this hypothesis by lowering the PPP flux by genetic engineering. We evaluated the effects of these changes on
xylose utilization and product formation in S. cerevisiae strains
expressing XR and XDH from P. stipitis and overproducing
native XK. The PPP flux was modified by (i) lowering PGI
activity, (ii) deleting the GND1 gene, and (iii) deleting the
ZWF1 gene, which encodes glucose-6-phosphate dehydrogenase (G6PDH). We used a flux model (40) to compare internal
fluxes in the ⌬zwf1 strain and a control strain.

Fuel ethanol produced from fermentation of lignocellulosic
hydrolysates is an attractive replacement for liquid fossil fuels
because its production is renewable and it does not generate
net carbon dioxide. Hydrolysis of lignocellulose generates
mostly hexose but also some pentose sugars. The pentose sugars cannot be metabolized by Saccharomyces cerevisiae, the
preferred ethanol-producing microorganism. In hydrolysate
made from hardwood, xylose must be fermented to ethanol for
the process to be economically feasible (39). The yeast Pichia
stipitis metabolizes xylose through expression of the XYL1
gene, encoding xylose reductase (XR), and the XYL2 gene,
encoding xylitol dehydrogenase (XDH). XR catalyzes the reduction of xylose to xylitol by using NADH or NADPH (30),
whereas XDH oxidizes xylitol to xylulose exclusively with
NAD⫹ (31). Unfortunately, P. stipitis is sensitive to ethanol
(10) and requires low and carefully controlled oxygenation
(34), which prevents its use for industrial ethanol production.
Recombinant S. cerevisiae strains expressing the XYL1 and
XYL2 genes from P. stipitis have been constructed and can
ferment xylose (26); however, most of the consumed xylose is
secreted as xylitol (20, 26, 36, 42). Xylitol production can be
lowered by overexpression of the XKS1 gene, which encodes
the native xylulokinase (XK) (23), but still about one third of
the consumed xylose is converted to xylitol under anaerobic
conditions (13). Xylitol formation may result from the cofactor
imbalance between the NADPH-consuming XR and NADHproducing XDH reactions (26).

MATERIALS AND METHODS
Strains. We used seven different S. cerevisiae strains in this study (Table 1).
Escherichia coli DH5␣ (Life Technologies, Rockville, Md.) was used for subcloning. All strains were stored in 20% glycerol at ⫺80°C. Yeast cells from
freshly streaked YPD (4) plates were used for inoculation.
Nucleic acid manipulation. Plasmid DNA was prepared with the Qia miniprep
kit (Qiagen, Valencia, Calif.) or Bio-Rad plasmid miniprep kit (Hercules, Calif.).
Restriction and modification enzymes were obtained from Roche (Roche Diagnostics AB, Bromma, Sweden) and from Life Technologies (Rockville, Md.),
respectively. DNA extractions from agarose gel were made by using a Qiagen gel
extraction kit.
Transformation. Competent cells of E. coli DH5␣ were prepared and transformed by the method of Inoue et al. (22), and yeast transformations were made
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TABLE 1. S. cerevisiae strains used in this study
Strain

ENY.WA-1A
a

RBY6-1
TMB3250a
TMB3251a
TMB3001b
TMB3255b
TMB3008c
a
b
c

Relevant genotype

MAT␣ ura3-52 leu2-3,112 his3-⌬1 trp1-289 MAL2-8c MAL3
SUC3
ENY.WA-1A pgi1-1⌬::URA3 PGI1::LEU2
ENY.WA-1A his3::YIpXR/XDH/XK
RBY6-1 his3::YIpXR/XDH/XK
CEN.PK 113-7A (MATa his3-⌬1 MAL2-8c SUC2)
his3::YIpXR/XDH/XK
TMB3001 zwf1::KanMX
CEN.HJ5-1B (MAT␣ leu2-3,112 his3-⌬1 ura3-52 trp1-289
gnd1::HIS3 MAL2-8c SUC2) his3::YIploxZEO

Relevant phenotype
⫺1

1,000–2,500 mU of PGI mg of protein
⫺1

Reference

24

190–270 mU of PGI mg of protein
Expresses XR, XDH, and XK
Expresses XR, XDH, and XK; 10-fold-decreased PGI activity
Expresses XR, XDH, and XK

7
This work
This work
13

Expresses XR, XDH, and XK; no G6PDH activity
Expresses XR, XDH, and XK; no G6PDH activity

This work
This work

Parental strain ENY.WA-1A.
Parental strain CEN.PK 113-7A.
Parental strain CEN.PK2-1C.

