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Abstract

The recombinant xylose-utilizing Saccharomyces cerevisiae TMB 3399 was constructed by chromosomal integration of the genes
encoding D-xylose reductase (XR), xylitol dehydrogenase (XDH), and xylulokinase (XK). S. cerevisiae TMB 3399 was subjected to
chemical mutagenesis with ethyl methanesulfonate and, after enrichment, 33 mutants were selected for improved growth on p-xylose and
carbon dioxide formation in Durham tubes. The best-performing mutant was called S. cerevisiee TMB 3400. The novel, recombinant
S. cerevisiae strains were compared with Pichia stipitis CBS 6054 through cultivation under aerobic, oxygen-limited, and anaerobic
conditions in a defined mineral medium using only D-xylose as carbon and energy source. The mutation led to a more than five-fold
increase in maximum specific growth rate, from 0.0255 h™! for S. cerevisiae TMB 3399 to 0.14 h™! for S. cerevisiae TMB 3400, whereas
P. stipitis grew at a maximum specific growth rate of 0.44 h~'. All yeast strains formed ethanol only under oxygen-limited and anaerobic
conditions. The ethanol yields and maximum specific ethanol productivities during oxygen limitation were 0.21, 0.25, and 0.30 g ethanol g
xylose™! and 0.001, 0.10, and 0.16 g ethanol g biomass™! h™! for S. cerevisitce TMB 3399, TMB 3400, and P. stipitis CBS 6054,
respectively. The xylitol yield under oxygen-limited and anaerobic conditions was two-fold higher for S. cerevisiae TMB 3399 than for
TMB 3400, but the glycerol yield was higher for TMB 3400. The specific activity, in U mg protein™!, was higher for XDH than for XR in
both S. cerevisiae TMB 3399 and TMB 3400, while P. stipitis CBS 6054 showed the opposite relation. S. cerevisiae TMB 3400 displayed
higher specific XR, XDH and XK activities than TMB 3399. Hence, we have demonstrated that a combination of metabolic engineering
and random mutagenesis was successful to generate a superior, xylose-utilizing S. cerevisiae, and uncovered distinctive physiological
properties of the mutant.
© 2003 Federation of European Microbiological Societies. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

Unlike several bacteria, yeasts and filamentous fungi [1],
wild-type Saccharomyces cerevisiae cannot use D-xylose for
growth and ethanol production, and it has been a meta-
bolic engineering challenge to construct a strain with these
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qualities [2-7]. An efficient D-xylose-fermenting S. cerevi-
siae strain would enable the utilization of a larger fraction
of hemicellulose and thus contribute to making the pro-
duction of ethanol from agricultural and forestry residues
economically viable [8].

Early studies of xylose fermentation with S. cerevisiae
have shown low activities of D-xylose reductase (XR) and
xylitol dehydrogenase (XDH) [9]. XR converts xylose to
xylitol, using either NADPH or NADH as a cofactor [10],
and XDH converts xylitol to xylulose, using NAD™ [11].
The genes xy/l and xyl2, encoding XR and XDH, respec-
tively, have been cloned from Pichia stipitis and trans-
formed into S. cerevisiae [2]. The recombinant strain was
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able to slowly use xylose for growth and ethanol produc-
tion [3]. Later work has demonstrated that overexpres-
sion of xylulokinase (XK) [12], which is responsible for
the phosphorylation of xylulose to xylulose 5-phosphate,
improved xylose utilization [13,14]. A laboratory strain
(CEN.PK) transformed with the genes for XR, XDH,
and XK, S. cerevisiae TMB 3001, was able to produce
ethanol from xylose, but could not grow anaerobically
on xylose [7,15].

In the present study, we have chosen mutagenesis as a
method for further improvement. This method has previ-
ously been used to improve xylose growth in a strain of
S. cerevisiae expressing XR and XDH [16]. We describe
the construction of two S. cerevisiae strains, S. cerevisiae
TMB 3399 and 3400, both capable of growing on and
fermenting D-xylose to ethanol. The choice of host strain
in this work, the industrial, diploid Saccharomyces
USM21 strain [17], was based on its robustness and better
ethanol tolerance. S. cerevisiae TMB 3399 was created by
chromosomal integration of the P. stipitis genes encoding
XR and XDH, as well as the S. cerevisiae gene encoding
XK. S. cerevisiae TMB 3399 was then subjected to chem-
ical mutagenesis and mutants were selected that displayed
improved growth on D-xylose. Specific growth rate, prod-
uct yield, and specific productivity were determined for
S. cerevisiae TMB 3399 and 3400 and compared with
the corresponding parameter values for P. stipitis CBS
6054, one of the best natural Dp-xylose-utilizing yeasts
known [1,18].

