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ABSTRACT

Engineering Saccharomyces cerevisiae for the utilization of pentose sugars 
is an important goal for the production of second-generation bioethanol 
and biochemicals. However, S. cerevisiae lacks specific pentose transport-
ers and, in the presence of glucose, pentoses enter the cell inefficiently 
via endogenous hexose (HXT) transporters. By means of in vivo engi-
neering, we have evolved a quadruple hexokinase deletion mutant of 
S. cerevisiae into a strain that efficiently utilizes D-xylose in the presence 
of high D-glucose concentrations. Genome sequence analysis revealed 
a mutation (Y353C) in the general co-repressor CYC8/SSN6, which was 
found to be responsible for the phenotype when introduced individually 
in the non-evolved strain. Transcriptome analysis revealed the altered 
expression of in total 95 genes, including genes involved in: 1) hexose 
transport, 2) maltose metabolism, 3) cell wall function (mannoprotein 
family), and 4) unknown functions (Seripauperin multigene family). Out 
of the 18 known HXT transporters, 9 were upregulated, especially the 
low or non-expressed HXT10, HXT13, HXT15 and HXT16 genes. Mutant 
cells show increased uptake rates of D-xylose in the presence of D-glu-
cose, as well as an elevated Vmax for both D-glucose and D-xylose trans-
port. The data suggests that the increased expression of multiple hexose 
transporters renders D-xylose metabolism less sensitive to D-glucose 
inhibition due an elevated transport rate of D-xylose into the cell.

IMPORTANCE

The yeast Saccharomyces cerevisiae is used for second-generation bioetha-
nol formation. However, growth on xylose is limited by pentose transport 
through the endogenous Hxt transporter as uptake is outcompeted by 
the preferred substrate glucose. Mutants were obtained with improved 
growth characteristics on xylose in the presence of glucose, and map to 
the regulator Cyc8. The inactivation of Cyc8 cause the increased expres-
sion of Hxt transporters thereby providing more capacity for the transport 
of xylose as well, presenting a further step towards a more robust process 
of industrial fermentation of lignocellulosic biomass using yeast.

Keywords: Sugar transporter, Xylose transport, Evolutionary engineer-
ing, Transcriptome, Yeast

BACKGROUND

Increasing energy demand and concerns of obtaining this energy from 
fossil fuels have stimulated the development of liquid fuels from renew-
able feedstock. Bioethanol, mostly used as a fuel additive, produced 
from readily fermentable agricultural feedstocks like sugar cane and 
corn is less desired because the production of these feedstocks requires 
large amounts of arable land while competing with food supply (1). A 
more sustainable source of feedstock is lignocellulosic biomass from 
hardwood, softwood and agricultural residues (2). However a major 
drawback of lignocellulosic feedstocks is the inability of the most com-
monly used yeast in industry, Saccharomyces cerevisiae, to ferment the 
substantial fraction of pentose sugars, such as D-xylose, released upon 
conversion of lignocellulose besides the hexose sugar fraction (4). In 
recent years, two strategies have been developed to equip S. cerevisiae 
with the ability to convert D-xylose into bioethanol: 1) the XR-XDH 
pathway, a two-step redox pathway in which xylose reductase (XR) 
first catalyzes the reduction of xylose to xylitol, which is subsequently 
oxidized via xylitol dehydrogenase (XDH) to form xylulose (7, 8) and 2) 
the XI pathway, a one-step conversion from xylose into xylulose using 
either a bacterial or fungal xylose isomerase (9–11). The latter path-
way, overexpressing the fungal xylose isomerase of Piromyces sp. E2 is 
used in this study. To further optimize the flux of xylose fermentation 
towards ethanol the endogenous genes of the non-oxidative pentose 
phosphate pathway were over-expressed [8]. 

Although overexpression of the xylose isomerase results in the 
desired D-xylose fermentation, the consumption of D-xylose in the 
presence of a high glucose concentration remains difficult (36). All 
currently used xylose-fermenting S. cerevisiae strains first consume 
the D-glucose, before D-xylose is metabolized. To generate an eco-
nomically feasible process in an industrial setting, it is preferred that 
both sugars are fermented simultaneously and at high consumption 
rates (121). Pentose transport and the quest for co-consumption of 
D-xylose and D-glucose is an important topic in xylose fermenting 
strains. Various approaches have been used including the introduction 
of specific xylose transporters derived from other organisms (56, 122), 
but these support only low rates of xylose transport (47, 48, 116, 123). 
Another approach, reported recently, is the mutagenesis of the hexose 
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transporters HXT7 and GAL2 genes yielding mutants that were found 
to be defective in glucose uptake while still retaining substantial xylose 
transport activity (65). In another study it was shown that, via saturated 
mutagenesis of conserved amino acid sequence motifs, HXT7 could be 
converted in a D-xylose transporter. However, this rewired transporter 
remained sensitive to glucose inhibition (33). The extensively studied 
hexose transporter (HXT) family of sugar transporters mediate glucose 
transport in S. cerevisiae (34, 35). In a strain, lacking the main hexose 
transporters HXT1–7 and GAL2, uptake of D-xylose could be restored 
by the re-introduction of HXT1, HXT2, HXT4 and HXT7 (70). In another 
study, HXT3 and a HXT36 chimera were shown to complement growth 
on D-xylose (72). Furthermore, in a D-xylose-fermenting S. cerevisiae 
strain in which all hexose transporters were deleted, it was shown that 
HXT5 also transports D-xylose [9]. However, all of these expressed HXT 
transporters have in common that the preferred substrate is D-glucose 
and not D-xylose. In the quest for a specific D-xylose transporter we 
recently showed that via a combinatorial approach of evolutionary 
engineering and directed evolution, the HXT36 gene, a chimeric HXT in 
which HXT3 and HXT6 are fused, could be converted in a specific D-xy-
lose transporter by a single amino acid change allowing co-metabolism 
of D-glucose and D-xylose (72). The best mutant, however, showed a 
rather low Vmax on D-xylose, which limited the growth rate on this sugar. 
To further optimize D-xylose transport in the presence of D-glucose we 
have used an in vivo evolutionary engineering method using a xylose-fer-
menting S. cerevisiae strain that lacks the four hexokinase genes (65, 72). 
This strain is therefore unable to grow on D-glucose, but still ferments 
D-xylose. By growing this strain on repeated batches of D-xylose in the 
presence of increasing concentrations of D-glucose, an evolved strain 
was obtained in which transport and metabolism of D-xylose is highly 
resistant to D-glucose. Genome sequencing and expression analysis 
indicates that the growth phenotype can be explained by a mutation 
in the CYC8/SSN6 gene, which leads to increased expression levels of 
the HXT transporters causing a higher transport flux of D-xylose into 
the cell in the presence of D-glucose.

RESULTS

EVOLUTIONARY ENGINEERING OF A S. CEREVISIAE 
QUADRUPLE HEXOKINASE DELETION STRAIN ON D-XYLOSE IN 
THE PRESENCE OF INCREASING D-GLUCOSE CONCENTRATION

The S. cerevisiae quadruple hexokinase (GLK1, HXK1, HXK2 and GAL1) 
deletion strain DS69473 (72, 77) was grown in a fermentor in order to 
select for an improved growth on D-xylose in the presence of D-glucose. 
This strain contains an engineered D-xylose metabolic pathway, based 
on a fungal xylose isomerase and is thus capable of growing on D-xylose 
(9–11) but it does not grow on D-glucose. The experiment was designed 
to isolate an evolved D-xylose-fermenting strain that is less sensitive 
to D-glucose inhibition. The DS69473 strain was grown aerobically in 
batch culture on 1 % D-xylose in the presence 3 % D-glucose and, in 
time, increasing concentrations of D-glucose up to 8 % (Supplemental 
Figure 1). Growth was assayed via CO2 production and optical density 
measurements during the fermentation. Because of the experimental 
batch culture setup the strain consumes the D-xylose whereas the 

Figure 1. Growth of the original DS69473 strain (closed symbols) and the 
DS69473Evo strain (open symbols) on 2 % D-xylose and 0 % (,), 6 % (,), 
12 % (,) D-glucose.
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D-glucose concentration remains unaltered. This leads, in time, to in-
creasing D-glucose to D-xylose ratios and therefore decreased growth 
rates as observed in the CO2 measurements. If needed, D-xylose was 
added to maintain growth. To further challenge the strain, slowly the 
D-glucose concentration was increased in a 40-day time frame in which 
the wild-type DS69473 adapted to the increasing ratio of D-glucose to 
D-xylose. This led to the evolved DS69473Evo strain, which was able to 
grow on D-xylose (1 %) in the presence of a 8-fold excess of D- glucose 
(8 %). The DS69473Evo strain was analyzed for growth in shake flasks on 
2 % D-xylose in the presence of various concentrations of D-glucose and 
compared to the progenitor DS69473. Both strains show comparable 
growth profiles on 2 % xylose without glucose. Growth of the original 
DS69473 strain and the evolved DS69473evo strain was inhibited 
at 6 % D-glucose although the DS69473Evo strain grows to higher 
OD600 levels compared to the parental strain (Figure 1). Growth of the 
DS69473 strain on 2 % D-xylose in the presence of 12 % D-glucose is 
completely inhibited, while the DS69473Evo strain is still able to grow. 
As expected, control experiments demonstrated that these strains are 
unable to consume and grow on D-glucose (data not shown).

