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ABSTRACT

Aim: Optimizing D-xylose transport and consumption in Saccharomyces 
cerevisiae is essential for efficient utilization and cost-efficient cellulosic 
bioethanol production. 

Methods and Results: An evolutionary engineering approach was used 
to elevate D-xylose consumption in a xylose-fermenting S. cerevisiae 
strain carrying the D-xylose specific N367I mutation in the endogenous 
chimeric Hxt36 transporter. The strain carries a quadruple hexokinase 
deletion that prevents glucose utilization, and allows for the selection of 
improved growth rates on D-xylose in the presence of high D-glucose 
concentrations. 

Results: Evolutionary engineering resulted in improved D-xylose con-
sumption rates in the presence of D-glucose which could be attributed 
to improved D- xylose uptake via increased expression of a novel chi-
meric Hxt37 N367I transporter. Re-introduction of Hxk2 (and other 
hexokinases) in the evolved mutant restores D-glucose utilization how-
ever resulted in decreased D-glucose consumption rates as compared 
to the original strain. The evolutionary engineering lineage showed 
a progressive increase in D-xylose consumption concomitantly with 
decreased D-glucose consumption. Overall, there was net reduced 
sugar consumption and consequently reduced growth rates. How-
ever, D-glucose consumption, in medium containing only D-glucose, 
was not affected. The evolved strains showed the accumulation of 
trehalose-6-phosphate which inhibits hexokinase. RNA sequencing 
revealed increased expression levels of the trehalose pathway genes 
TPS1 and TSL1. Upon the deletion of TPS3 and TSL1, which is also part 
of the trehalose complex, in the evolved strain, the intra-cellular treha-
lose-6-phosphate concentration decreased significantly concomitantly 
with improved D-glucose consumption and growth. This yielded a strain 
with improved D-glucose and D-xylose co-consumption. 

Conclusions: Enhanced D-xylose transport results in an elevated 
rate of D- xylose consumption but this is accompanied by decreased 
D-glucose consumption rates that can be linked to elevated levels of 
trehalose- 6-phosphate in the cell. Trehalose-6-phosphate is an inhibitor 

of hexokinases. Deletion of the trehalose pathway regulators Tps3 or 
Tsl1 in this genetic background causes a significant increase in D-glucose 
consumption while maintaining high D-xylose transport and consump-
tion rates. 

Keywords: Sugar transport, D-xylose transporter, trehalose-6-phos-
phate, bioethanol, Yeast, glycolysis

INTRODUCTION

Bioethanol is a promising candidate as an alternative source of energy 
in an era of increasing fossil fuel deficit. Bioethanol is mostly used as 
blending agent with gasoline to cut down carbon monoxide and other 
smog-causing emissions. Traditional carbohydrate rich biomass from e.g., 
corn or wheat, can be fermented to make bioethanol. However this raises 
a separate conflict, the conflict between food and fuel as they share the 
same origin (1). This has stimulated research for alternative methods of 
producing bioethanol e.g., via the usage of lignocellulosic biomass to 
produce bioethanol. Lignocellulosic plant biomass, as a by-product of 
agriculture and forestry, contains a considerable amount of D-xylose 
along with D-glucose, in a typical mass ratio of 1:2 (4, 5). Saccharomyces 
cerevisiae can be used to make bioethanol from lignocellulosic plant bio-
mass however only upon the expression of a xylose reductase and xylitol 
dehydrogenase (Jeffries and Jin 2004; Hahn-Hagerdal et al. 2007; Young 
et al. 2011; Bera et al. 2011) or a xylose isomerase (10, 105). In this way, 
D-xylose consumption can be achieved. Xylose isomerase allows the 
interconversion between D-xylose and D-xylulose, the latter of which 
can be phosphorylated by the xylulose kinase Xks1, which has been 
overexpressed in engineered strains (105, 126, 154). The resulting D- 
xylulose-5-phosphate enters the pentose phosphate pathway (PPP) and, 
via glyceraldehyde-3-phosphate and fructose-6-phosphate, D-xylose 
catabolism is connected to glycolysis and subsequent ethanol fermenta-
tion. Although various mutations like e.g., the deletion of Gre3 (91, 155, 
156) have improved D-xylose consumption on solely D-xylose, transport 
of D-xylose into the cell, in the presence of D- glucose, remained a major 
hurdle in order to obtain co-consumption of D-glucose and D-xylose (70, 
106, 107). Due to these transport issues, xylose-fermenting S. cerevisiae 
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143INTRODUCTION MATERIALS AND METHODS

strains first consume D-glucose, before D-xylose is metabolized (106). In 
an industrial setting, it is preferred that both sugars are fermented simul-
taneously and at high rates (121) to generate an economically feasible 
and robust process. The preferred D-glucose consumption of S. cerevisiae 
is the direct result of the sugar specificities of the hexose transporters 
(Hxt) (36, 94). The hexose transporters are specific for D-glucose and 
their affinity for this sugar is, on average, a 100-fold higher compared to 
D-xylose (7, 106). This prevents efficient D-xylose transport in the pres-
ence of high(er) concentrations of D-glucose (56). Various approaches 
have been used to improve D-xylose transport including the introduction 
of specific D-xylose transporters derived from other organisms, but, 
in general, the D-xylose transport rates (Vmax) are insufficient to allow 
for maximal growth and rapid conversion rates (48, 53, 54, 70, 116). In 
recent studies D-xylose transport, in the presence of D-glucose, has 
improved dramatically based on the mutagenesis of endogenous Hxt 
transporters. This specifically concerns a conserved asparagine (at po-
sition 366, 376, 370 and 376, in Hxt11 (71), Hxt36 (72), Hxt7 (65) and 
Gal2 (Farwick et al. 2014; Verhoeven et al. 2018), respectively) which, 
when mutated, results in a reduced D-glucose affinity with little impact 
or even an improved affinity for D-xylose. D-xylose, unlike D-glucose, 
lacks the aldehyde group, and therefore still is able to bind. In a previous 
study (72) evolutionary engineering, of a D-glucose metabolism deficient 
strain (lacking all four hexokinases), was conducted where the yeast 
strain was selected for improved growth on D-xylose in the presence of 
high and inhibitory concentrations of D-glucose. In the evolved strain, 
D-xylose transport was desensitized for D-glucose inhibition because of 
a mutation of the asparagine 367 into an isoleucine or alanine. Although 
the required specificity gain was achieved, the maximal transport rate 
(Vmax) for D-xylose was decreased compared to the parental strain. Thus, 
the evolved hexokinase deletion strain (DS71054-evoB) showed a de-
creased growth rate on mineral medium containing 1 % D-xylose and 
10 % D-glucose as compared to 1 % D-xylose only (72).

Here we have employed further evolutionary engineering and site 
directed mutagenesis with the goal to obtain maximal growth rates on 
D-xylose in the presence of D-glucose. This resulted in a set of new 
evolved strains that show the desired phenotype, but that upon re- 
induction of hexokinases show reduced rates of D-glucose metabolism 
in co-fermentation experiments. The latter is due to the inhibition of 

hexokinases by the elevated levels of D-xylose entering the cell and 
the accumulation of trehalose-6-phosphate.

MATERIALS AND METHODS

YEAST STAINS, MEDIA AND CULTURE CONDITIONS

Xylose-fermenting S. cerevisiae strains used in this study were pro-
vided by DSM Bio-based Products & Services and described else-
where (Supplemental table 1). They are made available for academic 
research under a strict Material Transfer Agreement with DSM (contact: 
paul.waal-de@dsm.com). Aerobic chemostat cultures of S. cerevisiae for 
the evolutionary engineering were grown in mineral medium (MM) sup-
plemented with vitamin solution and trace elements (136) in a 500 ml 
working-volume laboratory fermenter at a temperature of 30 °C and 
pH 4.5 (Applikon, Schiedam, the Netherlands). The dissolved oxygen 
(DO) set point was 20 %, stirring was performed at 400 rpm and the 
OD600 was kept between 2–3 via CO2 off-gas measurements. Aerobic 
shake flask experiments were done at 200 rpm in mineral medium 
supplemented with 1 % D-xylose and 10 % D-glucose. In the fermen-
tation experiments (on 7 % D-glucose and 3 % D-xylose or solely 7 % 
D- glucose) a starting OD600 of 2.0 was used. Cell growth was monitored 
by optical density (OD) at 600 nm using an UV-visible spectrophotom-
eter (Novaspec PLUS).

