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Lignocellulosic feedstocks are thought to have great economic and environmental significance for future
biotechnological production processes. For cost-effective and efficient industrial processes, complete and fast
conversion of all sugars derived from these feedstocks is required. Hence, simultaneous or fast sequential
fermentation of sugars would greatly contribute to the efficiency of production processes. One of the main
challenges emerging from the use of lignocellulosics for the production of ethanol by the yeast Saccharomyces
cerevisiae is efficient fermentation of D-xylose and L-arabinose, as these sugars cannot be used by natural S.
cerevisiae strains. In this study, we describe the first engineered S. cerevisiae strain (strain IMS0003) capable
of fermenting mixtures of glucose, xylose, and arabinose with a high ethanol yield (0.43 g g�1 of total sugar)
without formation of the side products xylitol and arabinitol. The kinetics of anaerobic fermentation of
glucose-xylose-arabinose mixtures were greatly improved by using a novel evolutionary engineering strategy.
This strategy included a regimen consisting of repeated batch cultivation with repeated cycles of consecutive
growth in three media with different compositions (glucose, xylose, and arabinose; xylose and arabinose; and
only arabinose) and allowed rapid selection of an evolved strain (IMS0010) exhibiting improved specific rates
of consumption of xylose and arabinose. This evolution strategy resulted in a 40% reduction in the time
required to completely ferment a mixture containing 30 g liter�1 glucose, 15 g liter�1 xylose, and 15 g liter�1

arabinose.

In recent years, the need for biotechnological manufacturing
based on lignocellulosic feedstocks has become evident (6, 10).
In contrast to the readily fermentable, mainly starch- or su-
crose-containing feedstocks used in current biotechnological
production processes, lignocellulosic biomass requires inten-
sive pretreatment and hydrolysis, which yield complex mixtures
of sugars (3, 7, 14, 27). For cost-effective and efficient industrial
processes, complete and fast conversion of all sugars present in
lignocellulosic hydrolysates is a prerequisite. The major hur-
dles encountered in implementing these production processes
are the conversion of substrates that cannot be utilized by the
organism of choice and, even more importantly, the subse-
quent improvement of sugar conversion rates and product
yields.

The use of evolutionary engineering has proven to be very
valuable for obtaining phenotypes of (industrial) microorgan-
isms with improved properties, such as an expanded substrate
range, increased stress tolerance, and efficient substrate utili-
zation (16, 17). Also, for the yeast Saccharomyces cerevisiae,
the preferred organism for large-scale ethanol production for
the past few decades, evolutionary engineering has been ex-
tensively used to select for industrially relevant phenotypes.
For ethanol production from lignocellulose by S. cerevisiae,

one of the main challenges is efficient conversion of the pen-
toses D-xylose and L-arabinose to ethanol. To deal with this
challenge, S. cerevisiae strains have been metabolically engi-
neered since the early 1990s for the conversion of xylose into
ethanol by the introduction of heterologous xylose utilization
pathways (for recent reviews, see references 9 and 20). Arabi-
nose utilization, however, has been addressed only quite re-
cently. The most successful approach for obtaining arabinose
consumption in S. cerevisiae has been the introduction of a
bacterial arabinose utilization pathway (5, 26). In addition to
metabolic engineering, extensive evolutionary engineering (by
prolonged cultivation of recombinant S. cerevisiae strains in
either anaerobic chemostat or repeated anaerobic batch cul-
tures) was required to obtain S. cerevisiae strains that ferment
either xylose (13, 19) or arabinose (5, 26) fast or to improve
fermentation performance with mixtures containing glucose
and xylose (12). In contrast, (evolutionary) engineering has still
not resulted in fast and efficient fermentation of both xylose
and arabinose to ethanol by a single recombinant S. cerevisiae
strain. At best, simultaneous utilization of xylose and arabinose
yielded large amounts of the undesirable side products xylitol
and arabinitol (11). Hence, a major remaining challenge is the
conversion of both xylose and arabinose with high ethanol
production rates and yields.