D-XYLOSE UPTAKE IN THE PRESENCE OF D-GLUCOSE

To investigate the molecular basis that allows growth of the DS69473Evo 
strain on D-xylose in the presence of competing concentrations of 
D-glucose, [14C-] D-xylose uptake experiments were carried out. Al-
ready with 100 mM (~1.5 %) xylose and without glucose in the buffer, 
the DS69473Evo strain showed an increased rate of D-xylose uptake 
(49.8 ± 3.7 nmol/mgDW.h) compared to the original DS69473 strain 
(32.2 ± 1.3 nmol/mgDW.h) (Figure 2). With both strains, D-xylose trans-
port was inhibited by D-glucose but a substantial residual D-xylose up-
take rate remained with the DS69473Evo strain at the highest D-glucose 
concentrations tested. If the uptake rates were compared relative to the 
D-xylose uptake in the absence of D-glucose, the difference between 
both stains was negligible (Figure 2, inset). This suggests that the evo-
lution experiment resulted in an increased D-xylose transport activity 
but that the D-glucose sensitivity remained unchanged.

GENOME SEQUENCING

Genome sequencing of DS69473 and DS69473Evo was conducted 
to find mutations that enabled the evolved strain to grow on 1 % D- 
xylose in the presence of 8 % D-glucose. Sequencing data was mapped 
to CEN.PK113–7D strain (124). Unique variants (insertion, deletion, 
multinucleotide (MNV) and single nucleotide polymorphisms (SNP)) 
were detected by comparing the DS69473 and DS69473Evo genomes. 
When selecting variants that are found only in DS69473Evo one in-
teresting mutation was obtained in the CYC8/SSN6 gene (see Supple-
mental Table 1 for total variants of DS69473Evo). This point mutation 
(1058A>G) in CYC8/SSN6 resulted in an amino acid change Y353C and 
was found in 335 out of 336 reads that map at that position meaning 
a high coverage and frequency. The presence of the mutation was 
checked in predecessors’ strains, but found to be absent in the lineage 
(data not shown). Since the glucose/xylose uptake was changed in the 
DS69473Evo strain we focused especially on all the HXT transporters 

Figure 2. D-Xylose uptake by the in-vivo engineered S. cerevisiae strain. Uptake 
of 100 mM [14C-] D-xylose by the DS69473 () and DS69473Evo () strain 
in the presence of competing concentrations of D-glucose ranging from 0 to 
800 mM. Inset, Xylose uptake normalized to the rate observed in the absence 
of competing glucose.
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in the genome comparison between the DS69473Evo strain and the 
DS69473 yielded no differences. However, both strains showed a stop 
codon in HXT13 at position 842 (W281stop), which is also present in 
the CEN.PK113–7D strain (124). Furthermore, both strains have a 
synonymous substitution in the HXT10 gene (A1587G), which is not 
present in the genome of CEN.PK113–7D. 

REVERSE ENGINEERING OF CYC8 IN THE ORIGINAL DS69473 
STRAIN

To validate the significance of the Y353C mutation in the CYC8 gene, 
the same mutation was reverse-engineered in strain DS69473. A similar 

strain containing the kanMX marker but not the CYC8 mutation was 
constructed as a control (DS69473-Y353). The obtained strains were 
tested for aerobic growth on 2 % D-xylose and 12 % D-glucose in shake 
flasks (Figure 3) analogous to the evolution experiment. A highly similar 
growth pattern was obtained in the DS69473-Y353C strain compared 
to the DS69473Evo strain (Figure 1). In contrast, the DS69473-Y353 
control strain is unable to grow on 2 % D-xylose and 12 % D-glucose, 
and shows normal growth at 2 % D-xylose only (data not shown). This 
demonstrates that the Y353C mutation in the CYC8 gene is the main ele-
ment responsible for the obtained phenotype in the DS69473Evo strain.

SATURATION MUTAGENESIS OF RESIDUE 353 OF CYC8 

To explore the sequence space of position Y353 in Cyc8, all further 
amino acid substitutions were individually introduced into the CYC8 
gene using the CRISPR/Cas9 technology. The Cyc8-Y353 mutants 
were transformed to the original DS69473 hexokinase deletion strain 
and tested for growth on 2 % D-xylose and 12 % D-glucose. Improved 
growth (within 48 hrs) occurred with 10 additional mutants relative 
to wild-type Cyc8 (Supplemental Figure 2). However, none of these 
mutants showed a significantly improved growth rate compared to the 

Figure 3. Growth of the DS69473 Y353 strain () and the DS69473 Y353C 
strain () on 2 % D-xylose and 12 % D-glucose.

Table 1. Transcriptome data of all HXT transporters expressed in DS69473 
 CYC8(Y353C) and DS69473 CYC8(Y353). HXT transporters are ranked based 
on total expression level as measured by RNAseq. Indicated is also the percent-
age of transcripts for all genes combined, showing the relative abundance of the 
transcript, as well as the ratio (FC) of the expression in DS69473 CYC8(Y353C) 
versus in DS69473 CYC8(Y353). Also indicated is the sum of HXT transporter 
genes transcripts and of all genes, showing no major global increase in mRNA.

CYC8(Y353) CYC8(Y353C)

Probe Gene Chromosome mRNA level % of total mRNA level  % of total FC 

YMR011W HXT2 XIII 13238 53.7 24749 51.5 1.9

YDR343C HXT36 IV 2947 12.0 6643 13.8 2.3

YDR342C HXT7 IV 1307 5.3 6234 13.0 4.8

YHR092C HXT4 VIII 5093 20.7 4750 9.9 0.9

YHR096C HXT5 VIII 358 1.5 1903 4.0 5.3

YHR094C HXT1 VIII 528 2.1 1629 3.4 3.1

YJL214W HXT8 X 917 3.7 797 1.7 0.9

YDL245C HXT15 IV 54 0.2 485 1.0 9.0

YJR158W HXT16 X 38 0.2 316 0.7 8.3

YEL069C HXT13 V 11 <0.1 367 0.8 34.3

YFL011W HXT10 VI 16 0.1 127 0.3 8.1

YJL219W HXT9 X 53 0.2 46 0.1 0.9

YOL156W HXT11 XV 53 0.2 37 0.1 0.7

YLR081W GAL2 XII 25 0.1 14 <0.1 0.6

YNL318C HXT14 XIV 9 <0.1 4 <0.1 0.4

Sum of all HXT transporters: 24647 48102 1.95

Sum of all genes: 2706604 2655949 0.98
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59RESULTS RESULTS

original Cyc8 Y353C mutant. Therefore, in all further experiments the 
Cyc8 Y353C mutant was used.

TRANSCRIPTOME ANALYSIS OF THE CYC8 MUTANT STRAIN

To further examine the transcriptional impact of the CYC8 Y353C 
mutation, RNAseq analysis was carried out with the DS69473-Y353C 
and DS69473-Y353 strains, grown for 29 hours on 2 % D-xylose in 
the presence of 6 % D-glucose. In the comparison, 93 genes were up- 
regulated and 2 genes were down-regulated in strain DS69473-Y353C 
(Supplemental table 2). The up- and down regulated genes are distrib-
uted over almost all chromosomes and four main functional clusters 
of genes could be identified: 1) the down-regulation of two maltose 
permeases (MAL11 and MAL31) and 2 maltases (MAL12 and MAL32), 
2) the up-regulation of members of the Seripauperin multigene family 
(10 PAU genes up-regulated) and 3) up-regulation of the cell wall man-
noprotein family (8 genes up-regulated e.g. TIR1, FIT2). Most notably, 
there was the 4) up-regulation of members of the hexose transporter 
family including highly (HXT1, HXT2, HXT36, HXT5 and HXT7) and silent 
or low expressed genes (HXT10, HXT13, HXT15 and HXT16) (Table 1). 
Combining the absolute expression levels of all HXT transporters, the 
overall expression was nearly 2-fold higher in the DS69473-Y353C 
mutant compared to the DS69473-Y353 control strain (Table 1). RNA-
seq data of all the HXT transporters was confirmed by qPCR (data 
not shown). Out of the 93 up-regulated genes, 34 are located in the 
30 Kbp of the telomeric region of the various chromosomes which is 
consistent with data published before (125). 