ANALYTICAL METHODS

High performance liquid chromatography (Shimadzu, Kyoto, Japan) was 
performed using an Aminex HPX-87H column at 65 °C (Bio-RAD) and a 
refractive index detector (Shimadzu, Kyoto, Japan) was used to measure 
the concentrations of D-glucose, D-xylose, acetic acid and ethanol. The 
mobile phase was 0.005 N H2SO4 at a flow rate of 0.55 ml/min. The 
analysis of intracellular metabolites was performed with an Accella1250 
HPLC system using an Aminex HPX-87H column at 60 °C (Bio-RAD) 
coupled with the ES-MS Orbitrap Exactive (Thermo Fisher Scientific, 
CA, USA). The intracellular concentrations of glucose-6-phosphate, 
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145MATERIALS AND METHODS MATERIALS AND METHODS

ATP/ADP and NAD+/NADH were measured using the Glucose-6-Phos-
phate Assay Kit, the ATP Assay Kit and the NAD/NADH Quantitation 
Kit (all from Sigma-Alldrich, Zwijndrecht, The Netherlands), respectively 
and performed as described by manufacturer.

INTRACELLULAR METABOLITE EXTRACTION 

Cell free extracts of all strains complemented with Hxk2 and grown 
in MM containing 7 % D-glucose and 3 % D-xylose were isolated after 
12 hours using an ethanol boiling method (157) with minor changes. 
Cells were collected and quenched by adding 60 % methanol of −40 °C 
and snap-frozen at −80 °C. Each tube containing 1.5 mg dry weight cells 
was taken from the −80 °C freezer and 1 ml 75 % (v/v) boiling ethanol 
was added. Each tube was immediately vortexed and placed in a ther-
momixer (Eppendorf, Hamburg, Germany) at 95 °C. After 5 min each 
tube was stored in the −80 °C freezer. Further processing was done via 
evaporation and re-suspending the intracellular content in water and 
filtering through a 0.2 µm PTFE 13 mm syringe filter (VWR, Amsterdam, 
The Netherlands).

GENE DELETION

Strains were transformed with plasmid p414-KanMX-TEF1p-Cas9-
CYCt (76) to express Cas9. Expression of the CAS9 gene was ana-
lyzed using qPCR. Target and repair fragments were designed using 
www.yeastriction.com and the CRISPR/Cas9 protocol described was 
used (137). Oligonucleotides used for the gene deletions are listed in 
Supplemental Table 4.

TRANSPORT ASSAYS 

To determine the kinetic parameters of sugar transport, cells were grown 
for 16 hours in shake flasks in MM containing 2 % D-xylose or 2 % D- 
glucose and standard uptake procedure was followed as shown before 
(72). Uptakes were performed with [14C] D-xylose and [14C] D-glucose 

(ARC, USA) at 50 and 380 mmol l-1, respectively, with various inhibiting 
sugar concentrations. 

RNA EXTRACTION AND CDNA SYNTHESIS

Total RNA was isolated from S. cerevisiae cells by a glass-bead disruption 
Trizol extraction procedure and performed as described by manufacturer 
(Life Technologies, Bleiswijk, The Netherlands). Yeast pellets from 2 ml of 
exponential phase cell culture (OD600 of ~ 4) were mixed with 0.2 ml of 
glass beads (diameter 0.45 mm) and 900 μl of Trizol with 125 μl chloro-
form, and disrupted in a Fastprep FP120 (Thermo Savant) for 45 seconds 
at speed 6. The extracted total RNA (1 μg) was used to synthesize cDNA 
using the iScript cDNA synthesis Kit (Bio-rad, CA, USA). 

RNASEQ AND ANALYSIS

Total RNA of all strains, grown in MM containing 7 % D-glucose and 
3 % D-xylose, was isolated in duplicates after 7 hours. The RNA was 
prepared for sequencing using the QuantSeq 3’ mRNA-Seq Library Prep 
(FWD for Illumina) Kit (Lexogen, Vienna, Austria) and run on an Illumina 
HiSeq 2500 with single-read 100 bp read mode and V4 chemistry. The 
average number of reads per sample was 4,064,011 and was consistent 
in all samples. The FastQ files were run through a BowTie2-TopHat- 
SamTools pipeline and the resulting BAM files were analysed using 
SeqMonk V0.27.0. The CEN.PK113–7D strain was used as a reference 
genome. All genes were quantified in CPM (count per million) with a 
cut-off of 15 and run in an intensity difference statistical test in which 
a statistical difference of below 0.05 was used (p<0.05). 

GENOME SEQUENCING AND ANALYSIS

Genomic DNA of DS71054, DS71054-evoB, DS71054-evo4 and 
DS71054-evo6, all complemented with Hxk2, was isolated using the 
YeaStar TM Genomic DNA Kit (Zymo Research, Irvine, USA) and was 
sent to Eurofins Genomics (Ebersberg, Germany) for genomic library 



CH
A

PT
ER

 6

146

Im
pr

ov
ed

 D
-x

yl
os

e 
up

ta
ke

 a
nd

 c
on

su
m

pti
on

 in
 a

n 
ev

ol
uti

on
ar

y 
en

gi
ne

er
ed

 S
ac

ch
ar

om
yc

es
 c

er
ev

isi
ae

 s
tr

ai
n

147RESULTS RESULTS

preparation and paired end Illumina sequencing at a read length 
of 2 × 150 bp. For DS71054, DS71054-evoB, DS71054-evo4 and 
DS71054-evo6 on average 11 million reads were analysed with an 
fragment size of 150 bp of which approximately 70 % could be aligned 
to CEN.PK113–7D which was used as reference genome. The Breseq 
sequencing pipeline was used to detect mutations, indels and new 
junctions (158). 

RESULTS

EVOLUTIONARY ENGINEERING

The quadruple hexokinase deletion mutant DS71054-evoB strain was 
previously evolved using an evolutionary engineering approach to se-
lect for growth on D-xylose in the presence of gradually increasing 
D-glucose concentrations. This resulted in D-glucose-tolerant growth 
on D-xylose and the phenotype could be assigned to a mutation at 
position N367 in the endogenous chimeric Hxt36 transporter causing 
a defect in D-glucose transport while still allowing uptake of D- xylose 
(72). This strain was used as starting point for a new evolutionary 
engineering approach aiming to develop a strain that grows on D- 
xylose in the presence of D-glucose at maximum growth rates. Herein, 
cells were grown aerobically in a chemostat on 1 % D-xylose in the 
presence of 10 % D-glucose. In this set-up the aerobic growth rate 
equals the dilution rate which on D-glucose ranges between 0.40 h-1 
(159) and 0.49 h-1 (160) depending on medium composition and strain 
background. The growth rate on D-xylose is lower as compared to D- 
glucose (reviewed by Moysés et al. 2016) while the original hexokinase 
deletion strain DS71054 shows hardly any growth on 1 % D-xylose in 
the presence of 10 % D-glucose (72). At the start of the evolutionary 
engineering of DS71054-evoB, the dilution rate was set at 0.14 h-1, but 
increased gradually to 0.33 h-1 within a period of three months (Sup-
plemental Figure 1). Throughout the evolutionary engineering, samples 
were taken and re-streaked on mineral medium plates containing 1 % 
D-xylose and 10 % D-glucose. Single colony isolates were obtained 
after 31, 52, 68 and 85 days and named DS71054-evo3, DS71054-
evo4, DS71054-evo5 and DS71054-evo6, respectively. The improved 

D-xylose growth rates of these strains in the presence of D-glucose 
were confirmed in shake flasks wherein DS71054 was unable to growth 
while the evolved strains showed gradually increased growth rates 
depending on the stage of the evolutionary engineering (Figure 1). 
DS71054-evo5, however, showed very inconsistent growth rates in 
MM containing 1 % D-xylose and 10 % D-glucose or on 1 % D-xylose 
alone and was not used for further analysis. The other three evolved 
strains (DS71054-evo3, DS71054-evo4 and DS71054-evo6) showed 
identical growth rates on MM containing only 1 % D-xylose (data not 
shown). The improved growth rates of DS71054-evo6 on 1 % D-xylose 
in the presence of 10 % D-glucose almost equalled the growth rates on 
solely 1 % D-xylose (Figure 1. inset). DS71054-evo6 showed a tendency 
to flocculate especially on MM containing D- glucose. Dry-weight (DW) 
analysis showed equal OD600/mgDW ratios for the DS71054 compared 

Figure 1. Growth (OD600) of the DS71054 hexokinase deletion strain () and 
the evolved derivatives DS71054-evoB (), DS71054-evo3 (), DS71054-
evo4 () and DS71054-evo6 () in mineral medium supplemented with 1 % 
D-xylose and 10 % D-glucose. Inset shows the growth (OD600) of DS71054-
evo6 on 1 % D-xylose and 10 % D-glucose () and solely 1 % D-xylose (). Er-
ror bars were obtained from biological triplicates.
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to DS71054-evo6 (data not shown) to confirm that in further experi-
ments the normalization based on OD600 was not affected. 

