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Xylose utilization is of commercial interest for efficient conversion of abundant plant material to ethanol.
Perhaps the most important ethanol-producing organism, Saccharomyces cerevisiae, however, is incapable of
xylose utilization. While S. cerevisiae strains have been metabolically engineered to utilize xylose, none of the
recombinant strains or any other naturally occurring yeast has been able to grow anaerobically on xylose.
Starting with the recombinant S. cerevisiae strain TMB3001 that overexpresses the xylose utilization pathway
from Pichia stipitis, in this study we developed a selection procedure for the evolution of strains that are capable
of anaerobic growth on xylose alone. Selection was successful only when organisms were first selected for
efficient aerobic growth on xylose alone and then slowly adapted to microaerobic conditions and finally
anaerobic conditions, which indicated that multiple mutations were necessary. After a total of 460 generations
or 266 days of selection, the culture reproduced stably under anaerobic conditions on xylose and consisted
primarily of two subpopulations with distinct phenotypes. Clones in the larger subpopulation grew anaerobi-
cally on xylose and utilized both xylose and glucose simultaneously in batch culture, but they exhibited
impaired growth on glucose. Surprisingly, clones in the smaller subpopulation were incapable of anaerobic
growth on xylose. However, as a consequence of their improved xylose catabolism, these clones produced up to
19% more ethanol than the parental TMB3001 strain produced under process-like conditions from a mixture
of glucose and xylose.

Over the last decade, metabolic engineering has become a
standard procedure for strain improvement and has been very
successful when simple cellular traits have been targeted (19,
26). Although the genomics age and the associated genome-
wide analytical technologies provide further impetus for ratio-
nal approaches, metabolic engineering of more complex cellu-
lar systems or cellular systems that are not fully understood
remains a challenge (4). Along with random, combinatorial
approaches, such as directed evolution in contemporary pro-
tein engineering (3), evolutionary approaches are becoming
increasingly important for augmenting metabolic engineering
of complex phenotypes (21, 22, 24, 36). In certain cases, how-
ever, even seemingly simple metabolic systems resist straight-
forward rational engineering.

One example of a seemingly simple trait is expanding the
substrate range of Saccharomyces cerevisiae for utilization of
pentoses for ethanol formation. The commercial interest in
utilization of pentoses, particularly xylose, is related to the
prevalence of pentoses in abundant plant material; for in-
stance, they are the major structural units in hemicelluloses.
While metabolic engineering has successfully endowed S. cer-
evisiae with the ability to utilize the pentose xylose (7, 12, 17,
33) and recently also arabinose (J. Becker and E. Boles, sub-
mitted for publication), it has not yet succeeded in developing
strains that convert pentoses to ethanol with a high yield and at
a high specific rate (10, 13).

An additional puzzling fact is the fact that xylose is not able
to support anaerobic growth of both natural and recombinant

xylose-utilizing yeasts (16). Since many bacteria can grow
anaerobically on xylose (14), the reason for this inability is not
really understood at present, but it has been ascribed to a
general restriction of eukaryotic xylose metabolism to respira-
tive conditions (16). This conclusion was based on the funda-
mental difference between eukaryotic xylose catabolism and
prokaryotic xylose catabolism because bacteria convert xylose
directly to xylulose by using xylose isomerase, whereas eu-
karyotes rely on two consecutive redox reactions that are cat-
alyzed by the NADPH-dependent xylose reductase (XR) and
the NADH-dependent xylitol dehydrogenase (XDH), with xy-
litol as the pathway intermediate. By providing NADPH
through the oxidative pentose phosphate pathway, which op-
erates actively in S. cerevisiae and Pichia stipitis (8, 9) and by
respiring NADH, eukaryotes can efficiently drive these cou-
pled redox reactions under aerobic conditions but possibly not
under anaerobic conditions. While this could potentially ex-
plain the inability of many yeasts to grow anaerobically on
xylose, it does not suffice as an explanation for the xylose-
utilizing S. cerevisiae strains that functionally overexpress xy-
lose isomerase (32). Hence, it appears that at least one addi-
tional component is missing in our understanding of xylose
metabolism.

Such understanding cannot be obtained from the available
databases and previously published information; hence, in this
study we attempted to evolve strains that are capable of an-
aerobic growth on xylose by performing long-term selection
experiments. Since anaerobic xylose-utilizing eukaryotes ap-
parently have not evolved naturally, we decided that selection
should be initiated with the best xylose-utilizing S. cerevisiae
strains available. At present, the best xylose-utilizing strains
overexpress the XR and XDH genes from P. stipitis (17) in
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combination with the endogenous xylulokinase (XK) gene (7,
12, 28). In this study we used S. cerevisiae strain TMB3001,
which overexpresses the three genes of the xylose utilization
pathway from a chromosomal integration, as the initial strain
in various long-term evolution experiments (7).