In a previous study, an S. cerevisiae strain was metabolically
engineered to obtain both xylose and arabinose utilization. For
this, the Piromyces XylA, S. cerevisiae XKS1, and Lactobacillus
plantarum araA, araB, and araD genes, as well as the endoge-
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nous genes of the pentose phosphate pathway (RPE1, RKI1,
TKL1, and TAL1), were overexpressed. Selection by sequential
batch cultivation under conditions with arabinose as the sole
carbon source resulted in strain IMS0002, which is capable of
fermenting arabinose to ethanol under anaerobic conditions
(26). Unfortunately, the ability to ferment xylose to ethanol
was largely lost during long-term selection for improved L-
arabinose fermentation. During anaerobic batch cultivation of
strain IMS0002 in a glucose-xylose-arabinose mixture, xylose
was not consumed completely and was converted to almost
equimolar amounts of xylitol. This loss of xylose metabolism
illustrates the limitations of selection in media supplemented
with a single carbon and energy source.

The goal of the present study was to evaluate and optimize
selection strategies for evolutionary optimization of the utili-
zation of substrate mixtures. Fermentation of glucose, xylose,
and arabinose mixtures by engineered S. cerevisiae strains was
used as the model.

MATERIALS AND METHODS

Strains and maintenance. The S. cerevisiae strains used in this study are listed
in Table 1. Culture samples from either shake flasks, chemostats, or (sequential)
batch cultivation were prepared by addition of 30% (vol/vol) glycerol and were
stored as 2-ml aliquots at �80°C.

Media and shake flask cultivation. Shake flask cultivation was performed at
30°C in synthetic medium (MY) containing 5 g liter�1 (NH4)2SO4, 3 g liter�1

KH2PO4, 0.5 g liter�1 MgSO4 � 7H2O, 0.05 ml liter�1 silicon antifoam, and trace
elements (23). For cultivation in shake flasks, the pH of the medium was adjusted
to 6.0 with 2 M KOH prior to sterilization. After heat sterilization (121°C, 20
min), a filter-sterilized vitamin solution (23) and an appropriate carbon and
energy source were added. Shake flask cultures were prepared by inoculating 100
ml medium containing the appropriate sugar in a 500-ml shake flask with a
frozen stock culture and were incubated at 30°C in an orbital shaker (200 rpm).

Solid MY plates containing 20 g liter�1 xylose (MY-X) or 20 g liter�1 arabi-
nose (MY-A) were prepared by adding 1.5% agar to MY. Plates were incubated
at 30°C until growth was observed.

Chemostat cultivation. Anaerobic chemostat cultivation was carried out at
30°C in 2-liter laboratory fermentors (Applikon, Schiedam, The Netherlands)
with a working volume of 1 liter. Cultures were grown in MY supplemented with
0.01 g liter�1 ergosterol, 0.42 g liter�1 Tween 80 dissolved in ethanol (1, 2),
silicon antifoam, trace elements (23), and the appropriate carbon and energy
source and were maintained at pH 5.0 by automatic addition of 2 M KOH.
Cultures were stirred at 800 rpm and sparged with 0.5 liters min�1 nitrogen gas
(�10 ppm oxygen). To minimize diffusion of oxygen, the fermentors were
equipped with Norprene tubing (Cole Palmer Instrument Company, Vernon
Hills, IL). In addition, the presence of oxygen was monitored with an oxygen
electrode (Applisens, Schiedam, The Netherlands). After inoculation and com-
pletion of the batch phase, chemostat cultivation was initiated by addition of MY
containing 20 g liter�1 xylose and 20 g liter�1 arabinose (MY-XA) to the
fermentor at a fixed dilution rate. The working volume of the culture was kept
constant using an effluent pump controlled by an electric level sensor.

Sequential batch cultivation. For anaerobic sequential batch cultivation (in
sequential batch reactors [SBR]) the fermentor setup and MY composition that
were used for chemostat cultivation were used. Each fermentor was filled to
obtain a working volume of 1 liter using a feed pump controlled by an electric
level sensor. When the carbon and energy source was depleted, as indicated by
a CO2 level in the exhaust gas that was less than 0.05% after the CO2 production
peak, a new cycle of batch cultivation was initiated by either manual or auto-
mated replacement of approximately 90% of the culture with fresh synthetic
medium containing the appropriate carbon and energy source. For each cycle,
the maximum specific growth rate (�max) was estimated from the CO2 profile in
the exponential growth phase.