IMPROVED D-XYLOSE UPTAKE IN EVOLUTIONARY EVOLVED 
STRAINS

D-xylose uptake experiments were performed to investigate if the 
improved growth rates of the evolved DS71054 strains could be con-
tributed to an elevated rate of D-xylose uptake and/or improved insensi-
tivity towards D-glucose. D-xylose uptake rates, as measured at 50 mM 
D- xylose, were however almost identical for DS71054, DS71054-evoB, 
DS71054-evo3 and DS71054-evo6 (15.6 ± 0.8, 15.4 ± 1.1, 13.6 ± 0.2 and 
16.0 ± 1.3 nmol/mgDW.min, respectively) (Figure 2). Next, the sensitivity 
of D-xylose uptake to D-glucose was analysed with 50 mM D-xylose 

Figure 2. D-xylose uptake in DS71054 (), DS71054-evoB (), DS71054-
evo3 () and DS71054-evo6 (). Uptakes (in nmol/mgDW.min) were per-
formed with 50 mM D-xylose and various concentrations of D-glucose (0, 50, 
100, 200 and 500 mM). Errors are the standard deviation of two independent 
experiments.

and increasing D-glucose concentrations. Now, the DS71054-evo6 
strain showed significant improved D-xylose uptake in the presence of 
high concentrations of D-glucose as compared to DS71054-evoB and 
DS71054-evo3 (Figure 2) and these data correlate with the improved 
growth rates on D-xylose in the presence of high concentrations of 
D-glucose (Figure 1). 

To identify the possible targets responsible for the glucose tolerant 
D-xylose uptake, all expressed HXT transporters of DS71054-evo3, 
DS71054-evo4 and DS71054-evo6 were sequenced. In none of the 
expressed Hxt transporters mutations were identified, while the ampli-
fication of HXT7 failed in DS71054-evo6. Further analysis revealed that 
in DS71054-evo6 HXT36 was fused to HXT7 at position 1209 creating a 
novel chimer HXT37, explaining also the failed amplification of HXT7 in 
DS71054-evo6. The rearrangements from HXT3 to HXT36 and to HXT37 
are most likely based on a fragment of 240 bp which is 100 % conserved 
in all three transporters. HXT37 differs from HXT36 at 3 base-pairs 
(T1623C, G1657A and T1668C) of which only one causes an amino acid 
change (A555T). The isoleucine mutation at position 367, responsible for 
the decreased D-glucose affinity in Hxt36, remained unaltered (Figure 3). 
In order to determine if Hxt37 N367I is responsible for the improved 
D-xylose uptake in DS71054-evo6, uptake experiments were performed 
using the hexose transporter deletion strain DS68625 overexpressing 
Hxt36 N367I (72) and Hxt37 N367I. In both strains D-xylose uptake 
was measured in the presence of various concentrations of D-glucose, 

Figure 3. Genomic localization on chromosome IV of HXT3, HXT6 and HXT7 in 
S. cerevisiae S288C and the rearrangements in DS71054, DS71054-evoB and 
DS71054-evo6 including (in red) the asparagine to isoleucine mutation at posi-
tion 367. The inset shows the homology on DNA level of the Hxt transporters.
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however, no differences in uptake characteristics were observed be-
tween both chimeras (Supplemental Figure 2).

COMPLEMENTATION WITH HXK2 

In order to investigate if the improved D-xylose uptake and consumption, 
would remain under D-glucose consuming conditions in the evolved 
strains, the hexokinase Hxk2 of S. cerevisiae was re-introduced via ex-
pression on the low-copy plasmid pRS313-P7T7 in the DS71054 strain 
and all evolved strains. Hxk2 complemented strains were grown anaer-
obically in MM containing 7 % D-glucose and 3 % D-xylose. Under these 
conditions, D-xylose consumption by the DS71054-evo6-Hxk2 strain 
remained improved as compared to the DS71054-Hxk2 strain. Further-
more, D-xylose consumption (in g/l) followed the evolutionary engi-
neering experiment in which D-xylose consumption, in the presence of 
D-glucose consumption, was improved, i.e., DS71054-Hxk2 < DS71054-
evoB-Hxk2 < DS71054-evo3-Hxk2 < DS71054-evo4-Hxk2 < DS71054-
evo6-Hxk2 (Supplemental Figure 3B). Under the co-fermentation condi-
tions, the D-glucose consumption (in g/l) decreased concomitantly with 
the improved D-xylose consumption (Supplemental Figure 3A) causing 
an overall decreased growth rate in MM containing 7 % D- glucose and 
3 % D-xylose. The sugar consumption rates, corrected for the biomass 
(in mmol/gDW.hr), were calculated yielding a stable total sugar con-
sumption, of both sugars, in the DS71054-Hxk2 strain and all evolved 
mutants which on average amounts to 2.8 ± 0.4 mmol/gDW.hr (Figure 4).
The absolute D-xylose consumption rate (in mmol/l.h) was also improved 
whereas the D-glucose consumption rate reduced resulting in decreased 
absolute total sugar consumption rates (in mmol/l.h) (Supplemental Fig-
ure 9E). The same anaerobic fermentation was performed in MM contain-
ing solely 7 % D-glucose, and this showed similar D-glucose consumption 
(in g/l) for all strains (Supplemental Figure 4). The D- glucose consump-
tion rates for the DS71054-Hxk2 strain and all evolved mutants was 
2.7 ± 0.4 mmol/gDW.hr (Figure 4, ) and comparable with the total sugar 
consumption rates in MM containing 7 % D-glucose and 3 % D- xylose. 
This shows that D-glucose metabolism is in principle not affected in the 
evolved strains, and suggests that reduced D-glucose consumption in 
the evolved strains is connected to the improved D- xylose consumption.

To exclude that the decreased D-glucose consumption in the 
Hxk2-complemented evolved strains is caused by a reduction in the 
D-glucose uptake, D-glucose uptake experiments were performed. All 
strains showed identical rates of D-glucose uptake at 380 mM D-glucose 
(data not shown). Furthermore, D-glucose uptake experiments in the 
presence of D-xylose were performed using 380 mM 14C D-glucose (7 %) 
and 200 mM D-xylose (3 %) to mimic the conditions of D-glucose uptake 
in the Hxk2 complementation experiments. Within the experimental 
error, the rates of D-glucose uptake in the presence of D-xylose were 
not decreased (Supplemental Figure 5). Therefore, these data suggest 
that the reduced D-glucose consumption in the Hxk2-complemented 
evolved strains is not due to a deficiency or altered specificity of D- 
glucose uptake.

Figure 4. Anaerobic D-glucose (), D-xylose () and total sugar () consump-
tion rates (in mmol/gDW.hr) of the DS71054 hexokinase deletion strain and 
the evolved derivatives DS71054-evoB, DS71054-evo3, DS71054-evo4 and 
DS71054-evo6, all complemented with the HXK2 gene, in mineral medium 
supplemented with 7 % D-glucose and 3 % D-xylose. Depicted also is the 
D-glucose consumption rate on mineral medium supplemented with solely 7 % 
D-glucose () in the aforementioned strains complemented with the HXK2 
gene. Error bars were obtained from biological triplicates.
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TRANSCRIPTOMICS ANALYSIS