MATERIALS AND METHODS

Strains and media. In all evolution experiments the cultures were inoculated
with the recombinant S. cerevisiae strain TMB3001 [CEN.PK 113-7A (MATa
his3-�1 MAL2-8c SUC2) his3::YIpXR/XDH/XK], which contains the entire xy-
lose utilization pathway (7). Overexpression of XR is controlled by the alcohol
dehydrogenase promoter and terminator, whereas XDH and XK are both under
control of phosphoglycerate kinase promoters and terminators. The strain suf-
fixes C1 to C15 refer to clones that were isolated after 460 generations of
selection. TMB3001C1 and TMB3001C5 are representatives of phenotypic
classes II and I, respectively.

For physiological analysis and evolution experiments, yeast cultures were
grown at 30°C in minimal medium containing (per liter) 5 g of (NH4)2SO4, 3 g
of KH2PO4, 0.5 g of MgSO4 � 7H2O, 15 mg of EDTA, 4.5 mg of ZnSO4 � 7H2O,
0.3 mg of CoCl2 � 6H2O, 1 mg of MnCl2 � 4H2O, 0.3 mg of CuSO4 � 4H2O, 4.5 mg
of CaCl2 � 2H2O, 3 mg of FeSO4 � 7H2O, 0.4 mg of Na2MoO4 � 2H2O, 1 mg of
H3BO3, 0.1 mg of KI, 0.05 mg of biotin, 1 mg of calcium pantothenate, 1 mg of
nicotinic acid, 25 mg of inositol, 1 mg of thiamine HCl, 1 mg of pyridoxine HCl,
and 0.2 mg of para-aminobenzoic acid (pH 5.0) (30). In chemostat cultures, 0.1 g
of polypropylene glycol P2000 per liter was added to prevent foam formation.
The medium was supplemented with ergosterol (Fluka) and Tween 80 (Sigma)
for anaerobic cultivation; these two components were dissolved in boiling 99.8%
(vol/vol) ethanol and were added to the medium at final concentrations of 0.01
and 0.42 g liter�1, respectively. Solid media were prepared by adding 1.5%
(wt/vol) technical agar (Becton Dickinson). For anaerobic growth on xylose
plates, aliquots were washed twice with phosphate-buffered saline (PBS) (8 g of
NaCl per liter, 0.2 g of KCl per liter, 1.44 g of Na2HPO4 per liter, 0.24 g of
KH2PO4 per liter; pH 7.0) and plated on anaerobic minimal medium containing
20 g of xylose per liter as the sole carbon source. The plates were incubated at
30°C in sealed jars by using the GasPack Plus system (Becton Dickinson) to
provide an anaerobic atmosphere, which was verified by indicator strips (Becton
Dickinson).

Long-term selection cultures. Chemostat selection was performed in a Sixfors
6 minireactor system (Infors, Botmingen, Switzerland) at a dilution rate (D) of
0.05 h�1 with mixing at 300 rpm. A constant working volume of 300 ml was
maintained by continuously removing excess culture broth through a needle that
was fixed at a predetermined height. The culture pH was maintained at 5.0 � 0.3
by supplementing the minimal medium with 50 mM potassium hydrogen phtha-
late (Fluka) (31). Aerobic conditions were established by aerating cultures at a
rate of 0.3 liter min�1. Microaerobic conditions were established by stepwise
reduction of the aeration rate until no measurable flow was seen in the reactor
effluent gas. Anaerobic conditions were established by slight sparging (�1 ml
min�1) with technical N2 (�200 ppm of O2; independently quantified with a
Prima 600 mass spectrometer [Fisons Instruments, Uxbridge, England]). It
should be noted that due to the contaminating O2, these conditions were not
strictly anaerobic. To ensure robust long-term operation for up to 4 months,
marprene tubing (Ismatech, Glattbrugg, Switzerland) was used with external
peristaltic pumps for feeding and harvesting. Contamination controls were ana-
lyzed at 2-week intervals by plating culture aliquots on YPD medium (10 g of
yeast extract per liter, 20 g of peptone per liter, 20 g of glucose per liter) plates
and by microscopic examination.

Selection in serial, strictly anaerobic batch cultures was done in Hungate tubes,
which were 17-ml Pyrex glass tubes that were sealed with butyl rubber septa and
plastic screw caps (Bellco Glass Inc., Vineland, N.J.). Cultures were grown in
minimal medium containing 10 g of xylose per liter as the sole carbon source.
New cultures were inoculated when the growth rate declined, which typically
occurred after about 1 week.

Growth conditions. Aerobic cultures were grown at 30°C in 500-ml baffled
shake flasks with 50 ml of minimal medium with shaking at 300 rpm on a rotary
shaker. To adapt TMB3001 to aerobic growth on xylose as the sole carbon
source, it was grown first on YPX medium (10 g of yeast extract per liter, 20 g of
peptone per liter, 20 g of D-xylose per liter), then on YNB xylose medium (6.7 g
of yeast nitrogen base per liter, 20 g of D-xylose per liter), and finally in minimal
medium containing only xylose prior to inoculation.