by a modified lithium acetate method (15). E. coli transformants were selected on
Luria-Bertani (LB) medium (4) plates with kanamycin (30 g ml⫺1) (ICN Biochemical Inc., Aurora, Ohio) and/or ampicillin (100 g ml⫺1) (IBI Shelton
Scientific Inc., Shelton, Conn.). S. cerevisiae transformants were selected on YPD
plates with zeocin (100 g ml⫺1) (Invitrogen, Groningen, The Netherlands) or
geneticin (200 g ml⫺1) (Life Technologies, Rockville, Md.) or on yeast nitrogen
base without amino acids (Difco, Detroit, Mich.) supplemented for auxotrophic
requirements.
Construction of TMB3250 and TMB3251. The YIpXR/XDH/XK vector (13)
was digested with PstI within the HIS3 gene and used to transform strains
ENY.WA-1A and RBY6-1, generating S. cerevisiae TMB3250 and TMB3251,
respectively, after selection for histidine prototrophy.
Construction of TMB3008. Plasmid pUG6 (17) was digested with SacI and
XbaI, and the KanMX gene was replaced with the zeocin resistance gene from
pTEF1/Zeo (Invitrogen, Groningen, The Netherlands) using the same restriction
sites, resulting in pUG6 Zeo. The zeocin resistance gene, flanked by loxP sequences, was removed from pUG6 Zeo using PvuII and SpeI and blunted with
Klenow DNA polymerase. The YIpXR/XDH/XK plasmid (13) was digested with
PvuII and ligated to the zeocin resistance gene fragment. The resulting plasmid,
YIpLoxZEO, was digested with NdeI within the HIS3 gene and used to transform CEN.HJ5-1B, generating S. cerevisiae TMB3008 after selection for zeocin
resistance.
Construction of TMB3255. The ZWF1 gene was amplified from S. cerevisiae
TMB3001 chromosomal DNA by PCR using oligonucleotides 5⬘-CGGGATCC
AAAATGTCACTGACCGCGGC-3⬘, with a BamHI restriction site added at the
3⬘ end (bold), and 5⬘-GTTTCGGCTCGGCCGGAGGAGG-3⬘. The ZWF1 PCR
product was inserted in the pUC19 vector (44) after restriction cleavage with
EcoRI and BamHI. The KanMX gene with loxP sequences was amplified from
pUG6 by PCR using oligonucleotides 5⬘-TCCCCCGGGAGCTTCGTACGCTG
CAG-3⬘, with an added SmaI restriction site (bold), and 5⬘-GGGGTACCAT
AGG GAGACCGGCAGATCC-3⬘, with an added KpnI restriction site (bold).
The KanMX PCR product was inserted into the ZWF1 gene using restriction sites
MscI and KpnI within the ZWF1 gene and SmaI and KpnI flanking the KanMX
gene. The plasmid was digested with BamHI and EcoRI, and the linear product
was used for transformation of TMB3001 (13), generating TMB3255.
Small-flask cultivations. All cultivations were performed using defined mineral medium (38). The medium (50 ml), supplemented with 40 g of glucose
liter⫺1 in a 250-ml baffled shake flask, was inoculated with approximately 107
cells liter⫺1 and incubated overnight at 30°C on an orbital incubator at 130 rpm
(INR-200; Gallenkamp, Leicester, United Kingdom). TMB3250 and TMB3251
were grown on 40 g of fructose liter⫺1 instead of glucose because the low PGI
activity causes a growth defect on glucose (7). These precultures were used to
inoculate a second culture of 200 ml in a 1,000-ml baffled shake flask, which was
incubated under the same conditions. The cells were harvested in exponential
phase by centrifugation at 4,400 ⫻ g (10 min, 4°C) and washed twice with 0.9%
NaCl.
Stirred 25-ml vials containing 20 ml of mineral medium with 50 g of xylose
liter⫺1 as the sole carbon source were inoculated with ca. 5 g of cells liter⫺1,
corresponding to ca. 3 ⫻ 109 cells liter⫺1. The medium was supplemented with
100 mM citrate buffer (pH 5.5) and the required amino or nucleic acids (50 mg
of L-tryptophan liter⫺1 and/or 250 mg of L-leucine liter⫺1 and/or 50 mg of uracil
liter⫺1). Ergosterol and Tween 80 were added to final concentrations of 10 and
400 mg liter⫺1, respectively (2, 3). Fermentation was conducted at 30°C in
duplicate. Samples were withdrawn with a hypodermic needle and syringe.