The D-glucose concentration regulates many processes in S. cerevisiae 
(Reviewed by Gancedo 2008 and Kayikci and Nielsen 2015) and the 
aforementioned phenotypes of the evolved strains might be due to an 
altered transcriptional response towards D-glucose. The transcriptional 
analysis was performed with the evolved strains complemented with 
Hxk2 to restore the glucose metabolism. In order to keep the differences 
in extracellular D-glucose concentrations low, the strains were grown 
anaerobically in MM containing 7 % D-glucose and 3 % D-xylose for only 
7 hours. The remaining D-glucose concentration after 7 ranges between 
5.4 and 4.2 % in DS71054-evo6 and DS71054, respectively. The total 
3’ mRNA was sequenced in duplicate and the fold changes (FC) were 
determined comparing the DS71054-Hxk2 strain with DS71054-evo6-
Hxk2. In comparison, 169 genes were at least 3-fold up-regulated (Sup-
plemental Table 2) and 31 genes were at least 3-fold down- regulated 
(Supplemental Table 3) in DS71054-evo6-Hxk2 as compared to the 
DS71054-Hxk2 strain. Flo1, a lectin-like protein involved in floccula-
tion, shows a major up-regulation (55.5x FC) and is only upregulated 
in DS71054-evo6-Hxk2, explaining the flocculating phenotype. In the 
genome database of CEN.PK113–7D, the predecessor of the DS71054 
lineage, Flo1 is missing (124). And a similar conclusion was made in a 
recent study (164) but here Flo1 was annotated as A0096W, which is 
located on chromosome 1 and which shows about 80 and 81 % identity 
with Flo1 on DNA and protein level, respectively. Upon deletion of 
Flo1 (or A0096W) in the DS71054-evo6 strain flocculation was abol-
ished (data not shown). However, the phenotype of improved D-xylose 
consumption in the presence of D-glucose was not altered (data not 
shown). Three glycolytic proteins also show upregulation in all evolved 
DS71054-Hxk2 strains: Pgk1, the 3-phosphoglycerate kinase, Tpi1, 
the triose phosphate isomerase, and Adh1, an alcohol dehydrogenase. 
In the DS71054-evo6-Hxk2, the fold-change is 13.2, 13.1 and 9.9 for 
Pgk1, Tpi1 and Adh1, respectively. 

Importantly, in the DS71054-evo6-Hxk2 strain, the Hxt family shows 
a remarkable down-regulation: Hxt1 (88-fold), Hxt7 (17-fold) and Hxt2 
(6.9-fold). The apparent down-regulation of Hxt7 in DS71054-evo6-
Hxk2 is due to the formation of the chimeric Hxt37. On the other hand, 
the Hxt37 N367I mutant is upregulated 2.2-fold in DS71054-evo6-Hxk2 

as compared to the DS71054-Hxk2 strain. Overall, the Hxt transporter 
landscape in DS71054-evo6-Hxk2, is severely altered leaving only two 
highly expressed sugar transporters in DS71054-evo6-Hxk2, i.e., Hxt37 
N367I and Hxt4 (Supplemental Figure 6). These results suggest that the 
improved D-xylose consumption is caused by increased expression of 
Hxt37 N367I but also reduced D-glucose flux via the down-regulation 
of Hxt1 and Hxt2 and deletion of Hxt7.

The counts of reads mapping to each known gene were summarised 
in CPM (count per million) 

GENOME ANALYSIS

To further identify the genotypic changes in the evolved strains, genome 
sequencing was performed. This revealed 50 coding mutations in the 
DS71054 strain as compared to CEN.PK113–7D (124) of which 36 
cause an amino acid change. DS71054 was used as a new reference to 
analyse the mutations in DS71054-evoB, DS71054-evo4 and DS71054-
evo6. In DS71054-evoB the N367I mutation was first introduced and 
remained unaltered in DS71054-evo4 and DS71054-evo6. Some muta-
tions in DS71054-evo4 were lost in DS71054-evo6 and were therefore 
considered as not relevant for the altered phenotype. An interesting 
mutation (G369S) in DS71054-evo4 (Table 1) was observed in Pbs2 
which encodes a Mitogen-Activated Protein Kinase Kinase (MAPKK), an 
scaffold protein integral to the osmoregulatory HOG (High-osmolarity 
glycerol) signalling pathway which affects gene expression (165). Dele-
tion of Hog1, as well as Pbs2, severely decreased the Hxt1 expression 
level (166) which could link the G369S mutation in Pbs2 to reduced 
expression of Hxt1 in DS71054-evo4. Furthermore, Pbs2 in DS71054-
evo6 obtained another mutation (Q60stop) mutation causing a deletion 
of Pbs2 therefore significantly lowering the expression level of Hxt1. 
The other mutations observed in DS71054-evo4 and DS71054-evo6 
could contribute to the phenotype as well however no direct evidence 
was found that these genes influence the expression of the hexose 
transporter landscape or glycolysis (Table 1).
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INTRACELLULAR METABOLITES AND TREHALOSE-6-
PHOSPHATE ACCUMULATION

In order to find the molecular basis for the decreased D-glucose con-
sumption under co-consuming conditions in DS71054-evo6-Hxk2 the 
intracellular concentrations of ATP, NAD(H), glucose-6-phosphate, tre-
halose and trehalose-6-phosphate were measured. All intracellular me-
tabolites were isolated from cells grown for up to 12 hours in MM con-
taining 7 % D-glucose and 3 % D-xylose. A minor elevation of ATP levels 
was observed in DS71054-evo6-Hxk2 as compared to DS71054-Hxk2 

Table 1. Mutations in coding regions in DS71054-evoB, DS71054-evo4 and 
DS71054-evo6 versus DS71054. Depicted in bold the Hxt36/37 N367I mu-
tation and underlined the mutations in Pbs2 in DS71054-evo4 and DS71054-
evo6.

DS71054-evoB

gene mutation annotation

HXT36 N367I Low affinity glucose transporter

PHO12 Q354K acid phosphatases

DS71054-evo4

gene mutation annotation

HXT36 N367I Low affinity glucose transporter

SPC3 V42A Subunit of signal peptidase complex

PBS2 G369S MAP kinase kinase of the HOG signaling pathway

URA2 F1447L Bifunctional carbamoylphosphate synthetase

WSC4 T229I Endoplasmic reticulum (ER) membrane protein

SUP35 Q70L Translation termination factor eRF3; mRNA deadenylation

DS71054-evo6

gene mutation annotation

Hxt37 N367I Low affinity glucose transporter

SPC3 V42A Subunit of signal peptidase complex

PBS2 Q60* MAP kinase kinase of the HOG signaling pathway

URA2 F1447L Bifunctional carbamoylphosphate synthetase

MAL11 S317Y High-affinity maltose transporter

RRP8 Q148K Nucleolar rRNA methyltransferase

AQY1 I99T Spore-specific water channel

SRP102 D117N Signal recognition particle (SRP) receptor

GFD2 insA (791nt) Protein of unknown function

MKT1 A297S Protein that forms a complex with Pbp1p

Telomer (cm001533) R103Q hypothetical protein

Telomer (cm001533) F38S hypothetical protein

Telomer (cm001533) D43E hypothetical protein

increasing 1.9 ± 0.21 and 1.56 ± 0.34 fold after 2 and 4 hours, respec-
tively (data not shown). The NAD level was 1.68 ± 0.33 fold increased 
in DS71054-evo6-Hxk2 compared to DS71054-Hxk2 whereas the 
NADH/NAD ratio increased almost 2 times in DS71054-evo6-Hxk2. 
However, the NADH/NAD ratios were not consistently altered in the 
other evolved DS71054-Hxk2 strains (data not shown). No differ-
ence in intracellular glucose-6-phosphate concentration was observed 
in DS71054-evo6-Hxk2 as compared to DS71054-Hxk2 (data not 
shown). However, the trehalose concentration both extracellular and 
intracellular were increased in DS71054-evo6-Hxk2 compared to 
the DS71054-Hxk2 strain but also, to a lesser extent, increased in 
all evolved DS71054-Hxk2 strains (Supplemental Figure 7A and 7B). 
The increase in trehalose could be the result of an increased treha-
lose-6-phosphate concentration which inhibits the hexokinase (167). 
LC-MS was used to analyse the trehalose-6-phosphate concentration in 
the strains. The amount of trehalose-6-phosphate was normalized using 
the total ion count (TIC) of the isolated intracellular content. DS71054-
evo6-Hxk2 showed significantly increased level of trehalose-6-phos-
phate (977 ± 80 ppm) compared to DS71054-Hxk2 (15.6 ± 0.6 ppm), and 
also in the other evolved strains the trehalose-6-phosphate concen-
tration increased (Supplemental Figure 8) but again not to the same 
extent as in DS71054-evo6-Hxk2. These data fit with the RNA-seq 
observations which show an up-regulation of various genes of the 
trehalose pathway. In DS71054-evo6-Hxk2, compared to DS71054-
Hxk2, Tps1, Tps2, Tsl1 and Nth1 were upregulated 3.7, 1.2, 2.7 and 
5.4 times, respectively (data not shown). Since trehalose-6- phosphate 
is an inhibitor of hexokinase, these results suggest that the reduced 
D-glucose consumption under co-metabolism conditions might be due 
to the accumulation of trehalose-6-phosphate. 