Next, uptake experiments with [14C-] D-xylose were performed in 
order to study the effect of the increased expression of HXT trans-
porters in the DS69473-Y353C mutant strain. The collective kinetic 
parameters for D-xylose uptake were improved in the DS69473-Y353C 
strain compared to the DS69473-Y353 strain, showing an increased 
Vmax (287.7 ± 14.5 nmol/mgDW.h versus 244.1 ± 24.1 nmol/mgDW.h) and 
an improved apparent Km (368.5 ± 48.0 mM versus 486.8 ± 60.9 mM) 
(Figure 4). Uptake of D-glucose also was increased with a Vmax of 
147.5 ± 7.2 nmol/mgDW.h in the DS69473-Y353C mutant versus 
99.3 ± 4.5 nmol/mgDW.h in the DS69473-Y353Y control strain, with 

apparent Km values of 48.2 ± 2.9 mM and 29.9 ± 2.3 mM, respectively. It 
should be stressed that the above kinetic parameters are an approxi-
mation as they reflect the overall transport activity of the yeast strains. 
Summarizing, these data demonstrate that the evolved strain exhibits 
enhanced rates of D-glucose and D-xylose transport.

Figure 4. Kinetic parameters for D-xylose (A) and D-glucose (B) uptake. Uptake 
was measured in nmol/mgDW.min in the DS69473 Y353Y strain () and the 
DS69473 Y353C strain (). The uptake levels of the DS68625 strain, in which 
HXT1-HXT7 and GAL2 were deleted, were for both sugars subtracted from the 
DS69473 and the DS69473 Y353C strains to correct background sugar up-
take and cellular binding.
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CHARACTERIZATION OF A CYC8 DELETION STRAIN

To investigate if the Y353C mutation in the CYC8 gene is a functional 
change or inactivation of the protein, a CYC8 deletion strain was stud-
ied. Although various attempts were made with the HIS3 marker as 
well as the kanMX marker and also with different flanking regions, no 
inactivation mutant of the CYC8 gene could be obtained in the original 
DS69473 hexokinase deletion strain. When the same constructs were 
transformed to the DS68616 strain, a xylose-fermenting strain with 
intact hexokinase genes, the appropriate deletion was obtained in which 
the CYC8 gene was replaced with the kanMX resistance marker as con-
firmed by PCR (data not shown). Additionally, the CYC8 Y353C mutation 
was introduced into DS68616, yielding strain DS68616-CYC8-Y353C 
and the control DS68616-CYC8-Y353 both harboring the kanMX resis-
tance marker. All three strains were grown on 2 % D-xylose and 6 % D- 
glucose to the mid-exponential growth phase and total RNA was isolated. 
Using qPCR, ADH1, FIT2 and HXT13 were found to be 0.3 (p=0.028), 
8.7 (p=0.034) and 36.2 (p=0.000) times up-regulated in the DS69473-
Y353C strain, respectively. The DS68616-CYC8-Y353C mutant strain 
showed similar results as compared to the DS69473-Y353C mutant 
strain (ADH1 = 0.25 ± 0.02, FIT2 = 2.9 ± 0.10 and HXT13 = 16.62 ± 1.06). 
Likewise, the  DS68616Δcyc8 strain showed a similar up-regulation 
for the HXT13 gene (14.9 ± 1.5) and a down-regulation for the ADH1 
gene (0.42 ± 0.08). In this strain, the FIT2 gene (0.10 ± 0.01) was down- 
regulated. HXT10 and HXT15/16, both characteristic for the Hxt up-
regulated phenotype, are respectively 5.82 ± 0.64 and 13.36 ± 1.04 fold 
upregulated in the DS68616Δcyc8 strain (Supplemental Figure 3). It is 
of interest to note that the silent and inactivated HXT13 gene was also 
up-regulated in the DS69473evo and DS69473-Y353C strains (data 
not shown), suggesting a common mechanism. 

CHARACTERIZATION OF A XYLOSE FERMENTING INDUSTRIAL 
STRAIN EXPRESSING CYC8-Y353C

The impact of the Y353C mutation in CYC8 on D-xylose consump-
tion was further studied in an industrial relevant strain that carries 
the four hexose kinases (GLK1, HXK1, HXK2 and GAL1) and thus is 

capable of glucose consumption. DS68616-CYC8-Y353, DS68616-
CYC8-Y353C and DS68616-ΔCYC8 strains were inoculated at an 
OD600 of 10 and grown for 8 hours on 2 % D-glucose and 2 % D-xylose. 
Since the DS68616-ΔCYC8 strain flocculates and showed a severely 
reduced growth rate (data not shown), it was not further analyzed. 
Strain DS68616-CYC8-Y353C showed a reduced growth rate on the 
glucose-xylose mixture as compared to the DS68616-CYC8-Y353 
wild-type strain (Supplemental Figure 4C), but the initial D-xylose con-
sumption was higher in the DS68616-CYC8-Y353C mutant strain as 
compared to the DS68616-CYC8-Y353 wild-type strain (Supplemen-
tal Figure 4B). In contrast, D-glucose consumption remains unaltered 
(Supplemental Figure 4A). This shows that also in a glucose consuming 
strain, xylose consumption is stimulated by the CYC8-Y353C mutation. 

OVEREXPRESSION OF THE UP-REGULATED SILENT HXT 
TRANSPORTER GENES

To examine the role of individual up-regulated HXT transporters in 
the phenotype of the DS69473Evo strain, the genes of several HXT 
transporters were all amplified from genomic DNA of the DS69473Evo 
strain, and cloned in the yeast expression vector pRS313-P7T7 [22]. It 
should be noted that we assume that the DS69473 and DS69473Evo 
strains displays a deletion of the last 18.9 Kbps of the telomeric re-
gion of the right arm of chromosome XIV, including HXT17 (YNR072W). 
This is partially in contrast with the de novo genome sequencing of the 
progenitor strain CEN.PK113–7D where only the genes YNR070W, 
YNR071C, YNR074C, YNR075C and YNR077C were found to be de-
leted which cover different parts of the telomeric region (124). However, 
the genes reported to be present in this study, YNR072W (HXT17), 
YNR073C (DSF1) and YNR076W (PAU6) all have a homolog elsewhere 
on the genome with 97, 99 and 100 % similarity, respectively. Therefore, 
it appears that these were mapped incorrectly and that instead the 
entire 18 Kbps DNA fragment was deleted in CEN.PK113–7D strain. 
PCR amplification on genomic DNA of the yeast strains S288C, CEN.
PK113–7D and DS69473 showed that 3 out of 3 fragments failed to be 
amplified in the latter two strains whereas in the S288C strain, this am-
plification was possible (data not shown). Since HXT13 contains a stop 
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63DISCUSSION DISCUSSION

codon in at position 842 (W281stop), it was not further examined for 
overexpression and complementation. Moreover, due to the very high 
nucleotide sequence homology (99 %) between HXT15 and HXT16, the 
individual genes could not be separated by sequencing. In the DS69473 
strain, HXT10 and HXT15/16 are not expressed. These genes are, how-
ever, up-regulated in the DS69473Evo strain and were therefore also 
over-expressed individually in the hexose transporter deletion strain, in 
which HXT10 and HXT15/16 are silent (see Supplemental Table 3). Both 
HXT10 and HXT15 were able to complement growth on 2 % D-glucose 
(Supplemental Figure 5A). However, only HXT10 showed growth com-
plementation on 2 % D-xylose (Supplemental Figure 5B), but growth was 
relatively poor compared to other HXT genes (e.g. HXT2 and HXT7; data 
not shown). Thus, HXT10 was not further analyzed. These data suggest 
that HXT transporters individually are not responsible for the observed 
phenotype. Rather, the CYC8 mutation causes an increased expression 
of a set of HXT transporters thereby changing the transporter landscape 
and concomitant elevated rates of D-glucose and D-xylose transport.