Continuous cultivations. Cultivations were performed using defined mineral
medium (38). Yeast cells were grown under oxygen-limited conditions in 200 ml
of medium containing 20 g of xylose liter⫺1, 20 g of glucose liter⫺1, 10 mg of
ergosterol liter⫺1, and 400 mg of Tween 80 liter⫺1 in a 250-ml baffled shake flask.
The culture was incubated overnight at 30°C. Cells were centrifuged at 4,400 ⫻
g for 5 min at 4°C and used to inoculate 1.5 liters of the same medium to ca. 5
⫻ 107 cells liter⫺1 in a Bioflo III fermentor (New Brunswick Scientific, Edison,
N.J.). Antifoam was added at 0.05% (vol/vol) (Dow Corning Antifoam RD
Emulsion; BDH Laboratory Supplies, Poole, United Kingdom). Continuous
cultivation was set up at dilution rates of 0.06 and 0.12 h⫺1 at 30°C and pH 5.5,
controlled by addition of 3 M NaOH, and a stirring speed of 200 rpm. The
fermentor was sparged with 0.2 liter of nitrogen min⫺1 (containing less than
5 ppm O2) as measured with a gas mass flowmeter (Bronkhorst, Ruurlo, The
Netherlands).
Analyses of substrates and products. Glucose, xylose, xylitol, succinate, glycerol, acetate, and ethanol concentrations were determined by column liquid
chromatography (CLC) using a Gilson CLC system (Gilson, Villiers-le-Bel,
France). An Aminex HPX-87H column (Bio-Rad, Richmond, Calif.) and an
R1D-10A refractive index detector (Shimadzu, Kyoto, Japan) were used. The
column temperature was 45°C, and 5 mM H2SO4 was used as the mobile phase
at a flow rate of 0.6 ml min⫺1.
During continuous cultivation, cells from the outlet were used to measure
RNA (5), proteins, and polysaccharides (19). Samples for CLC and cell dry
weight determination were withdrawn from the fermentor. Growth was followed
by measuring the optical density at 620 nm (OD620). Cell dry weight was determined by filtering 1 volume of sample through a 0.45-m filter and washing with
3 volumes of water. The filter was dried in a microwave oven at 350 W for 8 min,
cooled in a desiccator, and weighed. The composition of the outgoing gas was
monitored with a carbon dioxide and oxygen monitor (type 1308; Brüel & Kjœr,
Copenhagen, Denmark).
Enzymatic measurements. Crude extracts for enzyme measurements were
made using the Y-PER yeast protein extraction reagent (Pierce, Rockford, Ill.).
Protein concentration was determined by the Coomassie protein assay reagent
(Pierce), using bovine serum albumin as a standard. The phosphoglucose isomerase (PGI, EC 5.3.1.9) activity was measured as described previously (27). The
glucose-6-phosphate dehydrogenase activity (G6PDH, EC 1.1.1.49) and 6-phosphogluconate dehydrogenase activity (6-PGDH, EC 1.1.1.44) were measured
according to the method of Bergmeyer (6).
Intracellular NADPH and NADP⫹ were measured enzymatically (6) on a
TD-700 fluorometer (Turner Designs, Sunnyvale, Calif.) after extraction with
boiling ethanol (16) from samples withdrawn from anaerobic growth on glucose.

RESULTS
Effect of decreased PGI activity on xylose fermentation. The
xylose pathway, consisting of XR and XDH enzymes from P.
stipitis and overproduced XK from S. cerevisiae, was introduced
via the YIpXR/XDH/XK vector (13) into ENY.WA-1A (control) and RBY6-1 strains (10-fold decrease in PGI activity [7]),
generating S. cerevisiae TMB3250 and TMB3251, respectively.
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TABLE 2. Specific xylose consumption and ethanol, xylitol, acetate, and glycerol yields after 70 h of 25-ml batch
fermentations with xylose (50 g/liter) as the sole carbon sourcea
Strain

TMB3250
TMB3251
TMB3001
TMB3008
TMB3255
a

Relevant phenotype
or genotype

Low PGI
⌬gnd1
⌬zwf1

Yield (g/g of xylose consumed)

Xylose consumed
(g/g of biomass)

Ethanol

Xylitol

Acetate

Glycerol

7.2 ⫾ 0.4
4.6 ⫾ 0.3
9.2 ⫾ 0.1
5.6 ⫾ 0.7
1.5 ⫾ 0.1

0.30 ⫾ 0.01
0.34 ⫾ 0.01
0.31 ⫾ 0.00
0.38 ⫾ 0.01
0.41 ⫾ 0.02

0.30 ⫾ 0.01
0.21 ⫾ 0.01
0.29 ⫾ 0.01
0.13 ⫾ 0.01
0.05 ⫾ 0.01

0.023 ⫾ 0.001
0.034 ⫾ 0.001
0.025 ⫾ 0.001
0.051 ⫾ 0.005
0.084 ⫾ 0.005

0.047 ⫾ 0.001
0.058 ⫾ 0.002
0.052 ⫾ 0.004
0.052 ⫾ 0.011
0.054 ⫾ 0.008

Values are the averages of the results of two independent fermentations and deviations from the averages.