Preparation of single-colony-isolate cultures. Culture samples, either from the
chemostat or from sequential batch cultures, were diluted and spread on solid
MY-A and incubated at 30°C until colonies appeared. Separate colonies were
restreaked twice on solid MY-A. Single colonies were cultivated at 30°C in shake
flasks containing 100 ml MY-A. Frozen stock cultures were prepared by addition
of sterile 30% (vol/vol) glycerol in the stationary growth phase and storage of
2-ml aliquots at �80°C.

Batch cultivation. To characterize single-colony isolates selected from the
long-term chemostat and sequential batch cultures, anaerobic batch cultivation
was performed in 1 liter of MY containing 30 g liter�1 glucose, 15 g liter�1

D-xylose, and 15 g liter�1 L-arabinose, using a fermentor setup similar to that
used for the chemostat and sequential batch cultivation experiments. Inocula for
the anaerobic batch fermentations were prepared by cultivation at 30°C in shake
flasks containing MY-A.

Determination of biomass dry weight. Culture samples (10.0 ml) were filtered
with preweighed nitrocellulose filters (pore size, 0.45 �m; Gelman Laboratory,
Ann Arbor, MI). After filtration of the broth, the biomass was washed with
demineralized water, dried in a microwave oven for 20 min at 360 W, and
weighed. Duplicate determinations varied by less than 1%.

Gas analysis. Exhaust gas from the anaerobic fermentor cultures was cooled
in a condenser (2°C) and dried with a Permapure dryer (type MD-110-48P-4;
Permapure, Toms River, NJ). Oxygen and carbon dioxide concentrations were
determined with an NGA 2000 analyzer (Rosemount Analytical, Orrville, OH).
The exhaust gas flow rate and specific carbon dioxide production rates were
determined as described previously (21, 24). When the cumulative carbon diox-
ide production was calculated, volume changes caused by withdrawing culture
samples were taken into account.

Metabolite analysis. Glucose, xylose, arabinose, xylitol, arabinitol, organic
acids, glycerol, and ethanol were analyzed by high-performance liquid chroma-
tography using a Waters Alliance 2690 high-performance liquid chromatograph
(Waters, Milford, MA) equipped with a Bio-Rad HPX 87H column (Bio-Rad,
Hercules, CA), a Waters 2410 refractive index detector, and a Waters 2487 UV
detector. The column was eluted at 60°C with 0.5 g liter�1 sulfuric acid at a flow
rate of 0.6 ml min�1.

Carbon recovery. Carbon recovery was calculated by dividing the amount of
carbon in the products formed by the total amount of sugar carbon consumed
and was based on a biomass carbon content of 48%. To correct for ethanol
evaporation during fermentation, the amount of ethanol produced was assumed
to be equal to the measured cumulative production of CO2 minus the CO2

production that occurred due to biomass synthesis (5.85 mmol CO2 per g bio-
mass [22]) and acetate formation.

Rate calculation. For calculation of the specific rates of glucose, arabinose and
xylose consumption, the time-dependent sugar concentrations [y(t)] were fitted
with the following sigmoidal equation:

TABLE 1. S. cerevisiae strains used in this study

Strain Characteristics Reference

IMS0002 MATa ura3-52 leu2-112
loxP-PTPI::(�266,�1)TAL1 gre3::hphMX
pUGPTPI-TKL1 pUGPTPI-RPE1
loxP-PTPI::(�40,�1)RKI1 {pRW231,
pRW243}; strain harboring Piromyces sp.
strain E2 XylA and Lactobacillus
plantarum araA and araD on 2�-based
plasmid pRW231 and XKS1 and L.
plantarum araB on integration plasmid
pRW243; selected for anaerobic growth
on L-arabinose

26

IMS0003 Single-colony isolate of strain IMS0002
cultivated anaerobically on solid MY-X;
capable of cofermenting mixtures of
glucose, xylose, and arabinose to ethanol

This study

IMS0007 Single-colony isolate obtained after long-
term chemostat cultivation in MY-XA