DISCUSSION

In the yeast Saccharomyces cerevisiae, HXT transporters (HXT1-HXT7) 
function as facilitators for D-glucose uptake allowing cells to grow 
efficiently on media containing high concentrations of this sugar. In 
an industrial setting, where a xylose-fermenting S. cerevisiae strain is 
used to convert D-xylose and D-glucose from lignocellulosic biomass 
into bioethanol, co-consumption of these sugars is essential to shorten 
fermentation times and to prevent inhibitory effects by toxic metabo-
lites on D-xylose metabolism that is usually slower in these engineered 
strains. Co-metabolism is therefore desired for the development of a 
robust fermentation process. Although the S. cerevisiae strain DS68616 
used in this study metabolizes D-xylose efficiently, the uptake, and 
therefore consumption, of D-xylose, is strongly inhibited by D-glucose. 
This is because D-xylose is transported via HXT transporters that pre-
fer D-glucose above D-xylose (36, 70, 72). To overcome this glucose 
transport inhibition and to select for mutants with an increased and 
more specific D-xylose uptake, a D-xylose-metabolizing DS69473 strain 
was used which lacks the four hexokinase genes and is thus unable to 

grow on D-xylose in the presence of high concentrations of D-glucose. 
This strain does not grow on D-glucose because of the inability to me-
tabolize this sugar. The evolutionary engineering process yielded the 
DS69473Evo strain, which is able to grow on a high ratio of D-glucose 
to D-xylose. Uptake experiments indeed show an improved D-xylose 
uptake in the presence of increasing concentration of D-glucose, albeit 
D-xylose uptake remains to be inhibited. Genome sequencing of the 
evolved DS69473Evo strain identified the Y353C mutation in the CYC8 
gene and by transcriptomics, the subsequent increased expression of 
a large number of the HXT transporters could be demonstrated caus-
ing both an increased Vmax of D-xylose and D-glucose uptake. Further 
mutagenesis of the Y353 position, showed that other substitutions can 
result in improved growth, but the original cysteine mutant appears 
to exhibit the strongest phenotype. A previous study also described a 
point mutation in the CYC8 gene in an evolutionary engineering exper-
iment which optimized D-xylose consumption in a D-xylose fermenting 
S. cerevisiae strain (126). Either because of that mutation, or two other 
mutations found in the evolved strain (126), the expression levels of 
the genes involved in xylose metabolism (e.g. XYL1 and XYL2) were 
increased causing improved D-xylose consumption but not an increased 
growth on D-xylose in the presence of D-glucose. The Y353C mutation 
in the CYC8 gene is located in the before last (number 9 out of 10) 
tetratricopeptide (TPRs) which are functional domains required for the 
interaction with Tup1p. A distinct subset of TPR motifs is needed for the 
repression of different classes of genes affected by the Cyc8p-Tup1p 
co-repressor complex, especially TPRs 8 and 9, and possibly 10. These 
are shown to be critical for glucose repression (127, 128). During glu-
cose repression, the Cyc8p-Tup1p co-repressor complex interacts with 
Mig1p and inhibits Mig1p activation (99, 129). Transcriptome data of 
a S. cerevisiae wild-type strain in which the TUP1 gene was deleted 
showed the 2-fold upregulation of 225 genes including 15 genes en-
coding or involved in flocculation, serine-rich cell wall mannoproteins, 
seripauperin and the hexose transporter family (130). The latter group 
includes all HXT genes except for HXT5, HXT10 and HXT14. Although 
there is a major overlap in up-regulated HXT genes in our data set, the 
CYC8 mutation does not cause the upregulation of GAL2, HXT4, HXT8, 
HXT9, HXT11 and HXT14 and thus the phenotype differs from the tup1 
deletion. Out of the 93 genes, which are up-regulated in the CYC8 
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65DISCUSSION CONCLUSIONS

Y353C mutant strain, 34 genes are 2-fold up-regulated in the tup1 de-
letion strain. Our data further demonstrates that a cyc8 deletion strain 
does not have the same phenotype as the CYC8 Y353C mutant strain. 
This CYC8 deletion strain showed a tendency to flocculate, which was 
not observed with the CYC8 Y353C mutant strain. Flocculation was 
also observed previously in a cyc8 (131) and tup1 (132, 133) deletion 
strain. However, since Hxk2p is a bi-functional enzyme, both a catalyst 
and an important regulator in glucose repression, the phenotype of a 
strain with 2 mutations in the glucose catabolite repression mechanism 
(CYC8 Y353C and Δhxk2) might differ from the one with only the CYC8 
Y353C mutation. Overall we conclude that the phenotype of the Y353C 
mutation in the CYC8 gene has substantial overlap with phenotype of 
strains carrying a deletion of the CYC8 or TUP1 gene. It should also 
be noted that in addition to the aforementioned functional classes of 
genes including the HXT transporters, a number of individual genes 
were up-regulated. In particular, the almost 6-fold upregulation of TKL2 
gene is of interest as this gene encodes for a transketolase that cata-
lyzes the conversion of xylulose-5-phosphate and ribose-5-phosphate 
to sedoheptulose-7-phosphate and glyceraldehyde-3-phosphate in the 
pentose phosphate pathway and thus in the metabolism of D-xylose. 
The low expressed TKL2 is a paralog of TKL1. Although the TKL1 gene 
is 1.4-fold down-regulated in the CYC8 mutant strain, its expression is 
still 26-fold higher than TKL2. Based on the expression levels, it appears 
unlikely that an increased TKL2 expression causes a major change in 
D-xylose metabolism. The upregulated genes HXT15 and HXT16 have 
recently been identified as mannitol and sorbitol transporters (134). 
They, cluster with the sorbitol dehydrogenases SOR2 and SOR1 genes, 
respectively. The latter genes were also upregulated in the DS69473 
Y353C mutant strain (Supplemental table 2). However, upregulation 
of SOR1 could also be caused by the increased influx of D-xylose into 
the cell since D-xylose induces the expression of SOR1 (135). This may 
also apply to SOR2. Furthermore, HXT15 is able to transport xylitol, 
which may have a negative effect on biomass and/or ethanol produc-
tion since xylitol inhibits the xylose isomerase (17). It should be noted 
that in the DS69473 derived strains, the aldose reductase GRE3 was 
deleted to prevent accumulation of xylitol. Although the upregulation 
of silent hexose transporters HXT10 and HXT15 occurred in the CYC8 
Y353C mutant, these HXTs do not substantially contribute to the overall 

phenotype of an increased growth rate on D-xylose in the presence 
of D-glucose. The genes are low expressed and individually, could not 
fully complement a transporter deletion strain for xylose transport and 
metabolism. We conclude that the phenotype relates to the increased 
expression of the “main” hexose transporters HXT2, HXT36, and HXT7 
and to a lesser extent HXT5, and HXT1 causing elevated rates of uptake 
of both D-glucose and D-xylose. Under these conditions, D-glucose 
remains the most favorable transported sugar, but because of the 
higher transport capacity, also an increased rate of D-xylose transport 
is observed driving improved D- xylose metabolism. Thus, mutation 
of CYC8 might be a general means to increase the expression of HXT 
transporters in order to improve hexose/pentose co-metabolism.

CONCLUSIONS

A mutation (Y353C) in the general transcriptional co-repressor CYC8 
causes the altered transcription of a large group of genes involved in sugar 
metabolism and cell wall biogenesis, including the upregulation of almost 
all HXT transporter genes. This leads to an increased uptake of D-xylose 
in the presence of D-glucose, providing a general means to increase the 
sugar transport flux in strains that co-metabolize D-glucose and D-xylose.

METHODS

MOLECULAR BIOLOGY TECHNIQUES AND CHEMICALS

DNA polymerase, restriction enzymes and T4 DNA ligase were acquired 
from Fermentas. Oligonucleotides used for strain constructions were 
purchased from Sigma-Aldrich (Zwijndrecht, the Netherlands). Yeast 
genomic DNA for genome sequencing was isolated using the YeaStar™ 
Genomic DNA Kit (ZymoResearch, Irvine, CA, USA) following manu-
facturer’s instructions. Total RNA was isolated and cDNA was prepared 
from S. cerevisiae cells as described before (72). Antibiotics for selection 
of introduced constructs in yeast, hygromycin and geneticin (G418) 
were acquired from Invitrogen (Toulouse, France); nourseothricin was 
acquired from Werner Bioagents (Jena, Germany).
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67METHODS METHODS

STRAINS AND GROWTH CONDITIONS

The construction of DS68625 (71) and DS69473 (77) has been described 
elsewhere. S. cerevisiae strains used in this study (Supplemental Material 
and Methods; Supplemental table 3) were provided by DSM Bio-based 
Products & Services. Xylose-fermenting S. cerevisiae strains were pro-
vided by DSM and made available for academic research under a Ma-
terial Transfer Agreement with DSM (contact: paul.waal-de@dsm.com). 
Fed-batch cultures were grown in minimal medium supplemented with 
vitamin solution and trace elements (136) in a laboratory fermentor with 
a working-volume of 500 ml (Applikon, Schiedam, the Netherlands) at a 
temperature of 30 °C and pH 4.5. The dissolved oxygen (DO) was set at 
5 %, stirring at 400 rpm and the starting OD600 was 0.2. Shake flask ex-
periments at 200 rpm were also done in minimal medium supplemented 
with 2 % D-maltose, 2 % D-xylose/0.05 % D-maltose and 2 % D-glucose. 
The 0.05 % D-maltose was added in order to circumvent an elongated 
lag-phase in minimal medium with only 2 % D-xylose. Cell growth was 
monitored by optical density (OD) at 600 nm using an UV-visible spec-
trophotometer (Novaspec PLUS).