TMB3251 had about 10% of the PGI activity of its control
strain, TMB3250 (data not shown).
After 70 h of xylose fermentation, TMB3250 and TMB3251
had consumed 7.2 and 4.6 g of xylose g of biomass⫺1, respectively (Table 2). Ethanol yields were 0.30 g of xylose g⫺1 for
TMB3250 and 0.34 g of xylose g⫺1 for TMB3251. The 11%
higher ethanol yield of TMB3251 was accompanied by a lower xylitol yield (0.21 g g⫺1) than that of TMB3250 (0.30 g
g⫺1). The acetate and glycerol yields were slightly higher in
TMB3251 (0.03 g g⫺1 and 0.06 g g⫺1, respectively) than in
TMB3250 (0.02 g g⫺1 and 0.05 g g⫺1, respectively).
Xylose fermentation by a ⌬GND1 strain. GND1 encodes
one of the two NADP⫹-dependent isoenzymes of 6-phosphogluconate dehydrogenase that catalyze the conversion of
6-phosphogluconate to ribulose 5-phosphate in the PPP. The
xylose pathway was introduced in the CEN.HJ5-1B strain,
which has an inactive GND1 gene (24), to study the effect of
an altered PPP on xylose fermentation. S. cerevisiae strain
TMB3008 was generated by integration of the YIpLoxZEO
vector in a glucose-positive revertant of CEN.HJ5-1B. A glucose-positive revertant was used instead of the original strain
to facilitate glucose metabolism (33).
TMB3008 and its control, TMB3001, were used for batch
fermentation of xylose. TMB3001 and TMB3008 consumed 9.2
and 5.6 g of xylose g of biomass⫺1, respectively (Table 2).
Ethanol yields were 0.31 g g⫺1 for TMB3001 and 0.38 g g⫺1 for
TMB3008 (Table 2). TMB3008 showed 24% higher ethanol
yield and a lower xylitol yield (0.13 g g⫺1) than TMB3001 (0.29
g g⫺1). The acetate yield was higher in TMB3008 (0.05 g g⫺1)
than in TMB3001 (0.03 g g⫺1). The glycerol yields were similar
in the two strains.
Xylose fermentation by a ⌬ZWF1 strain. The strain with low
PGI activity and the ⌬GND1 strain had phenotypes similar to
those of their respective wild-type strains with respect to xylose
fermentation (Table 2). Both of these genetic alterations decreased the flux through the PPP during xylose fermentation.
Lowering the PPP flux could result from abolishing the
6-PGDH activity or from lower gluconeogenic flux as a consequence of low PGI activity. Therefore, the disruption of ZWF1
also should result in lower xylitol and higher ethanol yields.
⌬zwf1 mutations have no negative side effects with respect to
glucose utilization (24), whereas both the GND1 deletion and
the reduction in PGI activity resulted in defective glucose metabolism (7, 33). The ZWF1 gene was deleted in TMB3001,
resulting in TMB3255, and the strains were compared for xylose fermentation.
TMB3255 had the highest ethanol yield (0.41 g g⫺1), the
lowest xylitol yield (0.05 g g⫺1), and the highest acetate yield

(0.08 g g⫺1) of the three strains (Table 2). However, the specific xylose consumption after 70 h (1.5 g per g of biomass) was
also the lowest of the three strains (Table 2). This qualitatively similar product pattern suggests that the phenotypes of
⌬gnd1, low-PGI, and ⌬zwf1 strains are all related to lower PPP
flux.
The ⌬zwf1 genotype has been reported to cause a requirement for organic sulfur (37). We did not observe this requirement, and xylose uptake was not affected by the addition of
methionine.
Enzyme activities. The ⌬ZWF1 strain (TMB3255) showed a
more pronounced effect on xylose fermentation than that observed in the ⌬GND1 strain (TMB3008) (Table 2). These
results suggest that the oxidative part of the PPP might not be
totally blocked in TMB3008, since we inactivated only one of
the two 6-PGDH isoenzymes in S. cerevisiae.
We measured the enzyme activities for G6PDH and 6PGDH of TMB3001, TMB3008, and TMB3255 in cultures
grown on glucose and xylose (Table 3). The enzyme activities
of G6PDH and 6-PGDH in TMB3001 (control strain) were
comparable with previously published values for S. cerevisiae
(27). The 6-PGDH enzyme activity increased in TMB3001
when cultivated on xylose instead of glucose. In TMB3008
(⌬gnd1), 6-PGDH and G6PDH activities were undetectable.
This might be an effect of the reversion to a glucose-positive
phenotype of this strain, since ⌬GND1 mutants often lose
G6PDH activity when exposed to high concentrations of glucose (33). As expected, G6PDH activity was not detectable
in TMB3255 (⌬zwf1). A fourfold decrease in 6-PGDH activity was measured in TMB3255 compared with the control
strain (TMB3001). The hypothesis of a partly active PPP in
TMB3008 was therefore not confirmed by higher activities of
G6PDH or 6-PGDH in TMB3008 relative to those in
TMB3255.

TABLE 3. Specific G6PDH and 6-PGDH activities measured
after growth on glucose or incubation on xylose
Sp acta (U/mg of protein)
Strain

TMB3001
TMB3008
TMB3255

Relevant
genotype

⌬gnd1
⌬zwf1

G6PDH

6-PGDH

Glucose

Xylose

Glucose

Xylose

0.90
⬍0.01
⬍0.01

0.95
⬍0.01
⬍0.01

0.54
⬍0.01
0.21

0.83
⬍0.01
0.21

a
Displayed values are the averages of the results of duplicate experiments with
less than a 10% difference.
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consumed glucose was channeled through the PPP of the control strain TMB3001 (Fig. 1). The flux from ribulose 5-phosphate to xylulose 5-phosphate was reversed in TMB3255
compared to that in TMB3001. The model also predicted
that XR used only NADH in TMB3255, whereas XR used 57
and 53% NADPH in TMB3001 at 0.06 h⫺1 and 0.12 h⫺1,
respectively. Intracellular concentrations of NADPH and
NADP⫹ in TMB3001 and TMB3255 were analyzed using enzymatic assays with fluorimetric detection. Average values indicated that the NADPH/NADP⫹ ratio was three to five times
lower in TMB3255 than in TMB3001 (data not shown).
DISCUSSION