2. Materials and methods
2.1. Strains, DNA manipulations, and mutagenesis

During transformation and mutagenesis, yeast strains
were grown on YPD and YPX media containing 10 g
17! yeast extract, 20 g 1™! peptone, and 20 g I™! p-glucose
or D-xylose, respectively, or SX medium containing 6.7 g
17! Yeast Nitrogen Base (Difco, Detroit, MI, USA) and
20 g 1"! p-xylose. Cultivations were carried out at 30°C
unless otherwise indicated.

Plasmid YIpXR/XDH/XK [7] was linearized by diges-
tion with Ps¢I and transformed into the HIS3 locus of
S. cerevisiae USM21 [17], using the lithium acetate method
[19]. S. cerevisiae USM21 does not have any auxotrophic
requirements. Therefore, the selection strategy was based
on the transformants’ ability to use p-xylose. DNA isola-
tion and Southern analysis [20] confirmed correct integra-
tion and the transformed yeast was called S. cerevisiae
XYLUSM21/TMB 3399. Mutagenesis was carried out
with ethyl methanesulfonate (EMS, Sigma, St. Louis,
MO, USA) [21]. The cells were incubated with EMS for
80, 100, 120, and 140 min to obtain survival rates between
60 and 10%. Samples withdrawn after these time points
were pooled and added to two separate shake flasks con-

taining 400 ml YPX medium. In the first flask, the initial
xylose concentration was 50 g 17! and the medium was not
changed during the enrichment. In the second flask, the
sugar concentration was changed every 48 h, from 2 g I™!
xylose and 20 g 17! glucose in the beginning to 50 g 17!
xylose and no glucose after 8 days. Between the feed
changes, the cells were centrifuged and the supernatant
was removed. The flasks were incubated at 30°C with stir-
ring for 10 days. Samples were withdrawn and plated on
YPX plates every 48 h. Thereafter, selected colonies from
the YPX plates were inoculated into 5-ml YPX test tubes
containing Durham tubes turned upside down in the me-
dium. In this way, mutants with superior carbon dioxide
evolution were selected. In the second screening, the best
mutants and S. cerevisiee TMB 3399 were cultivated
aerobically in 1-1 flasks containing 100 ml of SX medium.
S. cerevisiae TMB 3399 and the mutants with the highest
growth rates were cultivated under oxygen-limited condi-
tions in 55-ml flasks containing 50 ml SX medium. From
these cultures, ethanol productivities, ethanol yields, and
enzymatic activities of XR, XDH, and XK were deter-
mined. The best mutant was named S. cerevisiee TMB
3400.

P. stipitis CBS 6054 was obtained from the Centraalbu-
reau voor Schimmelcultures, Utrecht, The Netherlands.

2.2. Medium, strain maintenance, and cultivation conditions

We used a defined mineral medium including vitamins
and trace elements [22] for all fermentation experiments.
During anaerobic cultivation experiments, ergosterol and
unsaturated fatty acids, in the form of Tween 80 (Sigma),
were added to the medium [23,24]. p-Xylose (20 g 17!) was
used as carbon and energy source. Antifoam (Dow
Corning® Antifoam RD Emulsion, BDH Laboratory Sup-
plies, Poole, UK) was added to a concentration of 0.5 ml
17!, Both yeasts were maintained on SX plates. A loopful
of yeast was inoculated in 100 ml of medium in 1000-ml
baffled shake flasks, which were incubated overnight at
30°C and 140 rpm in an orbital incubator (Gallenkamp
INR-200, Leicester, UK). Bioreactors were inoculated
with 20 mg 17! of cells (dry weight) growing at the late-
exponential phase. Batch fermentation was conducted at
30°C in 2-1 Biostat® A bioreactors (B. Braun Biotech In-
ternational, Melsungen, Germany). The working volume
of the bioreactors was 1500 ml and the pH was automati-
cally maintained at 5.5 by the addition of 3 M NaOH.
Filter-sterilized air was supplied to the bioreactors during
aerobic and oxygen-limited cultivation. During aerobic
cultivation, the dissolved oxygen tension was at least
30% of the maximum. Oxygen-limited conditions were de-
fined as 0% dissolved oxygen tension in an air-bubbled
bioreactor. Anaerobic conditions were ensured by contin-
uous flushing with nitrogen containing less than 5 ppm O,
(ADR class2 1A, AGA, Malmg, Sweden). A gas flow rate
of 1 1 min~! was controlled by mass flow meters (Bronk-
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horst HI-TECH, Ruurlo, The Netherlands) and the off-
gas condensers were cooled to 4°C. Duplicate fermenta-
tion experiments were run for each yeast and no difference
was observed in the product pattern. The different yeast
strains examined were cultivated so that a substantial
amount of xylose was consumed, allowing calculation of
rates and yields. A strain consuming xylose slowly was
therefore cultivated for a longer period of time than a
strain consuming xylose rapidly.