Fermentation performance was evaluated in anaerobic batch cultures contain-
ing 50 g of glucose per liter and 50 g of xylose per liter. The concentrations of all

other minimal medium components except KH2PO4 were doubled. To avoid
major decreases in the pH, 100 mM citric acid buffer (pH 5.5) was added, which
maintained the pH at values above 4.7 in all cases. Cultures were grown at 30°C
in 175-ml serum bottles filled with 150 ml medium and stirred magnetically at 100
rpm. Anaerobic (but not strictly anaerobic) conditions were maintained by slight
continuous sparging (1 to 2 bubbles s�1) with technical N2 (O2 concentration,
�200 ppm; PanGas, Dagmersellen, Switzerland). Inocula were prepared by
growing frozen stock cultures first on YPD medium and then in minimal medium
with 20 g of glucose per liter.

Strictly anaerobic growth experiments with xylose as the sole carbon source
were performed in Hungate tubes or serum bottles sealed with butyl rubber septa
by sparging the basic salt solution of the minimal medium with pure N2 (O2

concentration, �5 ppm; PanGas) for 15 min. After autoclaving, the remaining
filter-sterilized, N2-sparged medium components and 10 g of xylose per liter were
added. To ensure that the conditions were strictly anaerobic, 0.25 g of Na2S per
liter or 0.5 g of L-cysteine per liter was added in selected cases as a reducing agent
after incubation at 60°C for 5 min. Culture aliquots were withdrawn during
purging with pure N2. To verify that the conditions were strictly anaerobic, the
redox indicator resazurin was added to the medium at a final concentration of
0.0001% (wt/vol) before sparging with pure N2. The preparations for strictly
anaerobic growth experiments with xylose as the sole carbon source were inoc-
ulated with cultures grown on minimal medium containing 20 g of glucose per
liter. The inocula were washed twice with PBS prior to inoculation to avoid
glucose contamination.

Stocks for strain maintenance were generated from overnight cultures grown
in YPD medium by adding glycerol to a final concentration of 15% (wt/vol) and
were then stored at �80°C. To preserve the original clonal compositions of
selection chemostats, aliquots of the populations from the selection cultures were
frozen directly without intermediate batch growth.

EMS mutagenesis. To increase genetic variability, cultures were randomly
mutagenized with ethyl methane sulfonate (EMS) (Sigma) after aliquots of the
populations were harvested by centrifugation at 1,500 rpm and 4°C for 3 min
from minimal medium batch cultures in the early stationary phase. The pellets
were washed once with PBS and resuspended in 10 ml of PBS. Then 300 �l of
EMS was added to each suspension, and the suspension was incubated on a
rotary shaker at 300 rpm and 30°C. After 40 min, 20 ml of 5% (wt/vol) Na2S2O3

was added to inactivate the mutagen. After centrifugation, the pellet was washed
twice with 5% (wt/vol) Na2S2O3 to remove the residual EMS, resuspended in 20
ml of minimal medium, and stored at �80°C after addition of 15% (wt/vol)
glycerol. Survival rates of 5 to 30% were verified by counting CFU.

Analytical methods. Cell growth was monitored by determining the optical
density at 600 nm (OD600) or by determining the Klett value with a Klett meter
(Bel-Art Products, Pequonock, N.J.). Cellular dry weight was determined by
using 10-ml culture aliquots that were centrifuged at 5,000 rpm for 20 min in
preweighed glass tubes, washed once with water, and dried at 110°C for 24 h to
constant weight. Commercially available kits were used for enzymatic determi-
nation of the concentrations of glucose (Beckman), xylose (Medichem, Steinen-
bronn, Germany), xylitol (R-Biopharm, Darmstadt, Germany), acetate (R-Bio-
pharm), and glycerol (Sigma). Ethanol concentrations were determined by gas
chromatography (5890E chromatograph; Hewlett-Packard) with a Permabond-
CW20 M-0.25 column (Macherey-Nagel); butyrate was used as the internal
standard.

Determination of physiological parameters. In batch cultures, exponential
growth rates were determined by log-linear regression of OD600 versus time with
growth rate as the regression coefficient. The specific biomass yield (YX/S) was
determined from a plot of the coefficient of linear regression of the biomass
concentration (X) versus substrate concentration (S) during the exponential
growth phase. The biomass concentration was estimated from predetermined
correlations between OD600 and cellular dry weight during the mid-exponential
growth phase of aerobic cultures grown on glucose for strains TMB3001,
TMB3001C5, and TMB3001C1 (0.530, 0.581, and 0.479 g OD600 unit�1, respec-
tively). During the exponential growth phase, specific glucose and xylose uptake
rates were calculated by determining the ratio of the growth rate to YX/S. Eth-
anol, xylitol, acetate, and glycerol yields were calculated by linear regression of
by-product concentration versus S.