FIG. 1. Internal metabolic fluxes of TMB3001 (ZWF1) and of
TMB3255 (⌬zwf1) (bold) in chemostat cultures at a dilution rate of
0.06 h⫺1 (upper value of each pair) and 0.12 h⫺1 (lower value) with a
feed containing 20 g of xylose liter⫺1 and 20 g of glucose liter⫺1.
TMB3001 has a wild-type level of G6PDH. TMB3255 is deficient in
G6PDH. All fluxes are normalized to a total specific sugar consumption of 100 mmol per g (dry weight) of cells per h. Substances shown
inside boxes are substrates or products excreted into the medium. P,
phosphate; DHAP, dihydroxyacetone phosphate; G-3-P, glyceraldehyde 3-phosphate.

Continuous cultivations and flux analyses. A flux analysis
was performed to compare intracellular fluxes in TMB3001
and TMB3255 using a stoichiometric model (40). Chemostat
cultivations on a mixture of 20 g of xylose liter⫺1 and 20 g of
glucose liter⫺1 were performed at dilution rates of 0.06 and
0.12 h⫺1. The flux values for TMB3001 and TMB3255 (Fig. 1)
were normalized to 100 mmol of glucose and xylose consumed
per g of biomass per h.
The xylose consumption rate and the xylitol production rate
were lower in TMB3255 than in TMB3001 (Table 4), as expected from the batch fermentation. However, the difference
in xylose consumption rate between the two strains was not as
pronounced in chemostat cultivation with glucose and xylose as
the substrate (Table 4) as it was in batch fermentations with
xylose as the sole carbon source (Table 2). At the highest
dilution rate, 0.12 h⫺1, xylose consumption decreased and glycerol production increased, as found previously (40). The xylose
consumption rate was 37% lower at 0.12 h⫺1 than at 0.06 h⫺1
for TMB3001. It was only 12% lower at 0.12 h⫺1 than at 0.06
h⫺1 for TMB3255.
The flux analyses confirmed that there was no flux through
the oxidative part of the PPP in TMB3255, from which the
ZWF1 gene was deleted (Fig. 1). In contrast, 14 to 18% of the

The design of an efficient recombinant S. cerevisiae strain for
xylose fermentation has been a major challenge for many
years. Xylitol is a major fermentation by-product following
xylose catabolism by S. cerevisiae strains expressing XYL1 and
XYL2 (26, 36, 42). One hypothesis is that xylitol formation
results from the apparent cofactor imbalance between the XR
and XDH enzymes (8). The XR enzyme has been engineered
by site-directed mutagenesis for lower affinity for NADPH;
however, lower enzymatic activity and substantially higher Km
for xylose were observed (25, 45). The expression in S. cerevisiae of several bacterial xylose isomerases, which convert xylose
to xylulose without cofactors, has also failed (1, 18, 21, 28, 32),
with the exception of the xylose isomerase from Thermus thermophilus, for which a very low activity was obtained (43).
Both the XK level and the XR/XDH ratio have an effect on
xylitol formation in S. cerevisiae. Overexpression of XKS1 increases the ethanol yield (20, 23). However, strains overexpressing XKS1 still excrete about one-third of the consumed
xylose as xylitol (40) under anaerobic conditions. Strains with a
low XR/XDH ratio form less xylitol than strains with a high
ratio (42). In the xylose-fermenting P. stipitis, the XR/XDH
ratio is much higher than in S. cerevisiae (11, 34). Despite this
difference, P. stipitis produces less xylitol (26). A mathematical
core model of the ratio of the XR, XDH, and XK enzymes
indicated that cofactor concentrations may influence the formation of xylitol more than the activity ratios of the enzymes
do (14). These results suggest that the levels and ratios of

TABLE 4. Measured specific uptake rates (negative values) and
production rates (positive values) of substrates and
products at dilution rates of 0.06 and 0.12 h⫺1
for TMB3001 and TMB3255 (⌬zwf1)a
Uptake or production (mmol/g of biomass/h)
Substrate
or product