IN VIVO EVOLUTION

The quadruple hexokinase deletion mutant DS69473 was evolved in 
batch cultivation to grow on a 1 % D-xylose concentration in the pres-
ence of increasing concentrations of D-glucose (3–8 %). Growth of the 
DS69473 strain was followed in time by CO2 measurements, whereas 
the levels of D-xylose and D-glucose were monitored by HPLC analysis 
to confirm that the cells were growing solely on D-xylose. The D-glucose 
to D-xylose ratio at the start of the evolutionary engineering was kept 
low at a 1:3 ratio but increased during the experiment, eventually reach-
ing 1 % D-xylose and 8 % D-glucose. In the setup used, the DS69473 
strain consumes only the D-xylose, which leads to higher glucose to 
xylose ratios in time and therefore a drop in growth rate. When the CO2 
production was reduced, additional xylose (5 ml of 50 % D-xylose added 
to 500 ml fermentor volume) was added to maintain growth. On average 
after 6–7 days the culture was diluted into fresh medium with a higher 
D-glucose to D-xylose ratio (Supplemental Figure 1). After 40 days, the 

evolved DS69473 strain was plated on 1 % D-xylose and 8 % D-glucose. 
A single colony (DS69473Evo) was used for further analysis.

ANALYTICAL METHODS

HPLC (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 and D-xylose. The mobile 
phase was 0.005 N H2SO4 at a flow rate of 0.55 ml/min.

GENOME SEQUENCING

Both strains DS69473 and DS69473Evo were sequenced using Illu-
mina HiSeq with mate-pair (50 bp long reads, insert size 3.2–6.3 kbp) 
and paired-end libraries (100 bp long reads, insert size 200–400 bp) 
at Baseclear B.V. (Leiden). For DS69473 31 million read pairs were 
obtained and for DS69473Evo 37 million read pairs. Data was of high 
quality (average Phred score >35). CLC genomics workbench 7.5.1 
(Qiagen) was used to analyse the data. Reads were trimmed at Phred 
score of 30 and allowing only 2 ambiguous nucleotides per read. Both 
datasets retained more than 95 % of the data after trimming. Mapping 
was done versus CEN.PK113–7D public genome (124) downloaded as 
genbank file from NCBI (PRJNA52955; 70 scaffolds, 12 Mbp assembly) 
using strict alignment settings. This resulted in 78 % (DS69473) and 
75 % (DS69473Evo) of the data mapped amounting to 300x coverage 
of the CEN.PK113–7D genome. The public CEN.PK113–7D genome 
assembly does not contain mitochondrial DNA, which explains the 
relative low mapping frequency. The low frequency variant detection 
from CLC genomics workbench was used to detect variants using a 
minimum count of 10 (at least 10 reads need to support the variant). 
Since these are haploid strains the variant frequency (number of reads 
supporting variant/total coverage at that position) was set to 80 %. 
Variants from DS69473 were compared with DS69473Evo only vari-
ants present in the evolved DS69473Evo were kept. This resulted in 
75 variants (31 SNV, 12 MNV, 17 Insertion, 15 Deletion) of which 33 are 
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69METHODS METHODS

in assembly gaps (nucleotide unknown in reference) (Supplemental Ta-
ble 1). Of the remaining 42 variants the mapping was inspected visually, 
only one variant remained that could potentially cause the improved 
phenotype of DS69473evo; Tyr353Cys in Cyc8p. 

SATURATION MUTAGENESIS OF CYC8 Y353

The Cas9 expression vector p414 TEF1p-Cas9-CYCt (Addgene) was 
cut using the restriction enzymes AdeI and MunI to remove the auxo-
trophic tryptophan marker. The KanMX marker was amplified (primers 
Supplemental Table 4) from gDNA template from the DS68625 strain 
and cut with the same restriction enzymes and subsequently ligated 
into plasmid p414 TEF1p-Cas9-CYCt yielding plasmid p414-KanMX-
TEF1p-Cas9-CYCt. The p414-KanMX-TEF1p-Cas9-CYCt plasmid was 
transformed to the DS69473 strain and the expression of the CAS9 
gene was analyzed using qPCR. Herein, we used the Crispr/Cas9 pro-
tocol from Mans et.al. (137) and pMEL16 to express the guide RNA 
targeting the CYC8 gene at the Y353 position (Supplemental Figure 
4) and targeting a PAM site 6 bp in front of the Y353 position. Two 
repair fragments with degenerated codons were used (Supplemental 
Table 4) in which the 353 position was replaced for a WNN or SNN 
yielding codons starting with a A/T or C/G, respectively. Transfor-
mation to the DS69473 strain yielded all amino acids at position 
353 except for E, K, M, W and F that were obtained separately used 
specific repair fragments. All mutations were verified after sequencing 
of the CYC8 gene. 

TRANSCRIPTOME ANALYSIS

Total RNA of both strains was isolated in triplicates after 29 hours of 
growth on 2 % D-xylose in the presence of 6 % D-glucose. RNAseq was 
analyzed on a Ion Proton™ Sequencer (PrimBio, USA) and high quality 
read data was obtained for both strains in triplicate with an average read 
length of 114 bp and an average number of reads of 11.2 M per sample. 
The FastQ files were run through a BowTie2-TopHat-SamTools pipeline 
and the resulting BAM files were analyzed in SeqMonk V0.27.0. The 

CEN.PK113–7D strain was used as a reference genome. All genes were 
quantified and run in an intensity difference statistical test in which a 
statistical difference of below 0.05 was used (p<0.05).

CYC8 GENE REPLACEMENT

In order to obtain the same Y353C mutation in the original DS69473 
strain the CYC8 gene in the DS69473 strain was replaced with the 
mutant gene with a kanMX resistance marker in front of the CYC8 
promotor region. A fragment of 52 base pairs was used as 5’ flanking 
region and a major part of the CYC8-Y353C gene was used as 3’ flank-
ing region (Supplemental table 4). The kanMX resistance marker was 
amplified via PCR with the Phusion® High-Fidelity PCR Master Mix in 
HF buffer, using a forward primer (F kanMX 5’tail) with a 52 base pair 
deletion 5’ flanking region (667–719 upstream of the CYC8 gene) and 
a reverse primer (R KanMX + CYC8) with a small 22 base pair amplifi-
cation 3’ flanking region (645–667 upstream of the CYC8 gene). The 
3’ flanking region was amplified using a forward primer (F kanMX + 
CYC8) which is the reverse compliment of the R kanMX + CYC8 primer 
and a reverse primer (R CYC8) which anneals 60 base pairs behind the 
Y353C mutation. Both fragments were used in an overlap PCR using 
only the outside primers (F kanMX 5’tail and R CYC8) in order to fuse 
the two fragments together. After transformation of the fused fragment 
into the DS69473 strain cells were plated on minimal medium contain-
ing 2 % D-xylose and G418 (200mg/l) . Colonies were tested via PCR 
using primers F CYC8 and R CYC8 (Supplemental table 4) and were 
subsequently sequenced. Sequences were verified for the presence or 
absence of the Y353C mutation in the CYC8 sequence.

CYC8 GENE DELETION

The kanMX resistance marker was amplified from genomic DNA of the 
DS68625 strain using the F 5’FR CYC8 kanMX and the R 3’FR CYC8 
kanMX primers (Supplemental table 4) using the Phusion® High-Fidelity 
PCR Master Mix in HF buffer. The F 5’FR CYC8 kanMX primer contains 
a 60 base pair flanking region homologues to the 5’ upstream region of 
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71METHODS METHODS

the CYC8 gene whereas in the R 3’FR CYC8 kanMX primer this region is 
homologues to 59 base pair downstream of the CYC8 gene. DS69473 
and DS68616 strains were transformed with the PCR amplicon and 
colonies were selected on plates containing minimal medium supple-
mented with vitamin solution, trace elements, G418 and 2 % D-xylose 
(DS69473) or 2 % D-maltose (DS68616).