In the mixed-substrate fermentation analysis, the specific xylose uptake rate
was determined by determining the ratio of the linear regression coefficient of
xylose concentration versus time to the average biomass concentration between
the onset of xylose consumption and about 100 h after inoculation. In these cases,
the correlation between OD600 and cellular dry weight was determined at the end
of each fermentation.
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RESULTS

Chemostat selection. Evolution of a yeast strain capable of
anaerobic growth on xylose as the sole carbon source was
started with the metabolically engineered S. cerevisiae strain
TMB3001, which overexpresses XR and XDH from P. stipitis
and native XK from a stable chromosomal insertion (7). To
increase genetic variability, an EMS-mutagenized population
of TMB3001 was used to inoculate all selection preparations.
Direct gain-of-function selection for growth on xylose as the
sole carbon source in batch cultures or in petri dishes proved to
be unsuccessful under anaerobic conditions (data not shown).
Similarly, extended selection in serial anaerobic batch cultures
with xylose in combination with glucose for more than 30
generations did not yield a population capable of anaerobic
growth on xylose as the sole carbon source (data not shown).
Hence, we prepared two long-term anaerobic chemostats with
a D of 0.05 h�1 that contained a limiting concentration (1 g
liter�1) of the growth-promoting sugar glucose or galactose
and 5 g of xylose per liter. Galactose was chosen to avoid
catabolite repression and competitive inhibition of xylose
transport by glucose (10). Within about 170 generations (100
days), the steady-state biomass concentrations remained the
same, and only 5 to 10% of the supplied xylose was consumed
in both cultures (data not shown), indicating that there was no
evolutionary progress toward anaerobic growth on xylose.

To facilitate sequential evolution of multigene changes that
may be required for efficient anaerobic xylose catabolism, an
aerobic chemostat culture with 5 g of xylose per liter and 1 g of
glucose per liter was prepared (Fig. 1A). After about 30 gen-
erations, the steady-state xylose concentration declined and
the OD600 increased. Within 90 generations a new steady state
was attained, during which 80% of the supplied xylose was
consumed. At this stage, a culture aliquot was withdrawn, EMS
mutagenized, and used to inoculate two new aerobic chemostat
cultures. The settings for the first chemostat were identical to
those used for the previous chemostat, and a comparable
steady state was attained immediately. This chemostat was
then switched to anaerobic conditions, and the OD600 de-
creased to 0.4 while the residual xylose concentration in-
creased to 4.5 g liter�1 (data not shown). This steady-state
physiology was similar to the steady-state physiology observed
after the previous direct anaerobic selection with 5 g of xylose
per liter and 1 g of glucose per liter. Since no significant
improvements were observed during the following 30 genera-
tions, this culture was not monitored further. The second aer-
obic chemostat contained 5 g of xylose per liter as the sole
carbon source (Fig. 1B). In contrast to the initial EMS-mu-
tagenized TMB3001 population, we obtained a growing pop-
ulation which consumed increasingly more xylose and thus
decreased the residual xylose concentration from 1.5 to 0.3 g
liter�1 after 60 generations. To establish microaerobic condi-
tions, the aeration rate was drastically reduced from 0.3 liter
min�1 to less than 1 ml min�1 at generation 140. Within the
following 20 generations, the residual xylose concentration in-
creased and the OD600 decreased rapidly. When the OD600

appeared to be stable, aeration was turned off at generation
170. After an immediate increase, the residual xylose concen-
tration decreased, and the OD600 increased steadily for 100
generations (Fig. 1B). At a residual xylose concentration of

0.4 g liter�1 and an OD600 of 3.1 at generation 270, anaerobic
conditions were established by continuous sparging with tech-
nical N2. Soon after the onset of anaerobiosis, a stable steady
state was attained, although the OD600 was low (Fig. 1B). To
determine whether anaerobic growth on xylose could be im-
proved further, we mutagenized an aliquot withdrawn at gen-
eration 310 with EMS. After anaerobic batch growth on xylose
as the sole carbon source, an anaerobic chemostat culture was
grown for another 150 generations on xylose, during which a
gradual increase in biomass formation was observed (Fig. 1C).
It should be noted that due to a level of O2 contamination of
less than 200 ppm in the N2, the conditions were not strictly
anaerobic in this selection culture, as discussed below.

To identify the time at which the ability to grow anaerobi-
cally on xylose as the sole carbon source emerged first in the
460 generations (266 days) of evolution, frozen aliquots of