Xylose
Glucose
CO2
Ethanol
Xylitol
Glycerol
Acetate
Succinate

TMB3001

TMB3255

D ⫽ 0.06 h⫺1

D ⫽ 0.12 h⫺1

D ⫽ 0.06 h⫺1

D ⫽ 0.12 h⫺1

⫺1.5
⫺3.4
6.6
5.4
0.64
0.81
0.04
0.02

⫺1.9
⫺6.9
11.7
10.3
0.71
1.6
0.07
0.04

⫺0.80
⫺4.0
7.6
7.1
0.10
0.75
0.36
0.00

⫺1.3
⫺7.3
11.9
12.0
0.17
1.8
0.78
0.00

a
Displayed values are the averages of the results of duplicate experiments with
less than a 5% difference.
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NADPH and/or NADH are regulated differently in P. stipitis
than in S. cerevisiae.
We constructed a recombinant xylose-fermenting S. cerevisiae strain with a low XR/XDH ratio, XKS1 overexpression,
and an inactivated oxidative PPP. To the best of our knowledge, TMB3255 has the highest ethanol yield (0.41 g g⫺1) and
the lowest xylitol yield (0.05 g g⫺1) reported for any xylosefermenting recombinant S. cerevisiae. PPP activity was lowered
or inactivated by deleting either GND1 or ZWF1 or by lowering PGI activity. A low PGI activity decreases the flux from
fructose 6-phosphate to glucose 6-phosphate, which is the substrate of G6PDH, the first enzyme of the PPP. Since PPP is the
main source of NADPH (9), we suggest that the low xylitol
yield is directly linked to depletion of NADPH in strains with
defective PPP. The higher acetate yield is an indication of
NADPH depletion, since oxidation of acetaldehyde to acetate
requires an NADP⫹-dependent acetaldehyde dehydrogenase
(29, 41). Furthermore, the NADPH/NADP⫹ ratio was lower in
TMB3255 than in TMB3001.
The XR enzyme uses both NADPH and NADH (30),
whereas the XDH enzyme uses NAD⫹ exclusively. We therefore propose the following model. In strains with a low flux
through the PPP, the level of NADPH is low and a greater
fraction of xylose is reduced with NADH. Since NADH is
consumed in the XR step and produced in the XDH step, the
xylose conversion to xylulose is balanced with respect to cofactors, which would explain why only minor amounts of xylitol
are formed. This model is also supported by chemostat results
with the control strain TMB3001. At higher dilution rates, the
faster anabolism leads to reduced NADPH availability and
results in increased use of NADH versus NADPH by XR,
concomitant with a decreased xylitol yield (40; this study).
Lowering the oxidative PPP activity resulted in a reduced rate
of xylose consumption. One reason for this decrease is that the
NADPH-dependent reduction of xylose to xylitol is reduced, resulting in a reduced overall xylose fermentation rate. This was
observed for TMB3255 cultivated in a chemostat on a mixture of
glucose and xylose. The NADPH formed, which occurred mainly
via acetate formation, was sufficient only for biomass synthesis. A
strictly NADH-dependent xylose reduction was observed, and the
xylose consumption rate was reduced accordingly. In xylose fermentation by nongrowing cells, the rate of xylose consumption by
TMB3255 was 84% lower than that by TMB3001, which could not
be explained only by the lack of the NADP⫹-dependent reaction.
We suggest that the difference is connected to the nongrowing
conditions and to the absence of glucose as a cosubstrate to
ensure maintenance.
This work has demonstrated the connection between the
level of the oxidative PPP and xylitol by-product formation in
recombinant xylose-utilizing S. cerevisiae. By removing the
NADPH-dependent xylose reduction, we obtained the highest
ethanol yield from xylose ever reported for S. cerevisiae. However, the xylose consumption rate decreased accordingly, suggesting a limitation of XR activity. Strains with enhanced XR
activity may overcome this limitation.
ACKNOWLEDGMENTS
We thank E. Boles, Düsseldorf University, Düsseldorf, Germany,
for S. cerevisiae RBY6-1 and H. Juhnke, J. W. Goethe University,
Frankfurt am Main, Germany, for S. cerevisiae CEN.HJ5–1B.