This study

IMS0010 Single-colony isolate obtained after repeated
consecutive batch cultivation in MY
supplemented with a mixture of glucose,
xylose, and arabinose as the carbon and
energy sources, in MY supplemented with
a mixture of xylose and arabinose as the
carbon and energy sources, and in MY
supplemented with arabinose as the sole
carbon and energy source

This study
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y�t� � A2 �
�A2 � A1�

1 � e� t � t0

B�t � C�

where A1 is the initial value (left horizontal asymptote), A2 is the final value
(right horizontal asymptote), t0 is the center (point of inflection), and B � t � C
is the time-dependent width �, which was defined as the change in t correspond-
ing to the most significant change in y.

For each time point, the specific sugar consumption rates were calculated by
dividing the derivative of the fitted curves by the dry weight.

RESULTS

Cofermentation of glucose, xylose, and arabinose by S. cer-
evisiae IMS0003. In a previous study, we described construc-
tion and evolutionary optimization of S. cerevisiae strain
IMS0002, which is capable of fermenting arabinose to ethanol
under anaerobic conditions (26). Although this strain was en-
gineered for both xylose and arabinose utilization, the ability to
ferment xylose to ethanol was lost during the long-term selec-
tion for anaerobic L-arabinose fermentation. The ability to
ferment xylose was recovered by anaerobic cultivation of single
colonies of strain IMS0002 on solid MY-X at 30°C. Small
colonies appeared after 10 days, and after 30 days of incuba-
tion, colonies were transferred to solid MY-A again to confirm
that the organism could grow on arabinose. A single colony
was restreaked twice on solid MY-A, cultivated in a shake flask
containing MY-A, and designated strain IMS0003. To verify
that there was anaerobic utilization of both xylose and arabi-
nose, strain IMS0003 was cultivated anaerobically in MY sup-
plemented with a mixture containing 30 g liter�1 glucose, 15 g
liter�1 D-xylose, and 15 g liter�1 L-arabinose. All sugars
present were consumed within approximately 60 h, as shown by
the sugar consumption profiles (Fig. 1A). The xylose and arabi-
nose profiles had a long “tail,” indicating that further improve-
ment of the affinity for these sugars is possible.

Minor improvement of the fermentation kinetics by pro-
longed chemostat cultivation on xylose-arabinose mixtures. To
select for spontaneous mutants with an improved affinity for
xylose and arabinose, strain IMS0003 was cultivated in an
anaerobic chemostat containing MY-XA at a dilution rate of
0.03 h�1. For the first 6 days, the steady-state xylose and arabi-
nose concentrations were stable at 10.4 and 4.0 g liter�1, re-
spectively (Fig. 2). After this, a decrease in the residual xylose
concentration from 10 g liter �1 to approximately 1.3 g liter �1

was observed, while the dry weight of cells increased from 1.9
to 2.5 g liter �1. This resulted in an increase in the specific
xylose consumption rate from 0.15 to 0.21 g g (dry weight)�1

h�1. The specific arabinose consumption rate, however, de-
creased from 0.24 to 0.19 g g (dry weight)�1 h�1 as a result of
only a minor decrease in the residual arabinose concentration
and the increased dry weight of cells. As expected for chemo-
stat cultivation without drastic shifts in the biomass yield, the
sum of the specific consumption rates of the two pentoses
remained constant at approximately 0.4 g g (dry weight)�1 h�1

throughout the first 21 days of cultivation.
After 21 days, the dilution rate was increased to 0.05 h�1.

After the initial increase in the residual arabinose concentra-
tion due to the increased dilution rate, the only significant
change during this phase was a decrease in the residual arabi-
nose concentration. After approximately 40 days of selective
chemostat cultivation, a sample was removed, and multiple

single colonies were isolated. The behavior of cultures result-
ing from evolutionary engineering can be due to either one
dominant strain or a mixture of strains with different pheno-
types. To exclude the latter possibility, where none or very few
of the individual strains had the phenotype of the combined
culture, two randomly selected single-colony isolates were
compared to the heterogeneous sample from the chemostat by
recording the CO2 production profile during anaerobic batch
cultivation in MY supplemented with 30 g liter�1 glucose, 15 g
liter�1 D-xylose, and 15 g liter�1 L-arabinose. Since these two
single-colony isolates appeared to be representative of the
phenotype of the heterogeneous sample, no additional isolates
were characterized. The sugar consumption profile of single-
colony isolate IMS0007 (Fig. 1B) showed that the total time
necessary to consume the three sugars was only approximately
5 h less than the time necessary for strain IMS0003 to consume
the three sugars (Fig. 1A).