REAL-TIME PCR AND PRIMERS

Real-time PCR (qPCR) on the expression of the HXT1–17, GAL2 , ADH1, 
FIT1 and CAS9 genes was performed with the primers indicated in Sup-
plemental Table 5, using the SensiMix SYBR & Fluorescein kit (Quantace 
Ltd) and the iCYCLER iQ Real Time PCR instrument (BIO-RAD). In all 
experiments actin was used as reference gene to normalize fold changes. 
The SYBR green Master Mix was used as described before (72).

CLONING OF HXT10 AND HXT15 GENES

The genes HXT10 and HXT15 were amplified from genomic DNA of the 
DS69473Evo strain using the primers listed in Supplemental Table 4 
with the Phusion® High-Fidelity PCR Master Mix with HF buffer. The 
full-length ORFs of HXT10 and HXT15 were amplified using primers 
F HXT10 XbaI, R HXT10 Cfr9I and F HXT15 XbaI and HXT15 Cfr9I 
respectively, and cloned into pRS313-P7T7. The vector pRS313-P7T7 
was described before (72) and used for the expression of HXT trans-
porters under control of the HXT7 promotor. The vector was derived 
from pRS313 (kindly supplied by DSM Biotechnology Center, The Neth-
erlands) as backbone containing the histidine selection marker and the 
CEN/ARS low copy origin for cloning in yeast.

UPTAKE MEASUREMENTS

Uptake experiments were performed as follows: cells were grown for 
24 hours at 30 °C in shake flasks in minimal medium containing 2 % 
D-xylose and were washed (via centrifugation at 3,000 rpm, 3 min, 20 °C) 

and re-suspended in minimal medium without carbon source. [14C-] 
D-xylose or [14C-] D-glucose stocks (ARC, USA) were added to the cell 
suspension, and the reaction was stopped at various time intervals by 
the addition of 5 ml of ice cold 0.1 M lithium chloride. Samples were 
filtered over 0.45 μm HV membrane filters (Milipore, France), washed 
once with an ice-cold solution of 5 ml of lithium chloride and counted 
by Liquid Scintillation Counter (Perkin-Elmer, USA). To determine the 
uptake kinetics the D-xylose and D-glucose concentrations were var-
ied from 0.5–500 mM and 0.1–500 mM, respectively. For competition 
experiments, uptake of 100 mM [14C-] D-xylose was analyzed in the 
presence of 0–800 mM unlabeled D-glucose.

List of abbreviations:  (K)BP: (kilo) base pair; HXK: hexokinase; HXT: 
hexose transporter; OD: optical density; PCR: polymerase chain reac-
tion; XKS: xylulose kinase; XI: xylose isomerase 
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73SUPPLEMENTAL DATA SUPPLEMENTAL DATA

SUPPLEMENTAL DATA

Supplemental Figure 1. Evolutionary engineering process of the DS69473 
strain. Depicted are the D-xylose () and D-Glucose () concentration and 
the OD600 () in time. The grey line indicates the addition of 5 ml of 50 % 
D-xylose added to 500 ml fermentor volume. 

Supplemental Figure 2. Growth (µ, -h) of the DS69473 strains expressing the 
various Cyc8 Y353 mutants in 2 % D-xylose and 12 % D-glucose after 48 hours 
in aerobic cultivation. The black bars indicate the Y353C mutant and the wild-
type Y353Y, respectively. Error bars were obtained from biological duplicates

Supplemental Figure 3. Normalized fold expression of the ADH1, FIT2, HXT10, 
HXT13 and HXT15/16 genes. Gene expression was analyzed by qPCR using 
cells grown on minimal medium with 2 % D-xylose and 6 % D-glucose for the 
wild-type DS68616 strain (black bars). the DS68616 CYC8 Y353C mutant 
strain (white bars) and the DS68616ΔCYC8 strain (grey bars). Fold expression 
was normalized relative to the ACT1 expression in the wild-type DS68616 
strain. which was set to 1.

79 
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75SUPPLEMENTAL DATA SUPPLEMENTAL DATA

Supplemental Figure 4. Glucose consumption (panel A), xylose consumption 
(panel B) and growth (panel C) during mixed sugar fermentation of DS68616-
CYC8-Y353C () and the wild-type DS68616-CYC8-Y353 () on 2 % D- 
glucose and 2 % D-xylose. 

Supplemental Figure 5. Growth (OD600) of the DS68625-derived strains on 2 % 
D-glucose (panel A) and 2 % D-xylose + 0.05 % D-maltose (panel B). Depicted 
are strain DS68625 with a plasmid expressing HXT10 (), HXT15 () or the 
empty vector pRS313-P7T7 (). 

Supplemental Table 1. Genomic sequencing data. Mapping was done against 
CEN.PK113–7D and the strain DS69473 and DS69473Evo were compared. 
MNV, multinucleotide polymorphisms; SNP, single nucleotide polymorphisms.

Type Ref Allele Note Coding region
change

Amino 
acid 
change

CDS Annotation

SNP A C None reliable near telomere
Deletion T - None reliable long stretch of Ts
Deletion A - Low coverage
SNP T C 1058A>G Y353C Cyc8p General 

transcript-
tional co- 
repressor

Deletion A - None reliable long stretch of As
Insertion - T None reliable long stretch of Ts 1740_1741insA L581fs Pol4p DNA poly-

merase IV
Deletion TA - Near assembly gap
Insertion - TT Also present in parent
MNV TT GC Also present in parent
Insertion - GC Near assembly gap
Insertion - T None reliable long stretch of Ts
Deletion T - None reliable long stretch of Ts
Deletion C - None reliable long stretch of Ts
Insertion - A None reliable long stretch of As
MNV AA GG Low coverage. caused by too 

large deletion in this strain
1754_1755del
TTinsCC

F585S Rtg2p Sensor of 
mitochon-
drial dys-
function

Deletion T - Low coverage
SNV A G Also present in parent
Deletion AA - Also present in parent
Deletion A - Also present in parent
Insertion - T Also present in parent
Insertion - A None reliable long stretch of As
Insertion - T Also present in parent
Insertion - G Also present in parent
Insertion - T Also present in parent
Deletion G - Also present in parent
Insertion - T Also present in parent
SNP A T None reliable long stretch of Ts
Deletion C - None reliable long stretch of Ts
Insertion - A None reliable long stretch of As
SNP C A Near assembly gap 432G>T Fsh2p Putative 

serine 
 hydrolase

SNP A T Near assembly gap 289+2T>A
Insertion - T Also present in parent 1_2insA Met1? Kre1p Cell wall 

glycopro-
tein

Insertion - T None reliable long stretch of Ts
Insertion - A None reliable long stretch of As
Deletion A - Also present in parent
Insertion - T Also present in parent
Deletion A - Near assembly gap
Deletion A - Also present in parent
MNV GGG AAA Also present in parent 639_641del-

GGGinsAAA
P213_
G214-
delinsP_K

Spt14p UDP- 
GlcNAc-
binding and 
catalytic 
subunit

Insertion - T Also present in parent
Deletion T - Also present in parent

A B

C
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Supplemental Table 2. Summary of transcriptomics data. Depicted genes 
were quantified and run in an intensity difference statistical (p<0.05) and sub-
sequently ranked based on fold change (FC) between DS69473 Y353 and 
DS69473 Y353C.

Probe Gene Chr p-value Annotation Y353 
avg

Y353
 avg FC

YOL161C PAU20 XV 0.000
Protein of unknown function 
(seripauperin multigene family) 0.1 21.7 217.0

YBR301W PAU24 II 0.000
Cell wall mannoprotein; has similarity 
to Tir1p 0.7 50.3 75.5

YIR019C FLO11 IX 0.000
GPI-anchored cell surface glycoprotein 
(flocculin) 65.3 4695.0 71.9

YCR104W PAU3 III 0.003
Protein of unknown function 
(seripauperin multigene family) 0.3 21.7 65.0

YEL069C HXT13 V 0.000 Hexose transporter 10.7 367.3 34.3

YMR325W PAU19 XIII 0.000
Protein of unknown function 
(seripauperin multigene family) 6.0 196.0 32.7

YDR039C ENA2 IV 0.000 Na(+)-exporting P-type ATPase ENA2 24.3 742.0 30.5

YPL282C PAU22 XVI 0.000
Protein of unknown function 
(seripauperin multigene family) 3.0 85.0 28.3

YDR038C ENA5 IV 0.000 Na(+)-exporting P-type ATPase ENA5 30.7 839.3 27.4

YER011W TIR1 V 0.000
Cell wall mannoprotein; Srp1p/Tip1p 
family 8.7 213.0 24.6

YBL108C-A PAU9 II 0.012
Protein of unknown function 
(seripauperin multigene family) 1.0 24.3 24.3