COMPLEMENTATION WITH ALTERNATIVE HEXOKINASES

In vitro studies have shown that Hxk2 activity, via irreversibly inacti-
vation through an auto phosphorylation mechanism, is inhibited by D- 
xylose. In the presence of Mg-ATP decreased activity was observed (168, 
169). Furthermore, Hxk2 is known to be inhibited by trehalose-6-phos-
phate (167) and therefore D-glucose consumption could be stalled by 
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accumulation of trehalose-6-phosphate. In order to prevent inhibition 
of glycolysis at the level of Hxk2, various hexokinases, and mutants 
thereof, were over-expressed in the DS71054 strain and the evolved 
lineage and fermented in MM containing 7 % D-glucose and 3 % D- 
xylose. Complementation of DS71054 with Hxk1 of S. cerevisiae yielded 
slightly decreased D-glucose consumption rates (in mmol/l.h) as com-
pared to Hxk2, and only minor improvement in glucose consumption 
was observed in DS71054-evo6-Hxk1 as compared to DS71054-Hxk1 
(Supplemental Figure 9A). Complementation by Glk1 in all strains was 
less efficient as compared to Hxk2 (Supplemental Figure 9E). The Hxk2 
mutant (Hxk2-Y), in which phenylalanine at position 159 was mutated 
to tyrosine (170), has been suggested to be less sensitive to D-xylose 
inhibition. The DS71054-evo6 strain expressing the Hxk2-Y mutant 
showed a slightly lower glucose consumption rate in the various strains 
but a similar decline in D-glucose consumption rate was evident in the 
evolved DS71054 strains (Supplemental Figure 9C) as compared to 
Hxk2 (Supplemental Figure 9E). For the Hxk2-Y mutation, still a major re-
duced activity (of 40 %) was reported upon addition of D- xylose (170). A 
apparent trehalose-6-phosphate insensitive hexokinase from Schizosac-
charomyces pombe (171, 172) was codon optimized and over-expressed 
in the DS71054 lineage. Most likely due to RNA or protein instability 
or low activity in S. cerevisiae, spHxk2 when expressed in DS71054 
showed significantly reduced D-glucose consumption rates (~40 %) 
compared to scHxk2. Expression of spHxk2 in the DS71054 lineage, 
showed the same decrease in D-glucose consumption rate as with 
Hxk2 (Supplemental Figure 9D). Overall, the alternative hexokinases 
performed less well than Hxk2, and showed no major improvement 
in D-glucose consumption rate in the DS71054 lineage when cells 
were grown under sugar co-fermentation conditions. Conclusively, all 
alternative hexokinases either showed the same D-xylose inhibiting 
phenotype or showed a significantly lower activity compared to Hxk2. 

GENETIC INACTIVATION OF THE TREHALOSE PATHWAY 

Since expression of alternative hexokinases did not improve D- glucose 
consumption, the trehalose pathway was targeted for deletions in 
DS71054-evo6. Comparable to other studies (Bell et al. 1992; Bonini 

et al. 2003; Jules et al. 2008), deletion of Tps1, the trehalose-6-phos-
phate synthase, yielded strains unable to growth on D-glucose, most 
likely due to substrate accelerated death in which all D-glucose is in-
stantly converted to glucose-6-phosphate therefore lowering the ATP 
levels instantaneously. Growth on D-xylose was unaltered (data not 
shown). Deletion of Tps2, the trehalose-6-phosphatephosphatase, has 
been reported to result in a temperature sensitivity phenotype and 
a coplete loss of trehalose-6-phosphate phosphatase activity (175). 
The deletion of Tps2 in DS71054-evo6-ΔFlo1-Hxk2 yielded unaltered 
D-xylose consumption rates, but D-glucose consumption was still de-
creased as compared to the parental DS71054-Hxk2 strain (data not 
shown). Next to Tps1 and Tps2, the trehalose enzymatic complex has 
two partially redundant subunits, Tps3 and Tsl1, that fulfil a structural 
and/or regulatory role (Bell et al. 1992; Reinders et al. 1997; Trevisol 
et al. 2014). Although there is no direct interaction between Tps3 and 
Tsl1, both interact with Tps1 and Tps2 (177). Whereas the deletion 
of Tps1 and Tps2 decreased the D-glucose consumption, deletion of 
Tsl1 in DS71054-evo6-ΔFlo1-Hxk2 resulted in significantly improved 

Figure 5. Anaerobic D-glucose (grey bars) and D-xylose (white bars) consump-
tion rates (in mmol/l.hr) in DS71054-evo6-ΔFlo1, DS71054-evo6-ΔFlo1-
ΔTps3 and DS71054-evo6-ΔFlo1-ΔTsl1 complemented with the HXK2 gene 
(in 7 % D-glucose and 3 % D-xylose). Error bars were obtained from biological 
duplicates.
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D-glucose consumption rates and improved growth on MM containing 
7 % D-glucose and 3 % D-xylose. Furthermore, the DS71054-evo6-
ΔFlo1-ΔTsl1-Hxk2 strain also showed an increased D-xylose con-
sumption (Figure 5). Deletion of Tps3 also caused improved D-glucose 
consumption but not as pronounced as the deletion of Tsl1 (Figure 5). 
When normalized for the biomass, improved D-glucose consumption 
rates (in mmol/gDW.h) were observed (data not shown). Whereas the 
single deletions of Tsl1 and Tps3 increased the D-glucose consump-
tion rate, the double deletion of Tps3 and Tsl1 in the DS71054-evo6-
Hxk2-ΔFlo1 yielded a marked decrease in the consumption rate of 
both D-glucose and D-xylose (data not shown). In contrast, the Tsl1 

Figure 6. Intracellular trehalose-6-phosphate in the DS71054 hexokinase de-
letion strain (ori) and the evolved derivative DS71054-evo6 and deletion mu-
tants of the trehalose pathway, all complemented with the HXK2 gene. The 
strains were grown anaerobically in mineral medium supplemented with 7 % 
D-glucose and 3 % D-xylose or 7 % D-glucose (underlined). The intracellular 
concentration was measured after 12 hours and was normalized for the total 
intracellular content. Error bars were obtained from biological  duplicates.

and Tps3 deletions in the DS71054-Hxk2 strain showed unaltered 
consumption rates for D-glucose and D-xylose (data not shown). To 
investigate if the increased D-glucose consumption rates in DS71054-
evo6-Hxk2-ΔFlo1-ΔTps3 and DS71054-evo6-Hxk2-ΔFlo1-ΔTsl1 is due 
to reduced trehalose-6-phosphate levels, the intracellular metabolites 
of all strains were isolated after 12 hours of anaerobic growth in MM 
containing 7 % D-glucose and 3 % D-xylose. No marked accumulation of 
trehalose-6-phosphate was observed in DS71054-Hxk2 and DS71054-
Hxk2-ΔTsl1, while the trehalose-6-phosphate level increased 57 and 
53 fold in DS71054-evo6-Hxk2 and DS71054-evo6-Hxk2-ΔFlo1, re-
spectively (Figure 6). Surprisingly the trehalose-6-phosphate levels in 
DS71054-evo6-Hxk2-ΔFlo1 grown anaerobic in MM containing no 
D-xylose and only 7 % D-glucose showed similar levels as compared 
to DS71054-Hxk2 fitting also the similar growth rates of both strains 
on only D-glucose (Supplemental Figure 4). This shows the direct inhi-
bition of D-xylose metabolism on the trehalose-6-phosphate level and 
therefore on D-glucose consumption in DS71054-evo6-Hxk2-ΔFlo1. 
Deletion of Tps3 and Tsl1 in DS71054-evo6-Hxk2-ΔFlo1 decreased the 
trehalose-6-phosphate levels significantly suggesting that the improved 
D-glucose consumption in both strains is indeed due to a reduced 
inhibition of Hxk2 (Figure 6). Furthermore, the acetic acid production 
in the DS71054-evo6-ΔTsl1-Hxk2 strain was significantly decreased 
as compared to the parental DS71054-Hxk2 strain. However, it must 
be noted that also DS71054-evo6-Hxk2 shows decreased acetic acid 
production (Supplemental Figure 10). The decreased acetic acid pro-
duction could be the resultant of glucose-6-phosphate accumulation in 
DS71054-evo6-Hxk2 since glucose-6-phosphate could be redirected 
into the oxidative pentose phosphate pathway in which glucose-6- 
phosphate is converted into ribulose-5-phosphate that subsequently 
enters the pentose phosphate pathway. In these conversions NADPH 
is produced and we speculate that therefore the production of NADPH 
via Ald6, which converts acetaldehyde into acetic acid with concomitant 
NADPH production, is no longer needed. However, the expression 
levels of the genes involved in both pathways, the oxidative pentose 
phosphate pathway and Ald6, remain unaltered in DS71054-evo6-
Hxk2 as compared to DS71054-Hxk2 (data not shown). Conclusively, 
the trehalose-6-phosphate data suggest that, next to the inhibition on 
Hxk2 by D-xylose, also the accumulation of trehalose-6-phosphate 
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in DS71054-evo6-Hxk2 inhibits Hxk2 and therefore the D-glucose 
consumption which can be partially be overcome by the deletion of 
either Tps3 or Tsl1.