Fermentation kinetics deteriorated after selective repeated
batch cultivation with a xylose-arabinose mixture. As de-
scribed above, prolonged cultivation in the chemostat resulted
in only a minor improvement in the fermentation performance
in medium containing a mixture of glucose, xylose, and arabi-
nose (Fig. 1). To obtain an S. cerevisiae strain with either
improved xylose and arabinose coconsumption or faster se-
quential consumption of both pentose sugars, further selection
was performed using automated SBRs. To do this, anaerobic
SBR cultivation in MY-XA was performed. The selective SBR
cultivation was started by inoculation with a sample from the
previous chemostat selection, after which the repeated anaer-
obic batch cultivation regimen was performed by automated
emptying and filling of the fermentor with MY-XA at the end
of each batch after both pentoses were consumed. When the
CO2 production profiles of the individual sequential batches
were compared, a clear increase in the maximum CO2 produc-
tion rate and a progressively faster increase in CO2 production
were observed (Fig. 3A), which were confirmed by the increase
in the �max from 0.08 to 0.13 h�1 (Fig. 3B). Interestingly, the
increase in the �max was accompanied by a gradual shift from
a single CO2 production peak in the first cycle of the SBR to a
typical diauxic CO2 production profile in cycle 16 (Fig. 3A).
Analyses of sugars in supernatant samples from the SBR cul-
tivation showed that the increase in the �max was a result of
increasingly higher xylose consumption rates. The arabinose
consumption rates, however, decreased during SBR selection.
Clearly, the consumption phases for xylose and arabinose were
separated more over time, which eventually resulted in an
increase in the total time necessary to completely consume
xylose and arabinose from 55 h to more than 70 h (Fig. 3A).
The deteriorating arabinose consumption was confirmed by
anaerobic batch cultivation of a 100-ml sample from the SBR
culture (batch 13) in MY supplemented with 30 g liter�1 glu-
cose, 15 g liter�1 D-xylose, and 15 g liter�1 L-arabinose. Sugar
analysis of supernatant samples revealed that the arabinose
consumption phase was delayed and longer than that of che-
mostat isolate IMS0007, which was confirmed by the long “tail”
of the CO2 production profile (Fig. 3C).

Substantially improved fermentation kinetics due to re-
peated consecutive anaerobic batch cultivation in media with
alternating glucose, xylose, and arabinose compositions. Re-
peated batch cultivation in medium with a fixed sugar compo-
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sition (MY-XA) resulted in a shift from coconsumption of
xylose and arabinose to more sequential utilization of the two
sugars. One explanation of this is that the starting culture
started consuming xylose before it started consuming arabi-
nose. As a consequence, the number of generations of growth

on xylose was higher than the number of generations of growth
on arabinose, resulting in an undesired increase in the selec-
tion pressure for faster growth on xylose alone and a reduction
in the selection pressure for improved growth on arabinose. To
select for cells that exhibited improved rates of consumption of

FIG. 1. Product formation and sugar consumption (A, B, and C) and specific consumption rates (D, E, and F) during anaerobic batch
cultivation of strains IMS0003 (A and D), IMS0007 (B and E), and IMS0010 (C and F) in MY containing a mixture of 30 g liter�1 glucose, 15 g
liter�1 D-xylose, and 15 g liter�1 L-arabinose. The data are data from single batch cultivations and are representative of duplicate experiments. To
correct for small differences in the initial biomass, the profiles were aligned using the beginning of the glucose consumption peak. Ethanol
concentrations were derived from the cumulative CO2 production. (A, B, and C) Symbols: �, concentration of glucose; F, concentration of xylose;
E, concentration of arabinose; }, concentration of ethanol; �, dry weight of cells. (D, E, and F) Symbols: F, specific consumption rate for xylose;
E, specific consumption rate for arabinose; f, sum of the specific consumption rates for the two pentoses. DW, dry weight of cells.
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both xylose and arabinose, the selection pressure for utilization
of arabinose was enhanced by increasing the number of gen-
erations of cells growing on arabinose without compromising
the selection pressure for xylose. To accomplish this, a new
selective anaerobic SBR cultivation strategy was designed, con-
sisting of three consecutive phases of cultivation in (i) MY
containing 20 g liter�1 glucose, 20 g liter�1 xylose, and 20 g
liter�1 arabinose (MY-GXA), (ii) MY-XA, and (iii) MY-A.