YCR010C ADY2 III 0.000
Acetate transporter required for 
normal sporulation 53.7 1286.3 24.0

YJR150C DAN1 X 0.000
Cell wall mannoprotein; has similarity 
to Tir1p 24.7 584.7 23.7

YOR394W PAU21 XV 0.000
Protein of unknown function 
(seripauperin multigene family) 4.0 87.7 21.9

YDR040C ENA1 IV 0.000
Na(+)/Li(+)-exporting P-type ATPase 
ENA1|PMR2|HOR6 41.7 857.3 20.6

YIR041W PAU15 IX 0.006
Protein of unknown function 
(seripauperin multigene family) 1.7 31.0 18.6

YHR139C SPS100 VIII 0.000
Protein required for spore wall 
maturation 12.3 178.3 14.5

YGR294W PAU12 VII 0.018
Protein of unknown function 
(seripauperin multigene family) 4.7 55.3 11.9

YNL117W MLS1 XIV 0.007
Malate synthase. enzyme of the 
glyoxylate cycle 214.3 2308.7 10.8

YIL162W SUC2 IX 0.002 Invertase; sucrose hydrolyzing enzyme 1194.0 12521.7 10.5

YDL246C SOR2 IV 0.013
Protein of unknown function; 99 % 
identical to the Sor1p 128.0 1291.7 10.1

YJR159W SOR1 X 0.005 Sorbitol dehydrogenase 115.0 1151.0 10.0
YMR175W SIP18 XIII 0.002 Phospholipid-binding hydrophilin 14.0 136.3 9.7

YDR536W STL1 IV 0.007
Glycerol proton symporter of the 
plasma membrane 123.3 1179.3 9.6

YGR088W CTT1 VII 0.031 Cytosolic catalase T 134.0 1212.0 9.0
YDL245C HXT15 IV 0.003 Hexose transporter 54.0 485.0 9.0

YOR382W FIT2 XV 0.034
Mannoprotein that is incorporated into 
the cell wall 254.3 2210.7 8.7

YNR060W FRE4 XIV 0.000 Ferric reductase 47.3 401.7 8.5

YOR391C HSP33 XV 0.000
Possible chaperone and cysteine 
protease 22.7 191.7 8.5

YJR158W HXT16 X 0.000 Hexose transporter 38.0 315.7 8.3
YPL272C PBI1 XVI 0.035 Putative protein of unknown function 145.3 1200.3 8.3
YFL011W HXT10 VI 0.014 Hexose transporter 15.7 127.0 8.1

YMR322C SNO4 XIII 0.009
Possible chaperone and cysteine 
protease 17.0 130.7 7.7

YOR383C FIT3 XV 0.016
Mannoprotein that is incorporated into 
the cell wall 760.7 5707.7 7.5

YNR073C XIV 0.000
Putative mannitol dehydrogenase; 
paralog of DSF1 37.7 276.0 7.3

Probe Gene Chr p-value Annotation Y353 
avg

Y353
 avg FC

YEL039C CYC7 V 0.000
cytochrome c isoform 2|iso-2-
cytochrome c 25.0 182.3 7.3

YLR307C-A XII 0.014 Putative protein of unknown function 176.7 1261.7 7.1
YEL070W DSF1 V 0.000 Putative mannitol dehydrogenase 41.7 296.0 7.1
YER053C-A V 0.037 Protein of unknown function 11.0 74.7 6.8
YMR244W XIII 0.020 Putative protein of unknown function 141.0 942.7 6.7
YER065C ICL1 V 0.041 Isocitrate lyase 1288.0 8385.3 6.5
YDR133C IV 0.009 Dubious open reading frame 650.7 4216.0 6.5
YOL084W PHM7 XV 0.000 Protein of unknown function 56.3 364.3 6.5
YAR070C I 0.024 Dubious open reading frame 5.3 34.0 6.4
YGR067C VII 0.000 Putative protein of unknown function 68.0 433.0 6.4

YIL011W TIR3 IX 0.006
Cell wall mannoprotein; Srp1p/Tip1p 
family 112.0 704.3 6.3

YAL062W GDH3 I 0.021
glutamate dehydrogenase (NADP(+)) 
GDH3|FUN51 186.0 1166.0 6.3

YPL280W HSP32 XVI 0.000
Possible chaperone and cysteine 
protease 24.7 145.3 5.9

YMR095C SNO1 XIII 0.004 Protein of unconfirmed function 92.7 545.7 5.9
YBR117C TKL2 II 0.031 Transketolase; paralog of TKL1 78.3 461.0 5.9
YJR094C IME1 X 0.000 Master regulator of meiosis 15.7 91.7 5.9
YDR070C FMP16 IV 0.000 Protein of unknown function 41.3 235.3 5.7

YLR154C-H XII 0.027
Putative protein of unknown function; 
paralog of YLR157C-C 141.7 801.3 5.7

YPL223C GRE1 XVI 0.006
Hydrophilin essential in desiccation-
rehydration process 127.7 706.3 5.5

YEL049W PAU2 V 0.003
Member of the seripauperin multigene 
family 59.0 324.3 5.5

YOL150C XV 0.001 Dubious open reading frame 47.0 250.0 5.3

YBR072W HSP26 II 0.047
Small heat shock protein (sHSP) with 
chaperone activity 479.0 2540.3 5.3

YER096W SHC1 V 0.000
Sporulation-specific activator of Chs3p 
(chitin synthase III) 44.0 220.3 5.0

YGL158W RCK1 VII 0.023
Protein kinase involved in oxidative 
stress; paralog of RCK1 10.7 53.3 5.0

YDR534C FIT1 IV 0.004
Mannoprotein that is incorporated into 
the cell wall 32.3 161.0 5.0

YNL270C ALP1 XIV 0.007 Arginine transporter; paralog of CAN1 56.7 281.0 5.0
YIL099W SGA1 IX 0.005 glucan 1.4-alpha-glucosidase 78.0 380.7 4.9
YIR028W DAL4 IX 0.006 Allantoin permease 58.3 284.3 4.9

YBR147W RTC2 II 0.028
Putative vacuolar membrane 
transporter; paralog of YPQ1 92.7 446.0 4.8

YMR094W CTF13 XIII 0.013 Subunit of the CBF3 complex 37.3 176.0 4.7

YMR195W ICY1 XIII 0.015
Protein of unknown function; paralog 
of ICY2 116.7 549.3 4.7

YGR065C VHT1 VII 0.034
High-affinity plasma membrane H+-
biotin symporter 288.0 1328.7 4.6

YLL055W YCT1 XII 0.042
High-affinity cysteine-specific 
transporter 425.7 1959.0 4.6

YHR137C-A VIII 0.021 Dubious open reading frame 118.0 536.7 4.5

YHR137W ARO9 VIII 0.034
aromatic-amino-acid:2-oxoglutarate 
transaminase 239.7 1058.7 4.4

YIL111W COX5B IX 0.023 cytochrome c oxidase subunit Vb 31.3 136.7 4.4
YPR027C XVI 0.005 Putative protein of unknown function 30.0 130.3 4.3
YOL154W ZPS1 XV 0.007 Putative GPI-anchored protein 42.0 179.0 4.3

YGL162W SUT1 VII 0.021
Transcription factor of the Zn(II)2Cys6 
family; paralog of SUT2 45.0 186.3 4.1

YDL085W NDE2 IV 0.007
NADH-ubiquinone reductase (H(+)-
translocating) NDE2|NDH2 88.7 364.0 4.1

YPL036W PMA2 XVI 0.009 H(+)-exporting P2-type ATPase PMA2 107.3 436.7 4.1

YIL020C HIS6 IX 0.034
1-(5-phosphoribosyl)-5- 
((5-phosphoribosylamino)methylidene 40.0 162.0 4.1

YOR393W ERR1 XV 0.024 phosphopyruvate hydratase ERR1 25.3 102.0 4.0
YJL089W SIP4 X 0.007 C6 zinc cluster transcriptional activator 45.3 180.0 4.0
YLR159C-A XII 0.006 Putative protein of unknown function 15.7 62.0 4.0
YDR354C-A IV 0.020 Dubious open reading frame 35.7 138.0 3.9
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Probe Gene Chr p-value Annotation Y353 
avg

Y353
 avg FC

YIL166C IX 0.015
Putative protein with similarity to 
allantoate permease 47.3 180.7 3.8

YMR323W ERR3 XIII 0.007 phosphopyruvate hydratase ERR3 39.7 148.7 3.7

YOR237W HES1 XV 0.028
oxysterol-binding protein related 
protein HES1|OSH5 28.0 103.0 3.7

YOR100C CRC1 XV 0.004
Mitochondrial inner membrane 
carnitine transporter 79.7 291.7 3.7