APPL. ENVIRON. MICROBIOL.
This work was financially supported by the Swedish National Energy
Administration and the Nordic Energy Research Programme. M.F.G.G. was supported by Marie Curie fellowship QLK3-CT-1999-51355
from the European Community.
M. Jeppsson and B. Johansson contributed equally to this work.
REFERENCES
1. Amore, R., and C. P. Hollenberg. 1989. Xylose isomerase from Actinoplanes
missouriensis: primary structure of the gene and the protein. Nucleic Acids
Res. 17:7515.
2. Andreasen, A., and T. Stier. 1953. Anaerobic nutrition of Saccharomyces
cerevisiae. I. Ergosterol requirement for growth in a defined medium. J. Cell
Comp. Physiol. 41:23–36.
3. Andreasen, A., and T. Stier. 1954. Anaerobic nutrition of Saccharomyces
cerevisiae. II. Unsaturated fatty acid requirement for growth in a defined
medium. J. Cell Comp. Physiol. 44:271–281.
4. Ausubel, F. M., R. Brent, R. E. Kingston, D. D. Moore, J. G. Seidman, J. A.
Smith, and K. Struhl (ed.). 1995. Current protocols in molecular biology.
Wiley, New York, N.Y.
5. Benthin, S., J. Nielsen, and J. Villadsen. 1991. A simple and reliable method
for the determination of cellular RNA content. Biotechnol. Tech. 5:39–42.
6. Bergmeyer, H. 1974. Methods in enzymatic analysis, 2nd ed. Academic Press,
New York, N.Y.
7. Boles, E., and F. K. Zimmermann. 1994. Open reading frames in the antisense strands of genes coding for glycolytic enzymes in Saccharomyces cerevisiae. Mol. Gen. Genet. 243:363–368.
8. Bruinenberg, P. M., P. H. M. de Bot, J. P. van Dijken, and W. A. Scheffers.
1983. The role of redox balances in the anaerobic fermentation of xylose by
yeasts. Appl. Microbiol. Biotechnol. 18:287–292.
9. Bruinenberg, P. M., J. P. van Dijken, and W. A. Scheffers. 1983. A theoretical analysis of NADPH production and consumption in yeasts. J. Gen.
Microbiol. 129:953–964.
10. du Preez, J. C., M. Bosch, and B. A. Prior. 1987. Temperature profiles of
growth and ethanol tolerance of the xylose fermenting yeasts Candida shehatae and Pichia stipitis. Appl. Microbiol. Biotechnol. 25:521–525.
11. du Preez, J. C., B. van Driessel, and B. A. Prior. 1989. Effect of aerobiosis on
fermentation and key enzyme levels during growth of Pichia stipitis, Candida
shehatae and Candida tenuis on D-xylose. Arch. Microbiol. 152:143–147.
12. Eliasson, A., E. Boles, B. Johansson, M. Österberg, J. M. Thevelein, I.
Spencer-Martins, H. Juhnke, and B. Hahn-Hägerdal. 2000. Xylulose fermentation by mutant and wild-type strains of Zygosaccharomyces and Saccharomyces cerevisiae. Appl. Microbiol. Biotechnol. 53:376–382.
13. Eliasson, A., C. Christensson, C. F. Wahlbom, and B. Hahn-Hägerdal. 2000.
Anaerobic xylose fermentation by recombinant Saccharomyces cerevisiae carrying XYL1, XYL2, and XKS1 in mineral medium chemostat cultures. Appl.
Environ. Microbiol. 66:3381–3386.
14. Eliasson, A., J. S. Hofmeyr, S. Pedler, and B. Hahn-Hägerdal. 2001. The
xylose reductase/xylitol dehydrogenase/xylulokinase ratio affects product formation in recombinant xylose-utilising Saccharomyces cerevisiae. Enzyme
Microb. Technol. 29:288–297.
15. Gietz, R. D., and R. H. Schiestl. 1995. Transforming yeast with DNA. Methods Mol. Cell. Biol. 5:255–269.
16. Gonzalez, B., J. Francois, and M. Renaud. 1997. A rapid and reliable method
for metabolite extraction in yeast using boiling buffered ethanol. Yeast 13:
1347–1355.
17. Güldener, U., S. Heck, T. Fielder, J. Beinhauer, and J. H. Hegemann. 1996.
A new efficient gene disruption cassette for repeated use in budding yeast.
Nucleic Acids Res. 24:2519–2524.
18. Hallborn, J. 1995. Ph.D. thesis. Lund University, Lund, Sweden.
19. Herbert, D., P. Phipps, and R. Strange. 1971. Chemical analysis of microbial
cells. Methods Microbiol. 5B:209–344.
20. Ho, N. W. Y., Z. Chen, and A. P. Brainard. 1998. Genetically engineered
Saccharomyces yeast capable of effective cofermentation of glucose and
xylose. Appl. Environ. Microbiol. 64:1852–1859.
21. Ho, N. W. Y., P. Stevis, J. Rosenfeld, J. Huang, and G. T. Tsao. 1983.
Expression of the Escherichia coli xylose isomerase gene by a yeast promoter.
Biotechnol. Bioeng. Symp. 13:245–250.
22. Inoue, H., H. Nojima, and H. Okayama. 1990. High efficiency transformation
of Escherichia coli with plasmids. Gene 96:23–28.
23. Johansson, B., C. Christensson, T. Hobley, and B. Hahn-Hägerdal. 2001.
Xylulokinase overexpression in two strains of Saccharomyces cerevisiae also
expressing xylose reductase and xylitol dehydrogenase and its effect on fermentation of xylose and lignocellulosic hydrolysate. Appl. Environ. Microbiol. 67:4249–4255.
24. Juhnke, H., B. Krems, P. Kötter, and K. D. Entian. 1996. Mutants that show
increased sensitivity to hydrogen peroxide reveal an important role for the
pentose phosphate pathway in protection of yeast against oxidative stress.
Mol. Gen. Genet. 252:456–464.
25. Kostrzynska, M., C. R. Sopher, and H. Lee. 1998. Mutational analysis of the
role of the conserved lysine-270 in the Pichia stipitis xylose reductase. FEMS
Microbiol. Lett. 159:107–112.