The new SBR selection regimen was started by inocula-
tion with a (whole-broth) sample taken from the selective
chemostat cultivation. Consecutive cultivation in MY-GXA,

MY-XA, and MY-A resulted in typical CO2 production
profiles, as shown by the profiles for cycle 1 in Fig. 4A.
During cultivation in MY-GXA, glucose was consumed first,
followed by xylose and arabinose, and this resulted in a
typical diauxic CO2 production pattern. Xylose and arabi-
nose were consumed simultaneously during batch cultiva-
tion in MY-XA, which was illustrated by the single CO2

production peak. When the complete three-phase cycle was
repeated 20 times, progressively increasing CO2 production
rates were observed for the three medium compositions,
which was shown by the gradual increase in the �max. Within
20 cycles of batch cultivation, the �max (as determined by
CO2 production) increased from 0.19 h�1 to approximately
0.23 h�1 in MY-GXA and from 0.08 to 0.12 h�1 in MY-XA
(Fig. 4B). Only a minor increase in the growth rate was
observed for batch cultivation with arabinose as the sole
carbon source. In addition to the increased �max values, the
total time necessary to consume all sugars present in the
medium was substantially reduced from 50 h to approxi-
mately 35 h for MY-GXA and from 50 to 30 h for MY-XA
(Fig. 4A). Furthermore, the single CO2 production peak for
the batch cultivation in MY-XA indicates that the ability to
utilize xylose and arabinose simultaneously was preserved
during the repeated batch cultivation; this is in contrast to
the findings obtained previously with SBR using medium
with a fixed sugar composition. In addition to improved
coconsumption of xylose and arabinose, the batch cultiva-
tion times in medium with only arabinose were shortened
from approximately 55 to 40 h.

After 20 cycles of repeated batch cultivation, a sample was
removed, and single colonies were isolated by plating on solid
MY-A. Two single-colony isolates were characterized to deter-
mine their CO2 production profiles with a mixture containing 30 g
liter�1 glucose, 15 g liter�1 xylose, and 15 g liter�1 arabinose, and
they were found to be representative of the sample obtained
directly from the SBR. One of the single-cell isolates, designated
strain IMS0010, was used for further characterization. Compari-
son of the sugar consumption and ethanol production profiles of
strains IMS0007 and IMS0010 (Fig. 1B and 1C) revealed that the
total time necessary to ferment the glucose-xylose-arabinose mix-
ture was reduced from 55 h to approximately 35 h.

FIG. 2. Residual sugar concentrations, dry weights of cells, and
specific consumption rates during selective anaerobic chemostat culti-
vation of S. cerevisiae strain IMS0003 in MY with medium reservoir
concentrations of xylose and arabinose of 20 and 20 g liter�1, respec-
tively. The dotted vertical line at 21 days indicates the shift of the
dilution rate from 0.03 to 0.05 h�1. Symbols: F, concentration of
xylose; E, concentration of arabinose; }, dry weight of cells; f, specific
consumption rate for xylose; �, specific consumption rate for arabi-
nose. D, dilution rate; DW, dry weight of cells; q, specific consumption
rate.