DISCUSSION

The use of lignocellulosic biomass for ethanol production is a prom-
ising technology for the additional supply of energy from renewable 
and non-food resources. The main hurdle to overcome is the efficient 
co-fermentation of hexoses and pentoses since transport rates for pen-
toses in general, and D-xylose in particular, are insufficient. In recent 
studies, strains lacking all hexokinases have been used to improve the 
D-xylose specificity of the hexose transporters, and most significant 
results were obtained by mutation of a conserved asparagine in trans-
membrane segment 8 (Nijland et al. 2014; Farwick et al. 2014; Shin et 
al. 2015). This mutation reduces or even abolishes D-glucose transport, 
while having little impact on the D-xylose transport affinity. However, a 
major caveat with the mutation is that it reduces the D-xylose transport 
rate, whereas high rates are required for efficient D-xylose utilization. 
To elevate the D-xylose transport rate, we have conduced further evo-
lutionary engineering of the hexokinase deletion strain DS71054-evoB 
that contains the N367I mutation in the chimeric Hxt36 transporter 
(72). More stringent conditions were imposed to allow these cells to 
grow with high rates on D-xylose in the presence of D-glucose and 
this yielded the DS71054-evo6 strain which shows growth rates on 
D-xylose in the presence of a 10-fold concentration of D-glucose nearly 
identical to the growth rate on solely D-xylose. Transcriptome and ge-
nomic analysis demonstrates that in this strain the transporter landscape 
has been altered quite dramatically. First, Hxt36 was converted into 
Hxt37 N367I. Although the uptake characteristics remained unaltered, 
Hxt37 N367I showed increased expression and led to the deletion of 
the D-glucose transporter Hxt7. Possibly, this fusion also leads to a 
more stable expression of the Hxt37 protein making it less sensitive to 
glucose repression. Due to mutations in Pbs2 in DS71054-evo4 and 
DS71054-evo6 the expression of Hxt1 is severely decreased. Although 
the remaining hexose transporters Hxt2, with also reduced expression 
levels, and Hxt4 still allow for maximal growth rates on solely D-glucose, 

the intracellular D-glucose concentration could be affected. In this re-
spect, it should be noted that the expression of a single Hxt transporter 
is sufficient to sustain maximal growth rates on D-glucose (94, 95, 152).

Next, we restored D-glucose metabolism in the lineage of evolved 
DS71054 strains by re-introduction of the hexokinase Hxk2. Whereas, 
the strains showed identical growth on D-glucose alone, the D-glucose 
consumption rate decreased progressively within the lineage when 
cells were grown on both D-xylose and D-glucose. This phenomenon 
does not appear to be directly linked to alterations in the transporter 
landscape. D-glucose transport in these strains was not affected while 
D- glucose had little effect on D-xylose transport likely because of the 
N367I mutation in Hxt37. Transcriptome data on cells grown on 7 % 
D-glucose and 3 % D-xylose, showed no major down-regulation of genes 
involved in glycolysis or the TCA-cycle. In the DS71054-evo6-Hxk2 
strain, the total sugar consumption rate corrected for the biomass (in 
mmol/gDW.h) remained unaltered (Figure 4) as compared to the parental 
DS71054-Hxk2 strain, but the distribution of the flux improved dramat-
ically in favour of D-xylose consumption. In culture, however, the sugar 
consumption rate (in mmol/l.h) decreased and thus a decreased growth 
rate was observed under conditions that an increased share of the sugar 
flux concerns D-xylose consumption (Supplemental Figure 8E). D-xylose 
enters glycolysis via the overexpressed pentose phosphate pathway, in 
the form of fructose-6-phosphate and glyceraldehyde-3-phosphate in 
a ratio of 2:1. Fructose-6-phosphate can be further metabolized but it 
can also be converted into glucose-6-phosphate via the bidirectional 
phosphoglucose isomerase (Pgi1) (Figure 7). Although in the DS71054-
Hxk2 lineage no significant accumulation of glucose-6-phosphate or 
fructose-6-phosphate was observed (data not shown), high levels of 
trehalose-6-phosphate were observed. Glucose-6-phosphate can be 
converted in trehalose-6-phosphate which, in a futile cycle, can be 
converted into trehalose which, via the neutral trehalose, can subse-
quently be converted into D-glucose. Phosphorylation of the glucose 
then leads to a futile cycle in which ATP is consumed. The accumulation 
of intracellular trehalose-6-phosphate in the DS71054-Hxk2 lineage fits 
well with the RNA-seq data showing the upregulation of Tps1 and the 
regulatory subunit Tsl1. Accumulation of trehalose-6-phosphate is an 
inhibitor of Hxk2 (167, 178). Thus the accumulation of this metabolite 
may inhibit glucose metabolism in the evolved strains hence giving a 
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preference for D-xylose metabolism. To prevent accumulation of tre-
halose-6-phosphate in the evolved strains, Tps1, Tps2, Tps3 and Tsl1 
were deleted in DS71054-evo6-ΔFlo1-Hxk2. Deletion of Tps1 led to 
a growth defect on D-glucose in agreement with earlier reports (Bell 
et al. 1992), probably because of substrate accelerated death in which 

Figure 7. Schematic view of the DS71054-evo6 strain co-consuming D-glu-
cose and D-xylose. D-glucose is transported into the cell via Hxt2 and Hxt4. 
Hxt37 N367I transports solely D-xylose. The metabolism of D-glucose is me-
diated via the enzymes hexokinase (Hxk2) and glucose-6-phosphate isom-
erase (Pgi1) to yield fructose-6-phosphate which is further converted in the 
glycolytic pathway into ethanol. Accumulation of glucose-6-phosphate leads 
to accumulation of trehalose-6-phosphate which inhibits Hxk2 therefore de-
creasing the glycolysis rate. Furthermore Hxk2 can be inhibited by accumula-
tion of D-xylose in the presence of MgATP. 
The conversion of D-xylose into xylulose is in S. cerevisiae possible via the 
introduction of xylose isomerase (pirXI), followed by the phosphoryla-
tion of xylulose into xylulose-5-phosphate by xylulose kinase (Xks1). Xylu-
lose-5-phosphate enters the pentose phosphate pathway to eventually yield 
fructose-6-phosphate and glyceraldehyde-3-phosphate (GAP) that can be 
converted into  ethanol. 

all ATP is consumed to produce glucose-6-phosphate from glucose. The 
deletion of Tps2 led to a severe growth defect as shown before (175, 
179). However, deletion of Tsl1, and also Tps3, in DS71054-evo6-ΔFlo1-
Hxk2 resulted in improved D-glucose consumption rates when cells are 
grown on MM containing 7 % D-glucose and 3 % D-xylose (Figure 6). 
Subsequently, due to improved biomass formation, also the D-xylose 
consumption rate improved. Indeed, deletion of Tsl1 and Tps3 resulted 
in reduced trehalose-6-phosphate levels in the cells. We hypothesize 
that, in the Tsl1 and Tps3 deletion strains, the glucose-6-phosphate is 
not channelled into trehalose-6-phosphate enters the oxidative part 
of the pentose phosphate pathway in which NADPH is produced. This 
could explain the decreased acetic acid production in DS71054-evo6-
ΔTsl1-Hxk2 and DS71054-evo6-Hxk2 (Supplemental Figure 10) since 
the need for NADPH formation via acetic acid from acetaldehyde is 
no longer required.

Another hypothesis for the decreased D-glucose consumption in 
the evolved DS71054 lineage could be the direct inhibition of Hxk2 
by D-xylose. In vitro studies have shown an irreversible inactivation of 
Hxk2 activity via protein phosphorylation in the presence of D-xylose 
and 4.0 mM MgATP (168, 180). The inhibition of D-xylose on Hxk2 was 
confirmed via the overexpression of Hxt37 N367I. The introduction of 
a specific D-xylose transporter in DS71054, and thus increasing the 
intracellular D-xylose concentration, decreased D-glucose consump-
tion significantly whereas D-xylose consumption was not significantly 
increased (data not shown). Another hypothesis that can come into play 
under co-metabolizing conditions it that D-glucose inhibits the xylose 
isomerase (pirXI) or other D-xylose metabolizing proteins. However, 
the in-vitro D-xylose isomerase activity of XI was hardly affected by 
a 6-fold excess of D-glucose (Lee M et al., personal communications).