FIG. 1. Evolution of S. cerevisiae TMB3001 in carbon-limited che-
mostat cultures at a D of 0.05 h�1 under aerobic conditions with 5 g of
xylose per liter and 1 g of glucose per liter (A); under aerobic, mi-
croaerobic (light gray background), and anaerobic (dark gray back-
ground) conditions with 5 g of xylose per liter (B); and under anaerobic
conditions with 5 g of xylose per liter (C). Arrow 1 indicates the time
when the airflow was reduced from 0.3 liters min�1 to �1 ml min�1;
arrow 2 indicates the time when the airflow was shut off; and arrow 3
indicates the time when anaerobiosis was initiated by sparging with
technical N2. The evolving population was subjected to EMS mutagen-
esis prior to inoculation of the chemostats.
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different generations were plated on xylose minimal medium
and incubated in a strictly anaerobic atmosphere. Colonies
were detected in aliquots of the populations only after 270
generations. To exclude the possibility that anaerobic growth
of the evolved population was due to trace amounts of O2 in
the technical N2, the final evolved population was grown in
batch cultures with increasing strengths of anaerobiosis. When
anaerobiosis was established in serum bottles by continuous
sparging with technical N2 (O2 concentration, �200 ppm), the
maximum biomass concentration was 0.50 � 0.08 g (dry
weight) of cells per liter in the presence of 5 g of xylose per
liter. When anaerobiosis was established in tightly sealed, an-
aerobic Hungate tubes (without continuous N2 sparging), how-
ever, the maximum biomass concentration was only 0.24 �
0.03 g (dry weight) of cells liter� in the presence of 10 g of
xylose per liter. This lower biomass yield under more stringent
anaerobic conditions clearly demonstrated the physiologically
relevant role of contaminating O2, not only in these batch
cultures but probably also during anaerobic selection. Finally,
anaerobic growth on xylose as the sole carbon source in Hun-
gate tubes containing Na2S or cysteine as a reducing agent and
resazurin as a redox indicator confirmed the gain-of-function
phenotype (data not shown). In all cases xylose was completely
consumed at the end of growth.

Clonal analysis. Since chemostat-evolved, asexual popula-
tions are typically heterogeneous (18, 23, 34), an aliquot of the
population after 460 generations was plated on xylose minimal
medium. Under anaerobic conditions the number of CFU was
54% � 4% of the number of CFU found on aerobic YPD
medium plates, thus providing the first evidence that there was
population heterogeneity. The fermentation performance of
parental strain TMB3001, the fermentation performance of
the evolved population after 460 generations, and the fermen-
tation performance of 15 clones, which were isolated from
anaerobic xylose plates, were then compared in anaerobic
batch cultures with 50 g of glucose per liter and 50 g of xylose
per liter. During the initial phase of exponential growth on
glucose, almost no xylose was consumed, but when the glucose
was depleted, growth ceased and xylose was consumed in a
second phase (Fig. 2).

To quantitatively compare clonal fermentation perfor-
mance, physiological parameters were determined during the
glucose and xylose consumption phases (Fig. 3). Since the
specific xylose uptake decreased after about 100 h of fermen-
tation (Fig. 2), parameters for the second phase were calcu-
lated for the period between the time when glucose was de-
pleted and 100 h. Generally, two major phenotypic classes
could be discerned. The first class of clones (class I) and the
evolved population were similar to TMB3001 during growth on
glucose but exhibited on average an approximately 60% higher
specific xylose uptake rate and reduced formation of the by-
product xylitol during the second phase (Fig. 2A, B, and C and
3). As a consequence, these clones accumulated up to 19%
higher final ethanol concentrations (Fig. 3C). The more abun-
dant second class of clones (class II) exhibited a radically
different mode of growth on glucose (Fig. 2D and 3). On
average, the maximum growth rate and biomass yield on glu-
cose were reduced by 60 and 40%, respectively. Unlike
TMB3001 and the class I clones, the class II clones began to
consume xylose prior to the time when the glucose was de-

pleted (Fig. 2D). The specific xylose uptake rates were at least
double in the class II clones (range, 0.19 g g�1 h�1 for
TMB3001C12 to 0.31 g g�1 h�1 for TMB3001C1) compared to
the value for TMB3001 (0.08 g g�1 h�1). Also, the xylitol yields
(Fig. 3B) and the final ethanol concentrations (Fig. 3C) were
reduced in these clones compared to the values for TMB3001.

Determination of the time courses of the acetate and glyc-
erol contents for selected clones belonging to both classes
confirmed the drastic physiological changes in the class II phe-
notype (Fig. 4). Compared to TMB3001 and the class I clones,

FIG. 2. Fermentation profiles for TMB3001 (A), the 460-genera-
tion population (B), clone TMB3001C5 representing the first pheno-
typic class (C), and clone TMB3001C1 representing the second phe-
notypic class (D) during anaerobic growth on 50 g of glucose per liter
and 50 g of xylose per liter. The glucose and xylose consumption phases
are indicated by I and II, respectively. Gray shading indicates the time
when there was simultaneous consumption of glucose and xylose.
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FIG. 3. Physiological parameters during anaerobic growth on 50 g of glucose per liter and 50 g of xylose per liter for TMB3001, the
460-generation population, and 15 clones isolated from this population. (A) Maximum growth rate and biomass yield during exponential growth
on glucose. (B) Specific xylose uptake rate and xylitol yield on xylose between the time that glucose was depleted and 100 h of fermentation.
(C) Final ethanol concentration at 180 h. Values for TMB3001 and the populations are averages from duplicate experiments. The horizontal lines
indicate the reference values for TMB3001.
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the class II clones produced significantly more acetate and
glycerol on both glucose and xylose.