2.3. Analyses

Soluble metabolites were analyzed by high-performance
liquid chromatography as has been described previously
[25]. The composition of the outgoing gas was monitored
continuously by a Carbon Dioxide and Oxygen Monitor
Type 1308 (Briiel and Kjeer, Copenhagen, Denmark) [26].
The cell dry weight was determined by filtering a known
volume of the culture broth through a 0.45-um Supor
membrane (Gelman Sciences, Ann Arbor, MI, USA).
After washing with three volumes of distilled water and
drying in a microwave oven for 15 min at 350 W, the filter
was weighed. Cell dry weight was determined in triplicate.
Cell-free extracts were obtained by treatment with a yeast
protein extraction solution (Y-PER®, Pierce, Rockford,
IL, USA). Assays of XR, XDH, and XK [7] as well as
pyruvate decarboxylase (PDC) and alcohol dehydrogenase
(ADH) [27] were performed as previously described, but
triethanolamine buffer at pH 7 was used instead of glycine
buffer at pH 9 for the XDH and ADH assays. The high
pH of the glycine buffer caused precipitation of compo-
nents in the extraction solution.

3. Results

3.1. Transformation, mutagenesis, and selection

S. cerevisiee TMB XYLUSM21/3399 was constructed
by transforming Saccharomyces USM21 [17] with the in-

Table 1

tegrative plasmid YIpXR/XDH/XK [7] that carries genes
for XR and XDH from P. stipitis and an extra copy of the
endogenous gene for XK. The selection strategy was based
on the ability to use xylose and transformants with the
plasmid integrated into the HIS3 locus were selected on
YPX plates after 4 days at 28°C. All transformants were
screened for stable xylose metabolism by passage through
a non-selective medium, YPD, to assure that the plasmid
was maintained in the integrated state.

Initial shake-flask experiments exhibited poor D-xylose
utilization in a defined medium. Therefore, S. cerevisiae
TMB 3399 was subjected to mutagenesis by EMS to im-
prove D-xylose utilization. Thirty-three mutants from
EMS-treated cell cultures were screened for carbon diox-
ide evolution in Durham tubes. Out of these 33 mutants,
18 came from the enrichment culture with an initial xylose
concentration of 50 g 17! and the remaining 15 came from
the culture where serial transfer to medium with increasing
xylose concentration was employed. The three best mu-
tants and S. cerevisiae TMB 3399 were cultivated aerobi-
cally and two mutants grew with a higher specific growth
rate than S. cerevisiae TMB 3399 (Table 1). These two
mutants (no. 125 and 145) and S. cerevisiee TMB 3399
were further analyzed in oxygen-limited cultures. The
ethanol yield and productivity as well as the enzymatic
activities were higher for mutant no. 125 than for S. cere-
visiae TMB 3399. Mutant no. 125 was called S. cerevisiae
TMB 3400 and was selected for further physiological char-
acterization and comparison with S. cerevisiae TMB 3399
and P. stipitis CBS 6054. This mutant came from the
enrichment culture with an initial xylose concentration
of 50 g 11,

3.2. Fermentation kinetics of S. cerevisiae TMB 3399 and
3400 and P. stipitis CBS 6054

In the cultivation experiments with S. cerevisiee TMB
3399, S. cerevisiae TMB 3400 and P. stipitis CBS 6054
(Figs. 1-3), the stirring speed was kept constant so that
the cultures initially were aerobic, but gradually became