FIG. 3. (A and B) CO2 production profiles (A) and estimated �max derived from CO2 production (B) during repeated anaerobic batch
cultivation in MY-XA. Gray line, batch 2; dotted line, batch 7; dashed line, batch 12; solid black line, batch 16. (C) CO2 production profiles during
anaerobic batch cultivation in MY containing 30 g liter�1 glucose, 15 g liter�1 D-xylose, and 15 g liter�1 L-arabinose inoculated with a 100-ml
sample taken from the repeated batch cultivation (solid black line) compared to strain IMS0003 (solid gray line) and single-colony isolate IMS0007
(dashed line). To correct for small differences in the initial biomass, the profiles were aligned using the beginning of the glucose consumption peak.
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Fermentation characteristics and kinetics of strains se-
lected for improved mixed-sugar fermentation. To compare
physiological characteristics of the S. cerevisiae strains obtained
by the different selection methods described in this paper,
anaerobic batch cultivation of strains IMS0003, IMS0007, and
IMS0010 in mixtures containing 30 g liter�1 glucose, 15 g
liter�1 xylose, and 15 g liter�1 arabinose was performed (Fig.
1). Strain IMS0003 was able to consume the sugar mixture
within approximately 65 h (Fig. 1A), and the maximum specific
consumption rates (qmax) were 0.27 and 0.23 g g (dry weight)�1

h�1 for xylose and arabinose, respectively (Fig. 1D and Table
2). As expected from the marginal reduction in total fermen-
tation time after chemostat selection, no drastic changes in
sugar consumption occurred when IMS0003 and IMS0007
were compared. While the qmax for xylose increased from 0.21
to 0.31 g g (dry weight)�1 h�1, the qmax for arabinose did not
change significantly (Table 2). The slightly improved cocon-
sumption of both pentoses observed for IMS0007 is illustrated
by the increased sum of the two pentose-specific consumption
rates (Fig. 1E) compared to that of IMS0003.

The strain resulting from repeated consecutive batch cul-
tivation with sugar mixtures having alternating compositions
(IMS0010) exhibited clearly improved fermentation perfor-
mance. While the qmax for xylose, 0.35 g g (dry weight)�1

h�1, was comparable to that of strain IMS0007, arabinose
was consumed with a qmax of 0.53 g g (dry weight)�1 h�1,
which corresponded to a twofold increase compared to
strain IMS0007 (Fig. 1F and Table 2). As a result, the sum
of the specific consumption rates of the two pentoses in-
creased 1.5-fold (Fig. 1F), which contributed to a great
extent to the reduction in the total fermentation time from
55 h to approximately 35 h (Fig. 1C).

All three xylose- and arabinose-consuming strains de-
scribed in this study exhibited high ethanol yields (0.43 to
0.44 g g�1 of total sugar) (Table 2). In line with these yields,
the levels of xylitol and arabinitol remained below the de-
tection level. This indicated that the ethanol yields were not
(negatively) affected either by the chemostat selection or the
selective sequential batch cultivation. The biomass yield of
strain IMS0010, however, was significantly higher than that
of strains IMS0003 and IMS0007. The increased biomass
yield of strain IMS0010 can be explained as an effect of a
decreased cumulative energy requirement for maintenance
as a result of the decreased fermentation times.

DISCUSSION

The use of evolutionary engineering has proven to be a very
successful tool for selecting for recombinant S. cerevisiae
strains capable of anaerobically utilizing sugars such as xylose
and arabinose (5, 13, 19, 26). Natural selection even enabled a
non-metabolically engineered S. cerevisiae strain to utilize xy-
lose as a sole carbon and energy source, which demonstrates
that trace activities of enzymes in the targeted metabolic route
can result in growth, provided that strong selection pressure is
applied (4). Hitherto, research on evolutionary engineering of
pentose utilization by S. cerevisiae has focused primarily on the
use of single sugars, and there have been only a few examples
of improved utilization of multiple sugars (12). Improvement
of the utilization of multiple substrates has specific challenges,
as it is rather complicated to select for multiple mutations in
different metabolic routes that require different kinds of (po-
tentially conflicting) selective pressure (17). In line with this
observation, previous evolutionary engineering for anaerobic
utilization of arabinose as the sole carbon source resulted in
the loss of the xylose-utilizing capacities of an engineered S.
cerevisiae strain (26).