Physiological characterization. To further elucidate the
phenotypic differences between the two coevolved subpopula-
tions, the best representatives of each phenotypic class were
grown in single-substrate batch cultures. The class II represen-
tative TMB3001C1 exhibited significantly slower aerobic glu-
cose catabolism, including a growth rate that was reduced 36%
and a specific rate of glucose uptake that was reduced 48%,
than TMB3001 (Table 1). Although the efficiency of exponen-
tial growth on glucose was not affected, as judged from the
maximum YX/S, the maximum biomass concentration attained
by TMB3001C1 was significantly lower.

During aerobic growth on xylose as the sole carbon source,
both clones grew significantly faster than their parent, but
TMB3001C1 grew most rapidly by far (Table 2). Surprisingly,
TMB3001C1 but not TMB3001C5 was capable of strictly an-

aerobic growth on xylose as the sole carbon source in Hungate
tubes (Fig. 5). Increasing the strength of anaerobiosis further
by addition of cysteine (Table 3) or Na2S (data not shown) had
no significant effect on the growth of TMB3001C1.
TMB3001C1 grew significantly faster on xylose under anaero-
bic conditions than the evolved population, which also in-
cluded this clone.

To determine the reason for the persistence of the class I
clones in the evolved population despite their inability to grow
anaerobically on xylose as the sole carbon source, we estab-
lished anaerobic conditions like those in the final selection
chemostat by continuous sparging (�1 ml min�1) with techni-
cal N2 (�200 ppm of O2). Surprisingly, all three strains,
TMB3001, TMB3001C1, and TMB3001C5, grew to an OD600

of about 0.2 on minimal medium without carbon source sup-
plementation, presumably on the 0.5 g of ethanol per liter
which was added with the ergosterol and Tween 80 stock so-
lution and which provided sufficient carbon for the growth
observed. Since neither TMB3001 nor TMB3001C5 grew on
xylose under these conditions, which were not strictly anaero-
bic, it appears that the class I clones survived during the se-
lection process by scavenging contaminating O2 for oxidation
of the ethanol produced or possibly other metabolic by-prod-
ucts of the class II clones. The growth rate of TMB3001C1 on
xylose was 0.07 h�1 under these conditions, compared to 0.012
h�1 under strictly anaerobic conditions (Table 3). This indi-
cates that TMB3001C1 also benefited from O2 contamination
and explains why the class II clones were not washed out in the
anaerobic chemostat at a D of 0.05 h�1.

Batch culture selection. Since strictly anaerobic growth on
xylose of the best isolated clone was still relatively slow, an
EMS-mutagenized population of TMB3001C1 was grown se-
quentially in seven serial batch cultures, which corresponded to
40 generations. Twenty isolated clones were then grown on
xylose as the sole carbon source in strictly anaerobic Hungate
tubes (Fig. 6). Relative to the maximum growth rate of
TMB3001C1, seven clones grew at about the same rate, 10
clones grew 1.2- to 2-fold faster, and three clones grew 2- to
2.5-fold faster. The highest growth rate observed was 0.028 h�1

for clones 1 and 18. The three best clones were then charac-
terized more accurately in anaerobic xylose batch cultures.
While TMB3001C1 grew at the previously determined rate of
0.012 h�1, clones 1, 14, and 18 grew at rates of 0.027 � 0.002,
0.021 � 0.002, and 0.018 � 0.002 h�1, respectively.

FIG. 4. Yields of acetate (A) and glycerol (B) on glucose (solid
bars) and xylose (open bars) during anaerobic growth on 50 g of
glucose per liter and 50 g of xylose per liter for TMB3001 and selected
clones from both phenotypic classes. Yields on glucose were deter-
mined between the time of inoculation and the beginning of the xylose
uptake phase. Yields on xylose were determined between the time that
glucose was depleted and 130 h. Values were determined in single
experiments.

TABLE 1. Physiological parameters for TMB3001, TMB3001C5
(class I), and TMB3001C1 (class II) in aerobic batch

cultures with 5 g of glucose per liter

Strain

Maximum
growth

rate
(h�1)

Specific glucose
uptake rate
(g g�1 h�1)

YX/S
(g g�1)

Maximum
biomass
concn

(g liter�1)

TMB3001 0.44a 3.14 � 0.05 0.14b 2.1c

TMB3001C5 0.41 2.61 � 0.09 0.16 2.2
TMB3001C1 0.28 1.62 � 0.02 0.17 1.4

a The standard deviation for duplicate experiments was �0.01.
b The standard deviation was �0.01.
c The standard deviation was �0.02.
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DISCUSSION

To our knowledge, we describe here the first yeast strain that
grows on xylose as the sole carbon source under strictly anaer-
obic conditions. Such strains were isolated in a long-term,
multistep chemostat evolution experiment, which was initiated
with the metabolically engineered S. cerevisiae strain
TMB3001, which overexpresses the xylose utilization pathway
of P. stipitis (7). The selection procedure was based on the
well-known evolution of mutants with increased substrate af-
finity and utilization in chemostat cultures (1, 6, 24, 25, 34).
However, the key to successful evolution was the fact that
selection for aerobic xylose utilization and selection for anaer-
obic xylose utilization were decoupled (Fig. 1). Thus, the se-
lective pressure was adjusted to the capabilities of the evolving
culture, allowing advantageous mutations to accumulate under
permissive growth conditions.