Maximum specific growth rates (imay), yield coefficients for ethanol (Yg/s), specific ethanol productivities (gethanot), as well as specific enzymatic activities
(U mg protein~!) for p-xylose reductase (XR), xylitol dehydrogenase (XDH), and xylulokinase (XK) for S. cerevisize TMB 3399 and the three best-per-

forming mutants selected on the basis of CO, production from p-xylose

Yeast strain Hinax® YE/sb ethanol© Enzymatic activity

XR XDH XK
S. cerevisiae TMB 3399 0.04 0.2 0.022 0.05 0.45 0.18
Mutant no. 125 0.14 0.3 0.039 0.22 1.35 0.27
Mutant no. 138 0.04 n.d.d n.d. n.d. n.d. n.d.
Mutant no. 145 0.07 0.24 0.024 0.18 0.35 0.2

The maximum specific growth rates were obtained in 1-1 shake flasks containing 100 ml SX medium, whereas the other values were determined in 55-

ml, oxygen-limited flasks containing 50 ml SX medium.
ap~1,

g ethanol g p-xylose ™.
°g ethanol g biomass~! h™!.
4Not determined.
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Fig. 1. p-Xylose consumption (@) and the formation of ethanol (a ), biomass (#), xylitol (¥), and glycerol (M) during aerobic, oxygen-limited, and an-
aerobic cultivation of S. cerevisiae TMB 3399. Oxygen limitation was defined as 0% dissolved oxygen in an air-bubbled bioreactor. Anaerobic condi-
tions were ensured by continuous flushing of nitrogen through the bioreactor. A defined mineral medium, supplemented with 20 g 17! p-xylose, was
used and the pH was kept at 5.5. The graph is a representative example of fermentation experiments performed in duplicate.

more oxygen-limited as cell growth proceeded. Towards
the end of the fermentation, replacing air with nitrogen
imposed anaerobic conditions.

During the aerobic cultivation of S. cerevisiace TMB
3399 and 3400, only biomass was formed from p-xylose
(Figs. 1 and 2). Ethanol, glycerol and xylitol were formed
as the availability of oxygen decreased. Biomass formation
still occurred in S. cerevisiae TMB 3399 at the same spe-
cific growth rate as under aerobic conditions, whereas oxy-
gen limitation caused slower growth for S. cerevisiae TMB
3400. Once anaerobiosis began, biomass growth ceased
and the rate of xylitol excretion increased, especially for
S. cerevisiae TMB 3399. At the end of the fermentation,
concentrations of ethanol, xylitol and glycerol reached 2.4 g
171, 45 g 17! and 0.26 g I"! for S. cerevisiae TMB 3399
and 3.4g171,25¢g1 ' and 1.1 g17! for S. cerevisiae TMB
3400, respectively. Acetate and succinate accumulated to
less than 0.25 g 17! and 0.060 g 17!, respectively. Similarly,

P. stipitis CBS 6054 excreted metabolites only when oxy-
gen was limited (Fig. 3), but unlike S. cerevisiae TMB
3399 and 3400, P. stipitis CBS 6054 produced ethanol al-
most exclusively. The final concentrations of ethanol, xy-
litol, glycerol, and acetate were 3.7 g171, 0.1 g17!, 0.04 g
17!, and 0.03 g 17!, respectively. No succinate was de-
tected.

Table 2 summarizes the growth parameters for the three
yeast strains under aerobic, oxygen-limited, and anaerobic
conditions. The maximum specific growth rates, biomass
yields, and the specific p-xylose uptake rates were deter-
mined from a second, completely aerobic culture (graphs
not shown), whereas the other values are from the cultures
with varying oxygen availability (Figs. 1-3). During aero-
bic growth, S. cerevisiae TMB 3399 grew at a specific
growth rate of 0.0255 h™'. S. cerevisiae TMB 3400 grew
more than five times faster, at a specific growth rate of
0.14 h™!. Both S. cerevisae strains had a biomass yield of
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Fig. 2. Aerobic, oxygen-limited, and anaerobic cultivation of S. cerevisiae TMB 3400. Same symbols and conditions as in Fig. 1.
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Fig. 3. Aerobic, oxygen-limited, and anaerobic cultivation of P. stipitis CBS 6054. Same symbols and conditions as in Fig. 1.