Given the complexity of biomass hydrolysates, evolutionary
engineering strategies that enable efficient utilization of mix-
tures containing three (or more) different sugars are required.
The sequencing batch evolution strategy with 20 g liter�1 xy-
lose and 20 g liter�1 arabinose (Fig. 3) clearly demonstrated
that a slight preference for xylose over arabinose resulted in
increasingly more generations on xylose and thus a shift of the
selection pressure to the preferred sugar. Although, as a result,
growth on xylose improved dramatically, the deteriorated ki-
netics of arabinose utilization resulted in overall less favorable
fermentation characteristics. If the expression of a native or
heterologous pathway for a less-preferred substrate confers
even a slight selective disadvantage (for example, via protein
burden [18]), repeated cultivation on a fixed substrate mixture
may ultimately select for strains that exhibit the well-known
phenomenon of diauxic growth (15). To minimize such un-
equal selection pressure on the utilization of glucose, xylose,
and arabinose, a novel selection strategy involving consecutive
anaerobic batch cultivation in MY-GXA, MY-XA, and MY-A
was used. This selection strategy allows more even distribution
of the number of generations grown on each carbon source,

FIG. 4. CO2 production profiles (A) and estimated �max derived from the CO2 production profiles (B) during anaerobic SBR cultivation with
repeated cycles consisting of consecutive cultivation in MY-GXA, MY-XA, and MY-A. (A) Gray line, cycle 1; dotted line, cycle 7; dashed line,
cycle 13; solid black line, cycle 20. (B) Symbols: F, MY-GXA; f, MY-XA; Œ, MY-A.
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even when cells have a preference for one substrate over an-
other.

The regimen involving repetitive consecutive cultivation
with the three different sugar mixtures yielded an S. cerevisiae
strain (strain IMS0010) that exhibited rapid anaerobic fermen-
tation of mixtures of glucose, xylose, and arabinose to ethanol.
The underlying genetic changes involved in the improvement
in xylose and arabinose utilization by the evolved strain
IMS0010 remain to be investigated. The possible changes in-
clude mutations that resulted in improved codon usage of
introduced genes, as codon optimization for AraA, AraB, and
AraD in engineered S. cerevisiae strains has been shown to
result in improved arabinose conversion rates (25). Alterna-
tively, changes in plasmid copy numbers may have played a
role in fine-tuning the levels of expression of introduced genes,
as described previously for S. cerevisiae strains evolved for
lactose utilization (8). Interestingly, the specific combined pen-
tose consumption rate of IMS0010 nearly equals the maximum
xylose consumption rate of RWB218 with glucose-xylose mix-
tures (12), which might indicate that there is a common flux-
controlling step during pentose utilization by these strains.

In plant biomass hydrolysates, xylose, and especially arabi-
nose comprise only a small fraction of the total carbon. The use
of such hydrolysates for evolutionary engineering would limit
the selection pressure for the substrates that are less preferred
by the organism of choice and therefore might not result in
improved kinetics for utilization of the minor components of
the medium. A simple solution would be to add these sub-
strates to the hydrolysates in various stages of the evolutionary
engineering process to obtain enough generations on the de-
sired substrates. In this way, rapid consumption of the less
predominant substrates, which often are crucial for the overall
process economics, in the production environment may be
achieved. Equal selection pressures for multiple sugars can be
achieved in multiple ways, and the fermentation setup de-
scribed above is not unique. For example, repeated cultivation
with a (fixed) mixture of 5 g liter�1 glucose, 15 g liter�1 xylose,
and 45 g liter�1 arabinose would also result in a more even
distribution of the selection pressures. However, although the
number of generations is expected to be similar, the simulta-
neous presence of various sugars at high (repressing) concen-
trations in the strategy described in this paper add selective
pressure for rapid subsequent or even partially simultaneous
use of the substrates.

To our knowledge, the strategy described here for improving
the utilization of mixtures of three or more substrates via
consecutive batch cultivation in media with alternating sugar
compositions has not been described previously. Moreover,
although the strategy has to be tested in practice, its applica-
tions do not seem to be limited to the selection of improved S.
cerevisiae phenotypes for ethanol production; this strategy
might also be applicable to other microorganisms used in (in-
dustrial) biotechnological processes based on the conversion of
lignocellulosic hydrolysates or other substrate mixtures.
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