Summarizing, we have demonstrated the successful improvement 
of D-xylose consumption in the presence of high concentrations of 
D-glucose in S. cerevisiae using an evolutionary engineering approach. 
However, by improving D-xylose consumption, metabolism of D- glucose 
is reduced overall leading to a co-fermentation of both sugars by a lin-
eage of evolved strains in which the ratio of D-xylose over D-glucose 
consumption increases but where the overall sugar conversion rate 
remains relatively constant. The latter points at an intrinsic limitation 
in primary metabolism rather than transport of the sugars. Although 
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in these strains, D-glucose consumption is unaltered when cells are 
grown on D-glucose alone, co-metabolism with D-xylose negatively 
impacts D-glucose consumption. The latter is at least partially due to the 
accumulation of trehalose-6-phosphate which inhibits the phosphory-
lation of glucose, and reduced trehalose-6-phosphate accumulation by 
interfering with the function of the trehalose synthase complex, can at 
least partly, alleviate this bottleneck.
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SUPPLEMENTAL DATA

Supplemental Figure 1. Dilution rate (or growth rate) in the evolutionary engi-
neering experiment in an aerobic chemostat cultivation using DS71054-evoB 
as starting strain in mineral medium supplemented with 1 % D-xylose and 10 % 
D-glucose. DS71054-evo3, DS71054-evo4, DS71054-evo5 and DS71054-
evo6 were isolated after 31, 52, 68 and 85 days respectively. 

Supplemental Figure 2. D-xylose uptake in the Hxt transporter deletion strain 
DS68625 expressing Hxt36-N367I () and Hxt37-N367I (). Uptakes were per-
formed with 50 mM D-xylose and various concentrations of D-glucose (0, 50, 100, 
200 and 500 mM). Errors are the standard deviation of two independent experiments.
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Supplemental Figure 3. Anaerobic D-glucose (A) and D-xylose (B) consump-
tion of the original DS71054 hexokinase deletion strain () and the evolved 
derivatives DS71054-evoB (), DS71054-evo3 (), DS71054-evo4 () and 
DS71054-evo6 (), all complemented with the HXK2 gene, on mineral me-
dium supplemented with 3 % D-xylose and 7 % D-glucose. Starting OD600 was 
2.5 and the error bars were obtained from biological duplicates.

Supplemental Figure 4. Anaerobic D-glucose consumption of the original 
DS71054 hexokinase deletion strain () and the evolved derivatives DS71054-
evoB (), DS71054-evo3 (), DS71054-evo4 () and DS71054-evo6 (), all 
complemented with the HXK2 gene, on mineral medium supplemented with 
7 % D-glucose. Error bars were obtained from biological duplicates. Starting 
OD600 was 1.0 and the error bars were obtained from biological duplicates.
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Supplemental Figure 5. 14C D-glucose uptake of DS71054 (ori), DS71054-
evoB, DS71054-evo3, DS71054-evo4 and DS71054-evo6. Uptakes were per-
formed with 380 mM 14C D-glucose (7 %) and 200 mM D-xylose (3 %) to mimic 
industrial sugar concentrations. Errors are the standard deviation of two inde-
pendent experiments.

Supplemental Figure 6. RNAseq data of the main Hxt transporters in DS71054-
Hxk2 hexokinase deletion strain (Ori) and the evolved derivatives DS71054-
evoB-Hxk2, DS71054-evo3-Hxk2, DS71054-evo4-Hxk2 and DS71054-evo6-
Hxk2. Depicted is the absolute normalized expression of HXT1 (), HXT2 (), 
HXT4 (), HXT36 (or HXT37 in DS71054-evo6-Hxk2) () and HXT7 (). RNA 
was isolated after 7 hours of anaerobic growth in mineral medium supple-
mented with 3 % D-xylose and 7 % D-glucose.

Supplemental Figure 7. Trehalose concentrations in the extracellular (A) and 
intracellular (B) space of the DS71054 hexokinase deletion strain (Ori) and 
the evolved derivatives DS71054-evoB, DS71054-evo3, DS71054-evo4 and 
DS71054-evo6, all complemented with the HXK2 gene, in mineral medium 
supplemented with 7 % D-glucose and 3 % D-xylose. The extracellular con-
centration was measured after 4 hours and the intracellular accumulation of 
2 (white bars), 4 (light grey bars) and 6 (dark grey bars) hours. Error bars were 
obtained from biological duplicates.
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Supplemental Figure 8. Intracellular trehalose-6-phosphate (in ppm) in 
the DS71054 hexokinase deletion strain (Ori) and the evolved derivatives 
DS71054-evoB, DS71054-evo3, DS71054-evo4 and DS71054-evo6, all com-
plemented with the HXK2 gene, grown anaerobically in mineral medium con-
taining 7 % D-glucose and 3 % D-xylose. The intracellular concentration was 
measured after 12 hours and was normalized for the total intracellular content. 
Error bars were obtained from biological duplicates.

Supplemental Figure 9. Anaerobic D-glucose (), D-xylose () and total sugar 
consumption rates (in mmol/l.h)() of the original DS71054 hexokinase dele-
tion strain (Ori) and the evolved derivatives DS71054-evoB, DS71054-evo3, 
DS71054-evo4 and DS71054-evo6 in mineral medium supplemented with 
7 % D-glucose and 3 % D-xylose. The strains were complemented with Hxk1 
(A), Glk1 (B), Hxk2-Y (C) (170) , spHxk2 (D) (171) and Hxk2 (E) . Error bars were 
obtained from biological duplicates.
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Supplemental Figure 10. Acetic acid production (in g/l), in anaerobic fermen-
tation in mineral medium supplemented with 7 % D-glucose and 3 % D-xylose, 
of DS71054-Hxk2 (), DS71054-evo6-Hxk2 (), DS71054-evo6-Hxk2-ΔTsl1 
() and DS71054-evo6-Hxk2-ΔTps3 ().

Supplemental Table 1. Strains and plasmids used in this study

Strain/plasmid Relevant genotype and/or characteristics Source or 
 reference

Strains

DS68616 Mat a, ura3–52, leu2–112, gre3::loxP, loxP-Ptpi:TAL1, loxP-Ptpi::RKI1, 
loxP-Ptpi-TKL1, loxP-Ptpi-RPE1, delta::Padh1XKS1Tcyc1-LEU2, 
 delta::URA3-Ptpi-xylA-Tcyc1

DSM, The 
Netherlands

DS68625 DS68616, his3::loxP, hxt2::loxP-kanMX-loxP, hxt367::loxP-hphMX-loxP, 
hxt145::loxP-natMX-loxP, gal2::loxP-zeoMX-loxP

(72)

DS71055 DS68616-derivative after evolutionary engineering (72)

DS71054 DS71055, glk1::lox72; hxk1::loxP; hxk2::lox72; gal1::loxP; 
 his3::loxPnatMXloxP

DS71054-evoB DS71054-derivative after evolutionary engineering by chemostat 
 cultivation on D-xylose in presence of D-glucose

(72)

DS71054-evo3–6 DS71054-EvoB derivatives after 2nd round of evolutionary 
 engineering by chemostat cultivation on 1 % D-xylose in presence of 
10 % D-glucose 

This study

Plasmids

pRS313 E. coli/yeast shuttle vector; CEN6, ARSH4, HIS3, Ampr (120)

pRS313P7T7 pRS313 with promoter and terminator of Hxt7 (72)

pRS313P3T7 pRS313P7T7 with promoter of Tdh3 This study

Supplemental Table 2. Up-regulated gene expression in the DS71054 lin-
eage. Fold change (FC) based on expression levels in DS71054-evo6 versus 
DS71054.