around 0.4 g biomass g xylose™!. P. stipitis CBS 6054 grew
faster than both S. cerevisae strains at 0.44 h~!, and also
had a higher biomass yield — around 0.57 g biomass g
p-xylose™!. The carbon and degree-of-reduction balances
closed within 95-105% for all yeast strains in the separate,
completely aerobic cultivation experiment. Ethanol yields
and specific ethanol productivities were higher for S. cere-
visiae TMB 3400 than for S. cerevisiae TMB 3399. S. ce-
revisiae TMB 3399 had a xylitol yield about twice as high
as S. cerevisiee TMB 3400 during both oxygen-limited
conditions and anaerobiosis — 0.14 compared to 0.07 g
xylitol g p-xylose™' and 0.59 compared to 0.25 g xylitol
g D-xylose™!, respectively. Anaerobic ethanol yield and
ethanol productivity for P. stipitis CBS 6054 were 2-5
times higher than that of S. cerevisiae TMB 3400.

The enzymatic activities in the cell extracts were gener-
ally higher for S. cerevisiae TMB 3400 than for S. cerevi-
siae TMB 3399 (Table 3). When the specific activity (in U
mg protein~!) was compared, both S. cerevisiae strains
displayed higher XDH than XR activity. In contrast, P.
stipitis CBS 6054 showed higher XR than XDH activity.

Table 2

PDC and ADH activity were found under all cultivation
conditions for S. cerevisiae TMB 3399 and 3400, whereas
these activities were not detected during the aerobic culti-
vation of P. stipitis CBS 6054.

4. Discussion

The construction of an S. cerevisiae strain growing on
D-xylose has been the object of intense research efforts [2—
7]. Most of the work has focused on overexpression of the
genes involved in the metabolism of xylose. The introduc-
tion of genes encoding XR, XDH, and XK was considered
necessary due to insufficient activity of these enzymes in
wild-type S. cerevisiae [2,14]. However, using only meta-
bolic engineering had not proved sufficient for efficient
xylose utilization. Random mutagenesis combined with
subsequent selection has previously been used to increase
the maximum specific growth rate from 0.03 h™! to 0.08
h™! in a strain containing a plasmid carrying the genes for
XR and XDH [16].

Maximum specific growth rates (Umax), yield coefficients (Yx for biomass, Yxyi/s for xylitol and Yg/s for ethanol), specific xylose uptake rates (¢xylose)s
and specific ethanol productivities (gethanot) from aerobic, oxygen-limited, and anaerobic batch cultivation of S. cerevisiee TMB 3399 and 3400 and

P. stipitis CBS 6054

Yeast Aerobic

O, limited

Anaerobic

,umaxa YX/Sb ‘Ixylosec YE/Sd

r d r
Gethanol® Yxyii/s Yess Gethanol® Yxyi/s

S. cerevisiae TMB 3399  0.0255+0.002 0.39£0.02
S. cerevisiae TMB 3400 0.14+0.004 0.41 £0.02
P. stipitis CBS 6054 0.44£0.02

0.065£0.01 0.21%0.01
0.35£0.024 0.25%0.01
0.57£0.025 0.78£0.068 0.31£0.02

0.001£0.0 0.14£0.03 0.05£0.02  0.0006£0.0  0.59%0.04
0.10£0.0 0.07£0.0  0.18+0.007 0.024£0.001 0.25%0.0
0.16£0.01 <0.01 0.40£0.064 0.11£0.001 <0.01

The average biomass concentration was used in the calculation of the specific productivities of ethanol during oxygen-limited and anaerobic cultivations,
respectively. The numbers represent mean values and deviations from the mean of duplicate fermentation experiments.

ap~l,

g biomass g p-xylose™'.
g xylose g biomass™! h™!.
dg ethanol g p-xylose™!.