Although the clones described here were isolated after 460
generations or 266 days of selection, the ability to grow anaer-
obically on xylose as the sole carbon source was first detected
after 270 generations, immediately after the culture conditions
were changed to anaerobic conditions (�200 ppm of O2). The
phenotype of the best xylose-utilizing clone TMB3001C1,
which had a maximum specific growth rate of 0.012 h�1 and a
biomass yield of 0.021 g g�1 during strictly anaerobic growth
on xylose, by no means represents the final stage of evolution.
For instance, the anaerobic growth rate of TMB3001C1 could
be more than doubled by 40 generations of batch culture se-

lection (Fig. 6). Although the rate of anaerobic xylose metab-
olism is still relatively low, isolation of the improved clones
argues against the view that eukaryotic xylose metabolism is
necessarily tied to respiration (16). Our results are more con-
sistent with the view that anaerobic growth on xylose does not
occur naturally in yeasts because the rate of xylose metabolism
is too low, so that the rate of ATP production is insufficient (10,
17). Since the strains evolved here consumed xylose at sever-
alfold-higher specific rates than, for example, control strain
TMB3001, one would expect that the accumulated beneficial
mutations affect, at least in part, the rate of catabolism and
thus ATP formation. The nature of the underlying genetic
changes that cause the observed phenotypic changes remains
unclear at present and is the subject of further investigation in
our lab. Multiple mutations were probably necessary to endow
TMB3001 with the ability to grow under strictly anaerobic
conditions on xylose, since direct selection on plates, in batch
cultures, or in chemostat cultures was not successful. This may
also explain to some extent why intense rational metabolic
engineering efforts have not yielded such strains (2, 10, 13).

After 460 generations, the population consisted of at least
two subpopulations with distinct phenotypes and thus exhib-
ited the heterogeneity (or polymorphism) that is often ob-
served during evolution experiments (11, 18, 23, 29, 34). The
phenotype of the smaller class I subpopulation, representing
one-third of the clones isolated, was rather similar to that of
parental strain TMB3001 on glucose but was significantly im-
proved on xylose. The best representative of these clones,
TMB3001C5, exhibited a 60% higher specific xylose uptake
rate and a fourfold-higher aerobic growth rate on xylose as the
sole carbon source than TMB3001 exhibited (Table 2). Con-
sequently, this strain accumulated up to 19% more ethanol
when it was grown anaerobically under process-like conditions
in a mixture containing 50 g of glucose per liter and 50 g of
xylose per liter (Fig. 3C). None of the class I clones, however,
grew anaerobically on xylose as the sole carbon source, either
under strictly anaerobic conditions or in the presence of con-
taminating O2. The phenotype of the more abundant class II
subpopulation was characterized by even more improved xy-
lose metabolism, and the clones were also able to grow on
xylose under strictly anaerobic conditions. The best represen-
tative of this subpopulation, TMB3001C1, exhibited a more-
than-threefold-higher specific xylose uptake rate and an eight-
fold-higher aerobic growth rate on xylose than TMB3001
exhibited (Table 2). All of the class II clones grew more slowly
and less efficiently on glucose than TMB3001 grew and exhib-
ited significantly increased overflow metabolism to acetate and

FIG. 5. OD600 and xylose concentration during strictly anaerobic
growth of TMB3001C1 in minimal medium with xylose as the sole
carbon source.

TABLE 2. Physiological parameters for TMB3001, TMB3001C5 (class I), and TMB3001C1 (class II) in aerobic batch cultures with 5 g of
xylose per liter

Strain Maximum growth rate
(h�1)

Specific xylose uptake rate
(g g�1 h�1) YX/S (g g�1) Maximum biomass concn

(g liter�1)

TMB3001 0.016a NDb ND 2.1c

TMB3001C5 0.064 0.13 � 0.00 0.50 � 0.02 1.9
TMB3001C1 0.119 0.27 � 0.02 0.45 � 0.04 2.0

a Aerobic growth on xylose as the sole carbon source was observed only after serial growth in YPX medium and YNB medium with 20 g of xylose per liter. The
standard deviation for duplicate experiments was �0.001.

b ND, not determined.
c The standard deviation was �0.02.
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glycerol (Fig. 4), indicating that there was a drastic reorgani-
zation of the central metabolism.