Gene Annotation ori evoB evo3 evo4 evo6 FC
FLO1 Lectin-like protein involved in flocculation 23 21 88 18 1314 55.5

PGU1 Endo-polygalacturonase 12 12 142 75 596 49.7

MFA1 Mating pheromone α-factor 1291 3618 56323 33589 53723 41.6

AGA1 Anchorage subunit of α-agglutinin of a-cells 126 102 3909 565 3426 27.3

DAN1 Cell wall protein of unknown function 12 12 177 75 327 27.2

YLL053C Putative protein 12 85 142 487 268 22.3

HAC1 Basic leucine zipper (bZIP) transcription factor 149 1771 1627 4014 3066 20.5

YAL064C-A Putative protein 12 12 12 12 223 18.6

MF(α)1 Mating pheromone α-factor 12 12 142 40 215 17.9

AQY2 Dubious open reading frame 12 64 106 417 211 17.6

GFA1 Glutamine-fructose-6-phosphate amidotransf. 16 216 407 471 283 17.4

GAS5 1,3-beta-glucanosyltransferase 74 840 1433 2176 1275 17.2

TDA8 Putative protein of unknown function 13 42 318 92 226 16.0

RNR2 Ribonucleotide-diphosphate reductase (RNR) 27 329 265 853 443 16.6

AGA2 Adhesion subunit of a-agglutinin of a-cells 392 464 8349 1943 6368 16.3

PDR15 Plasma membrane transporter (ABC) 13 87 53 162 214 16.1

CYC7 Dubious open reading frame 12 64 195 368 178 14.8

CRR1 Retrotransposon TYA Gag and TYB Pol genes 18 25 265 83 260 14.7

RPL25 Ribosomal 60S subunit protein L25 152 2703 2105 5368 2231 14.6

AGP1 Low-affinity amino acid permease 112 77 1327 487 1628 14.5

TFB3 Subunit of TFIIH and nucleotide excision repair 170 270 4015 2378 2342 13.8

YLR042C Cell wall protein of unknown function 24 23 177 114 320 13.5

BAP3 Retrotransposon TYA Gag and TYB Pol genes 24 17 336 86 314 13.3

PGK1 3-phosphoglycerate kinase 75 1102 814 4082 997 13.2

TPI1 Triose phosphate isomerase 288 4217 4582 9838 3758 13.1

FUS1 Membrane protein localized to the shmoo tip 38 33 425 176 501 13.0

SSA2 ATP-binding protein; involved in protein 
folding

118 1715 708 3140 1524 12.9

YBR191W-A Putative protein of unknown function 89 1194 513 2742 1121 12.6

PRM5 Pheromone-regulated protein 30 60 159 242 354 11.9

AAD15 Putative aryl-alcohol dehydrogenase 16 27 283 54 182 11.2

SGA1 Intracellular sporulation-specific glucoamylase 13 27 124 83 147 11.0
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Supplemental Table 3. Down-regulated gene expression in the DS71054 lin-
eage. Fold change (FC) based on expression levels in DS71054-evo6 versus 
DS71054.

Gene Annotation ori evoB evo3 evo4 evo6 FC

HXT1 Low-affinity glucose transporter 1936 1851 88 54 22 0.01

DAL4 Allantoin permease 1695 484 71 103 61 0.04

HXT6/7 High-affinity glucose transporter 4622 5801 991 5793 276 0.06

DAL5 Allantoate permease 1714 834 106 132 131 0.08

OPT2 Oligopeptide transporter 963 362 35 57 80 0.08

MUC1 FLO11 (flocculin) 2140 2690 442 188 211 0.10

DCG1 Protein of unknown function 1784 988 248 391 209 0.12

DAL7 Malate synthase 8159 4397 637 1671 1055 0.13

HXT2 High-affinity glucose transporter 1100 412 318 242 159 0.14

YGR287C Isomaltase(α-1,6-glucosidase/α-methylgluco.) 4691 3173 1521 2545 822 0.18

DAL2 Allantoicase 1615 655 301 403 298 0.18

MAL32 Maltase (α -D-glucosidase) 3542 1998 1468 2210 671 0.19

CWP1 Cell wall mannoprotein 488 574 159 69 94 0.19

RHO5 Non-essential small GTPase 1054 817 548 423 248 0.24

FMP43 Conserved subunit of mitoch. pyruvate carrier 121 96 53 66 29 0.24

PUT4 Proline permease 833 410 124 217 207 0.25

YLR154C-G Protein of unknown function 1464 1040 3803 550 374 0.26

PRM10 Pheromone-regulated protein 132 121 0 55 34 0.26

HMS2 Homologous to heat shock transcription fact. 327 279 71 129 85 0.26

NRK1 Nicotinamide riboside kinase 910 522 354 297 243 0.27

SUL1 High affinity sulfate permease 470 164 124 132 128 0.27

MEP2 Ammonium permease 2641 3160 301 1297 723 0.27

MAL12 Maltase (α -D-glucosidase) 3829 2362 2565 2970 1085 0.28

SNL1 Ribosome-associated protein 720 586 212 310 207 0.29

MIG2 Zinc finger transcriptional repressor 1236 909 354 597 363 0.29

DAL80 Regulator in nitrogen degradation pathway 259 191 71 52 76 0.29

DAL3 Ureidoglycolate lyase 1241 713 283 359 366 0.29

ICY1 Protein of unknown function 868 568 318 288 258 0.30

SPO73 Meiosis-specific protein 492 316 265 226 150 0.30

GDH1 NADP(+)-dependent glutamate dihydrogen. 13231 10009 3113 5308 4299 0.32

GCV2 subunit of the mitoch. glycine decarboxylase 1662 1038 336 440 547 0.33

Supplemental Table 4. Oligonucleotides for deletions using Crisp/Cas9

Primer  Sequence (5’  3’)

targetRNA F Flo1
TGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAGTGAAAGATAAATGATCACCGT-
TAGT
GATGACTTTGAGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCA
AC

targetRNA F Flo1
GTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACTCAAAGTCA
TCACTAACGGTGATCATTTATCTTTCACTGCGGAGAAGTTTCGAACGCCGAAACATGC
GCA

Repair F Flo1
GACTAACTTCACCATCAATGGTATCAAGCCATGGCATGGAAGTCTCCCTGATAATATCG
CTCAGAACACCAACAACTGCTAGCACCATCATAACCACAACTGAGCCATGGACCGGTA
CTT

Repair Flo1 
AAGTACCGGTCCATGGCTCAGTTGTGGTTATGATGGTGCTAGCAGTTGTTGGTGTTCT
GAGCGATATTATCAGGGAGACTTCCATGCCATGGCTTGATACCATTGATGGTGAAGTT
AGTC

F chk Flo1 CGTTCGAATGTTGTGCACAAGAAC

R chk Flo1 TTCGGTAGAAGTAGAAGTGGAAG

targetRNA F Tsl1
TGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAGTGAAAGATAAATGATCAGTGCATC
TTTATTGAATGAGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATC
AAC

targetRNA R Tsl1
GTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACTCATTCAA
TAAAGATGCACTGATCATTTATCTTTCACTGCGGAGAAGTTTCGAACGCCGAAACAT
GCGCA

Repair F Tsl1
ACCCGTCGATTAAAAAACCAAACAAAGCAAAGAATACAATAGCAACGCAAGATCAAC
ACAATTTTACCATTTTAAAATTTTAATTTTCTTGGGTATGAACTTTTATTTTCAACTGCTT
AT

Repair R Tsl1
ATAAGCAGTTGAAAATAAAAGTTCATACCCAAGAAAATTAAAATTTTAAAATGGTAAA
ATTGTGTTGATCTTGCGTTGCTATTGTATTCTTTGCTTTGTTTGGTTTTTTAATCGACG
GGT

F chk Tsl1 TTTACTTTTGTGCGCGTGGG

R chk Tsl1 GTCGCCTGGACATTCCTCTC

targetRNA F Tps3
TGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAGTGAAAGATAAATGATCATGTTTCTT
ATTATTACCGAGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCA
AC

targetRNA R Tps3
GTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACTCGGTAATAA
TAAGAAACATGATCATTTATCTTTCACTGCGGAGAAGTTTCGAACGCCGAAACATGCG
CA

Repair F Tps3 CTTTATAATTTATTGCTTCCTATTCAAAAAACCACAGACTAATAACCACGGGCAACCTC
AGCGATCATTTTCCCTCCTGTACTTTCAAAATGTTCTCTTTCTTATTCTTCAGTTATAGTT

Repair R Tps3
AACTATAACTGAAGAATAAGAAAGAGAACATTTTGAAAGTACAGGAGGGAAAATGAT
CGCTGAGGTTGCCCGTGGTTATTAGTCTGTGGTTTTTTGAATAGGAAGCAATAAATTA
TAAAG

F chk Tps3 AATTGTCCTCCTGGGCTTCG

R chk Tps3 TTGGACCGTCAGAGTCGTTC

Underlined: sequence of the targets in Flo1, Tsl1 and Tps3
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