°g ethanol g biomass~! h™'.

fg xylitol g p-xylose™'.
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Table 3

Specific enzymatic activities (U mg protein~!) for xylose reductase (XR), xylitol dehydrogenase (XDH), xylulokinase (XK), pyruvate decarboxylase
(PDC), and alcohol dehydrogenase (ADH) from cells of S. cerevisiae TMB 3399, S. cerevisiaee TMB 3400 and P. stipitis CBS 6054 cultivated under

aerobic, oxygen-limited, and anaerobic conditions

Yeast Cultivation condition Enzyme
XR XDH XK PDC ADH
S. cerevisiae TMB 3399 Aerobic 0.03 £0.0034 0.34£0.1 0.22£0.09 0.06 £0.001 0.06£0.04
O, limited 0.10+0.01 0.4210.05 0.16+0 0.05%0.002 0.15+0.03
Anaerobic 0.024 £0.002 0.09 +£0.001 0.11+0.001 0.011%0 0.20+0.03
S. cerevisiae TMB 3400 Aerobic 1.1£0.08 1.7£0.26 24+0.8 0.3£0.07 0.7+0.34
O, limited 0.7+0.02 1.2+0.39 1.3+0.34 0.2+0.04 0.5+0.25
Anaerobic 0.5+0.05 1.2+0.27 1.45+0.07 0.2+0.02 0.9+0.15
P. stipitis CBS 6054 Aerobic 2.1£0.20 0.4+0.11 0.14%0.07 0 0
O, limited 3.0+0.09 0.8+0.22 0.8+0.57 0.02+0.01 0.09+0.04
Anaerobic 2.2+0.15 0.5+0.13 0.52+0.22 0.01 £0.001 0.04%0.01

The numbers represent mean values and deviations from the mean in duplicate fermentation experiments.

Here, we demonstrate that the combination of metabol-
ic engineering, that is the integration of the genes encoding
XR, XDH and XK, and random mutagenesis proved suc-
cessful to generate an S. cerevisiae strain capable of good
growth on Dp-xylose in a defined mineral medium. The
mutation in S. cerevisiae TMB 3400 led to a more than
five-fold increase in specific growth rate, from 0.0255 h™!
to 0.14 h™!. A maximum specific growth rate of 0.14 h™! is
higher than what is commonly reported for aerobic
growth on ethanol (0.08-0.13 h™!), but lower than growth
on preferred substrates, such as glucose and sucrose (0.34—
0.44 h™') [28]. Table 4 compares the strains developed in
this study with previously constructed recombinant, xy-
lose-utilizing S. cerevisiae strains. The use of different me-
dia (complex versus mineral media) and different cultiva-
tion conditions (shake flasks versus bioreactors) prevents a
fair comparison. Furthermore, some investigators do not
report the biomass concentration [6] and therefore neither
the specific growth rate nor the specific ethanol productiv-
ity can be calculated. In our opinion, the specific ethanol
productivity, g ethanol g biomass™' h™!, is the most rele-
vant parameter to evaluate the ethanol production of re-
combinant S. cerevisiae strains. The volumetric productiv-
ity, g ethanol 17! h™!, is highly dependent on the biomass
concentration in the fermentor. The data in Table 4 have
been estimated from published diagrams. The specific
growth rate and specific ethanol productivity of S. cerevi-

siae TMB 3400 is among the highest reported. Further-
more, we are the first to report a D-xylose-utilizing, re-
combinant S. cerevisiae strain cultivated aerobically in a
bioreactor using a defined mineral medium. The rigorous
choice of experimental conditions unequivocally proves
that S. cerevisiae TMB 3400 is capable of recovering en-
ergy and producing biomass building blocks from p-xylose
as the only carbon source.

The level of oxygenation differently influenced the en-
zymes involved in ethanol production, namely, PDC and
ADH. In S. cerevisiae TMB 3399 and 3400, these two
enzymes were expressed under all aeration conditions,
but in P. stipitis CBS 6054 they were expressed only dur-
ing oxygen-limited and anaerobic conditions, which is con-
sistent with previous reports on the regulation of the cor-
responding genes [29-32]. For S. cerevisiae, PDC activity
is required under all aeration conditions to generate cyto-
solic acetyl coenzyme A for the synthesis of lipids [33]. In
spite of PDC and ADH activities, no ethanol was pro-
duced by S. cerevisiae TMB 3399 and 3400 during aerobic
growth; only biomass and CO, were formed. The most
probable explanation for the lack of ethanol secretion is
that the flux over the pyruvate branch point is not high
enough. The ability to divert carbon to ethanol production
under aerobic conditions, the Crabtree effect, is thought to
occur only when the specific growth rates are greater than
0.25-0.30 h™! [27].