The inability of the class I subpopulation to grow anaerobi-
cally on xylose as the sole carbon source is surprising because
it stably reproduced in the anaerobic selection chemostat.
Moreover, the maximum anaerobic growth rate of all of the
clones isolated on xylose was significantly lower than the D in
the anaerobic selection chemostat; thus, these clones would be
expected to wash out. The most likely explanation for this
obvious discrepancy is the O2 contamination (�200 ppm) in
the technical N2 that was used to establish anaerobic condi-
tions in the bioreactor. This contamination was independently
verified by mass spectroscopy (data not shown). Although the
class I clone TMB3001C5 was incapable of anaerobic growth
on xylose even in the presence of contaminating O2, we showed
that this clone could grow on ethanol and possibly other met-
abolic by-products of the class II clones with the contaminating
O2 as an external electron acceptor. Likewise, the growth rate
of the class II clone TMB3001C1 was significantly higher than
the D of the anaerobic selection chemostat when the clone was
cultivated with contaminating O2. This finding is also consis-
tent with the obvious absence of strong selection pressure for
a high anaerobic growth rate on xylose during chemostat se-
lection, since faster-growing clones were readily selected

within comparatively few generations in strictly anaerobic
batch cultures.

The strategy which we used was a fruitful combination of
rational metabolic engineering to render a strain amenable to
selection and evolutionary techniques. Recently, two industrial
ethanol-producing strains were metabolically engineered with
the same xylose utilization pathway that was used here (35).
Compared to these industrial strains, the evolved strains de-
scribed here accumulated less xylitol, and some of the clones
had higher xylose consumption rates (e.g., TMB3001C1).
Moreover, the engineered industrial strains produced only
about 8% more ethanol than TMB3001 produced from a mix-
ture of glucose and xylose (35), while our best clone,
TMB3001C5, produced about 19% more ethanol than
TMB3001 produced (Fig. 3). Evolutionary engineering that
enables or improves substrate utilization is not confined to the
recombinant strain used here but can in principle be applied to
other substrates or organisms (e.g., the industrial strains de-
scribed above). As is the case for many pentoses in yeasts (5,
15), the organism subjected to selection should have the ge-
netic potential to utilize the new substrate. Evolution may then
be used to improve substrate utilization or to improve sub-
strate utilization under novel conditions. While simpler traits
may be directly selected for (20, 27), more complex, multigene
modifications require an evolutionary approach for stepwise
improvement (24).
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10. Hahn-Hägerdal, B., C. F. Wahlbom, M. Gardonyi, W. H. van Zyl, R. R.
Cordero Otero, and L. J. Jönsson. 2001. Metabolic engineering of Saccha-
romyces cerevisiae for xylose utilization. Adv. Biochem. Eng. Biotechnol.
73:53–84.

11. Helling, R. B., C. N. Vargas, and J. Adams. 1987. Evolution of Escherichia
coli during growth in a constant environment. Genetics 116:349–358.

12. 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.

13. Ho, N. W. Y., Z. Chen, A. P. Brainard, and M. Sedlak. 1999. Successful
design and development of genetically engineered Saccharomyces yeasts for
effective cofermentation of glucose and xylose from cellulosic biomass to fuel
ethanol. Adv. Biochem. Eng. Biotechnol. 65:163–192.

14. Jeffries, T. W. 1983. Utilization of xylose by bacteria, yeasts, and fungi. Adv.
Biochem. Eng. Biotechnol. 27:1–32.

15. Jeffries, T. W., and C. P. Kurtzman. 1994. Strain selection, taxonomy, and
genetics of xylose-fermenting yeasts. Enzyme Microb. Technol. 16:922–932.

16. Jeffries, T. W., and N.-Q. Shi. 1999. Genetic engineering for improved xylose
fermentation by yeasts. Adv. Biochem. Eng. Biotechnol. 65:117–161.

17. Kötter, P., and M. Ciriacy. 1993. Xylose fermentation by Saccharomyces
cerevisiae. Appl. Microbiol. Biotechnol. 38:776–783.

18. O’Kennedy, R. D., and J. W. Patching. 1999. The isolation of strains of
Saccharomyces cerevisiae showing altered plasmid stability characteristics by
means of selective continuous culture. J. Biotechnol. 69:203–214.

19. Ostergaard, S., L. Olsson, and J. Nielsen. 2000. Metabolic engineering of
Saccharomyces cerevisiae. Microbiol. Mol. Biol. Rev. 64:34–50.

20. Parekh, S., V. A. Vinci, and R. J. Strobel. 2000. Improvement of microbial
strains and fermentation processes. Appl. Microbiol. Biotechnol. 54:287–
301.

21. Patnaik, R., S. Louie, V. Gavrilovic, K. Perry, W. P. C. Stemmer, C. M. Ryan,
and S. del Cardayre. 2002. Genome shuffling of Lactobacillus for improved
acid tolerance. Nat. Biotechnol. 20:707–712.

22. Rohlin, L., M.-K. Oh, and J. C. Liao. 2001. Microbial pathway engineering
for industrial processes: evolution, combinatorial biosynthesis and rational
design. Curr. Opin. Microbiol. 4:330–335.

23. Rosenzweig, R. F., R. R. Sharp, D. S. Treves, and J. Adams. 1994. Microbial
evolution in a simple unstructured environment: genetic differentiation in
Escherichia coli. Genetics 137:1–13.

24. Sauer, U. 2001. Evolutionary engineering of industrially important microbial
phenotypes. Adv. Biochem. Eng. Biotechnol. 73:129–170.
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