VOL. 68, 2002

BETTER XYLOSE FERMENTATION BY LOWER OXIDATIVE PPP FLUX

26. Kötter, P., and M. Ciriacy. 1993. Xylose fermentation by Saccharomyces
cerevisiae. Appl. Microbiol. Biotechnol. 38:776–783.
27. Maitra, P. K., and Z. Lobo. 1971. A kinetic study of glycolytic enzyme
synthesis in yeast. J. Biol. Chem. 246:475–488.
28. Moes, C. J., I. S. Pretorius, and W. H. van Zyl. 1996. Cloning and expression
of the Clostridium thermosulfurogensis D-xylose isomerase gene (xylA) in
Saccharomyces cerevisiae. Biotechnol. Lett. 18:269–274.
29. Nissen, T. L., U. Schulze, J. Nielsen, and J. Villadsen. 1997. Flux distributions in anaerobic, glucose-limited continuous cultures of Saccharomyces
cerevisiae. Microbiology 143:203–218.
30. Rizzi, M., P. Erleman, N. A. Bui-Thanh, and H. Dellweg. 1988. Xylose
fermentation by yeast. 4. Purification and kinetic studies of xylose reductase
from Pichia stipitis. Appl. Microbiol. Biotechnol. 29:148–154.
31. Rizzi, M., K. Harwart, P. Erlemann, N.-A. Bui-Thanh, and H. Dellweg. 1989.
Purification and properties of the NAD⫹-xylitol-dehydrogenase from the
yeast Pichia stipitis. J. Ferment. Bioeng. 67:20–24.
32. Sarthy, A. V., B. L. McConaughy, Z. Lobo, J. A. Sundstrom, C. E. Furlong,
and B. D. Hall. 1987. Expression of the Escherichia coli xylose isomerase
gene in Saccharomyces cerevisiae. Appl. Environ. Microbiol. 53:1996–2000.
33. Sinha, A., and P. K. Maitra. 1992. Induction of specific enzymes of the
oxidative pentose phosphate pathway by glucono-delta-lactone in Saccharomyces cerevisiae. J. Gen. Microbiol. 138:1865–1873.
34. Skoog, K., and B. Hahn-Hägerdal. 1990. Effect of oxygenation on xylose
fermentation by Pichia stipitis. Appl. Environ. Microbiol. 56:3389–3394.
35. Stryer, L. 1988. Biochemistry. W. H. Freeman & Co., New York, N.Y.
36. Tantirungkij, M., N. Nakashima, T. Seki, and T. Yoshida. 1993. Construction of xylose-assimilating Saccharomyces cerevisiae. J. Ferment. Bioeng.
75:83–88.
37. Thomas, D., H. Cherest, and Y. Surdin-Kerjan. 1991. Identification of the

38.
39.
40.

41.

42.

43.

44.
45.

1609

structural gene for glucose-6-phosphate dehydrogenase in yeast. Inactivation
leads to a nutritional requirement for organic sulfur. EMBO J. 10:547–553.
Verduyn, C., E. Postma, W. A. Scheffers, and J. P. Van Dijken. 1992. Effect
of benzoic acid on metabolic fluxes in yeasts: a continuous-culture study on
the regulation of respiration and alcoholic fermentation. Yeast 8:501–517.
von Sivers, M., and G. Zacchi. 1995. A techno-economical comparison of
three processes for the production of ethanol from pine. Bioresour. Technol.
51:43–52.
Wahlbom, C. F., A. Eliasson, and B. Hahn-Hägerdal. 2001. Intracellular
fluxes in a recombinant xylose-utilizing Saccharomyces cerevisiae cultivated
anaerobically at different dilution rates and feed concentrations. Biotechnol.
Bioeng. 72:289–296.
Wahlbom, C. F., and B. Hahn-Hägerdal. Furfural, 5-hydroxymethyl furfural
and acetoin act as external electron acceptors during anaerobic fermentation
of xylose in recombinant Saccharomyces cerevisiae. Biotechnol. Bioeng., in
press.
Walfridsson, M., M. Anderlund, X. Bao, and B. Hahn-Hägerdal. 1997. Expression of different levels of enzymes from the Pichia stipitis XYL1 and
XYL2 genes in Saccharomyces cerevisiae and its effects on product formation
during xylose utilisation. Appl. Microbiol. Biotechnol. 48:218–224.
Walfridsson, M., X. Bao, M. Anderlund, G. Lilius, L. Bülow, and B. HahnHägerdal. 1996. Ethanolic fermentation of xylose with Saccharomyces cerevisiae harboring the Thermus thermophilus xylA gene, which expresses an
active xylose (glucose) isomerase. Appl. Environ. Microbiol. 62:4648–4651.
Yanisch-Perron, C., J. Vieira, and J. Messing. 1985. Improved M13 phage
cloning vectors and host strains: nucleotide sequences of the M13mp18 and
pUC19 vectors. Gene 33:103–119.
Zhang, Y., and H. Lee. 1997. Site-directed mutagenesis of the cysteine
residues in the Pichia stipitis xylose reductase. FEMS Microbiol. Lett. 147:
227–232.