Table 4

Specific growth rate (max) and specific ethanol productivity (¢ethanol) Of recombinant xylose-utilizing Saccharomyces strains

Strain Medium Maximum specific growth rate, fmax® Maximum ethanol productivity, g.on®  Reference
S. cerevisiae TMB 3399 Mineral medium 0.03 0.001 this work
S. cerevisiae TMB 3400 Mineral medium 0.14 0.11 this work
S. cerevisiae TMB 3001 Mineral medium n.d.c 0.04 [15]

S. cerevisiae pRD1 SX medium 0.11 0.03 [2]

S. cerevisiae IM2 YPX 0.08 n.ad [16]
Saccharomyces 1400(pLNH33) YPX 0.19 n.a. [40]

ap~T,

bg ethanol g biomass™ h~!.
¢Not determined.

dNot available.
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The enzymatic activities of XR, XDH, and XK agree
well with activities reported from S. cerevisiae TMB 3001
[7] that carries the same integrated plasmid as S. cerevisiae
TMB 3399 and 3400. Although the levels vary between the
strains, the relationship between the activities is the same:
XDH had the highest and XR the lowest. For P. stipitis,
the relationship was the reverse: XR displayed the highest
activity and XDH the lowest.

In S. cerevisiae TMB 3399 and 3400, the construct for
expression of XR and XDH was chosen to achieve a high
level of XDH activity and a low XR activity, since kinetic
calculations [14] have shown that this favors low xylitol
formation. Nevertheless, both xylitol and glycerol were
produced in addition to ethanol under oxygen-limited or
anaerobic conditions. The mutant strain, S. cerevisiae
TMB 3400 displayed a shift in product formation. In S.
cerevisiae TMB 3399, considerable amounts of xylitol were
produced in response to oxygen limitation or anaerobiosis,
whereas little glycerol was produced. In S. cerevisiae TMB
3400, the xylitol yield was lower, but this strain produced
more glycerol than S. cerevisiae TMB 3399. Both xylitol
[34] and glycerol are formed to oxidize excess NADH. In
both cases, the exogenous genes for XR and XDH in S.
cerevisiae TMB 3399 and 3400 were cloned from P. stipitis
and, thus, the enzymes synthesized in both yeasts should
be the same. Evidently, mechanisms other than the level of
the two enzymes regulate by-product formation in S. ce-
revisiae TMB 3399 and 3400. In addition to enzyme activ-
ity levels, the intracellular NADH/NAD™ ratio has been
suggested to influence xylitol formation [14].

P. stipitis CBS 6054 produces only ethanol when ex-
posed to oxygen limitation or anaerobiosis. Experiments
using *C-labelled p-xylose have indicated that, under an-
aerobic conditions, P. stipitis used only NADH in the first
step of D-xylose utilization [35]. Thus, the first two steps of
D-xylose utilization under anaerobiosis should be redox-
neutral, with no xylitol excretion. Another possible expla-
nation for the absence of xylitol excretion in P. stipitis
CBS 6054 could be the presence of a transhydrogenase-
like enzymatic reaction cycle. Such a cycle would catalyze
the interconversion of NADPH and NADH. Recently,
S. cerevisiae was genetically engineered to include an artifi-
cial transhydrogenase cycle, resulting in reduced glycerol
formation during anaerobic glucose fermentation [36].

Our results in the present study demonstrate that an
S. cerevisiae strain capable of good growth and ethanol
production from p-xylose in a defined mineral medium
can be generated through a combination of metabolic en-
gineering and random mutagenesis. P. stipitis CBS 6054
still grows faster with a higher ethanol yield and the per-
formance of this yeast serves as a benchmark for further
improvement of recombinant strains of S. cerevisiae. How-
ever, it has been shown that P. stipitis is sensitive to in-
hibitors present in lignocellulosic hydrolysates [37,38] and
requires a low, well-controlled oxygenation for optimal
ethanol productivity [39], which taken together severely

limit its industrial exploitation. The established industrial
fermentation technology for S. cerevisiae and this yeast’s
tolerance to high ethanol concentrations motivate the con-
tinued development of S. cerevisiae for the efficient bio-
conversion of lignocellulosic material to ethanol.
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