YPL281C ERR2 XVI 0.024 phosphopyruvate hydratase ERR2 26.3 95.0 3.6

YGR144W THI4 VII 0.005
thiamine thiazole 
synthase|MOL1|ESP35 37.0 133.0 3.6

YGR052W FMP48 VII 0.008 Putative protein of unknown function 29.7 103.7 3.5
YBL075C SSA3 II 0.041 Hsp70 family ATPase SSA3|YG106 98.7 339.7 3.4
YDL023C  IV 0.040 Dubious open reading frame 50.7 168.0 3.3

YJR025C BNA1 X 0.037
3-hydroxyanthranilate 
3.4-dioxygenase|HAD1 178.3 565.7 3.2

YMR194C-B CMC4 XIII 0.047
Protein localizes to the mitochondrial 
intermembrane space 43.7 125.0 2.9

YIR032C DAL3 IX 0.042 ureidoglycolate hydrolase 44.7 126.7 2.8

YBR299W MAL32 II 0.031
alpha-glucosidase 
MAL32|MALS|MAL3S 25252.7 3741.0 0.1

YBR093C PHO5 II 0.000 Repressible acid phosphatase 675.0 74.3 0.1

Supplemental Table 3. Strains and plasmids used in this study

Strain/ plasmid Relevant genotype and/or characteristics Source/reference
Strains
S. cerevisiae
DS68616 Mat a. ura3–52. leu2–112. gre3::loxP. loxP-Pt-

pi:TAL1.  loxP-Ptpi::RKI1. loxP-Ptpi-TKL1. loxP-Ptpi-RPE1. 
 delta::Padh1XKS1Tcyc1-LEU2. delta::URA3-Ptpi-xylA-Tcyc1. 
His3::LoxP

DSM, 
The  Netherlands

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

[1,2]

DS69473 DS68616 his3::loxP glk1::lox72 hxk1::loxP-hphMX-loxP 
 hxk2::lox72 gal1::loxP

This paper

DS69473Evo DS69473-derivative after evolutionary engineering by 
 chemostat cultivation on xylose in presence of glucose

This paper

Plasmids
pRS313

pRS313-P7T7_Hxt10
pRS313-P7T7_Hxt15

E. coli/yeast shuttle vector; CEN6. ARSH4. HIS3. Ampr

pRS313 containing the promotor and terminator of
HXT7 (72) and expressing HXT10
pRS313 containing the promotor and terminator of
HXT7 (72) and expressing HXT15

[3]
This paper

This paper

Supplemental Table 4. Oligonucleotides used in cloning and sequencing.

Name Sequence (5’  3’)
Hexokinase deletion 
strain
GLK1-psuc227f TATCACGTGCAGCCCAGGATAATTTTCAGGACACGTGTTTCGAAAGGTTTGT

CGCTCCGATCGACCTCGAGTACCGTTCG

GLK1-psuc225r ATTTAGTGAGCTGTTTCTTGTCAAAACAACCAACGGAAGAGGGCGAGGCTGT
TTCCTCCGCGGATCCTACCGTTCGTATAG

HXK2-psuc227f
CCACGAAATTACCTCCTGCTGAGGCGAGCTTGCAAATATCGTGTCCAAT-
TCCG
TGATGTCTCGACCTCGAGTACCGTTCG

HXK2-psuc225r TACAAAAGAAAGTACGCAAGCTATCTAGAGGAAGTGTAGAGAGGGTTAAAAT
TGGCGTGCCGGATCCTACCGTTCGTATAG

HXK1_loxP_f TCGGTTTCACTTCCTTGGGAATATTCTACCGTTCCTTCATCTTGTATTCCGGAT
CCACTAGCATAACTTCG

HXK1_loP_r GACAATGCAGCAATAACAGCAGCACCTGCACCTGAACCATCCTCAGCTTTGG
GCCGCCAGTGTGATGG

GAL1_loxP_f
TGTGCCTCGCGCCGCACTGCTCCGAACAATAAAGATTCTACAATACTAGC-
GGA
TCCACTAGCATAACTTCG

GAL1_loxP_r AGGTATCCAAAACGCAGCGGTTGAAAGCATATCAAGAATTTTGTCCCTGTTTG
GGCCGCCAGTGTGATGG

CYC8 Y353C mutation

F kanMX 5’tail CCCTTTTCTTCTTTTGTGCACCACTCAGGGCACGAGAAAAGCTT
ATTTTTTTGTAACGGCCGCCA

R KanMX + Cyc8 CCACTAAGAACGGAGTGTGCACGCTAGATATCGTCGACACTGGATGGC
F KanMX + Cyc8 GCCATCCAGTGTCGACGATATCTAGCGTGCACACTCCGTTCTTAGTGG
R Cyc8 GTACCTAGATCGTACCAAACTTCAC
F Cyc8 GGAAGCCTACGAGCATGTCTTGG
CYC8 Y353X Crispr/Cas9
F KanMX MunI GATCCAATTGAGCTTGCCTCGTCCCCGCCG
R KanMX AdeI CCTTCACGTAGTGTCGACACTGGATGGCGGCGTTAG

 targetRNA F Cyc8
TGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAGTGAAAGATAAATGATCGG
CTCTTGTGTACGCGTCTAGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC
TAGTCCGTTATCAAC

targetRNA R Cyc8
GTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACTAGA
CGCGTACACAAGAGCCGATCATTTATCTTTCACTGCGGAGAAGTTTCGAACG
CCGAAACATGCGCA

CYC8 Y353X Crispr/Cas9

F repair Cyc8 WNN GTTTTATATTACCAAATTTCTCAATACAGAGACGCTTTAGACGCGWNNACAA
GAGCCATAAGATTAAATCCTTATATTAGTGAAGTTTGG

R repair Cyc8 WNN CCAAACTTCACTAATATAAGGATTTAATCTTATGGCTCTTGTNNWCGCGTCTA
AAGCGTCTCTGTATTGAGAAATTTGGTAATATAAAAC

F repair Cyc8 SNN GTTTTATATTACCAAATTTCTCAATACAGAGACGCTTTAGACGCGSNNACAAG
AGCCATAAGATTAAATCCTTATATTAGTGAAGTTTGG

R repair Cyc8 SNN CCAAACTTCACTAATATAAGGATTTAATCTTATGGCTCTTGTNNSCGCGTCTAA
AGCGTCTCTGTATTGAGAAATTTGGTAATATAAAAC

CYC8 deletion

F 5’FR cyc8 kanMX TACAACTACAACAGCAACAACAACAAACAAAACACGACTGGAAAAAAAAAAT
TAGGAAAAAGCTTGCCTCGTCCCCGCCGGG

R 3’FR cyc8 kanMX GCTACACAACATTTCTCGTTGATTATAAATTAGTAGATTAATTTTTTGAATGCA
AACTTTCTAGATATCGTCGACACTGGATGGCGG

HXT Overexpression
R Hxt10 XbaI ATGCTCTAGAATGGTTAGTTCAAGTGTTTCCATTTTGGG

R Hxt10 Cfr9I GACTCCCGGGTTATTTACTATCAACAATAACTAATGGTGTACTGCTTGTTGGTT
GTGGTGTTCTCCTAGAACTGG

F Hxt15 Xbai ATCGATCTAGAATGGCAAGCGAACAGTCCTCACC
R Hxt15 Cfr9I TAGACCCCGGGTCAATTAAAACTCTTTGGGAACTTCAA

Italic: restriction enzyme site
Underlined: sequence of the targets in CYC8
Bold: Codon 353 in CYC8
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Supplemental Table 5. Oligonucleotides used in qPCR.

Name Sequence (5’  3’)
ActinF
ActinR
HXT1F
HXT1R
HXT2F
HXT2R
HXT3F
HXT6R
HXT4F
HXT4R
HXT5F
HXT5R
HXT7F
HXT7R
HXT8F
HXT8R 
HXT9F
HXT9R
HXT10F
HXT10R
HXT11F
HXT11R
HXT12F
HXT12R
HXT13F
HXT13R
HXT14F
HXT14R
HXT15F
HXT15R
HXT16F
HXT16R
GAL2F
GAL2R
ADH1 F
ADH1 R
FIT2 F
FIT2 R
Cas9F
Cas9R

GGATTCTGAGGTTGCTGCTTTGG
GAGCTTCATCACCAACGTAGGAG
TGTTCTCTGTACACCGTTGACCG
AGATCATACAGTTACCAGCACCC
CTTCGCATCCACTTTCGTG
AATCATGACGTTACCGGCAGCC
GAAGCTAGAGCTGCTGGTTCAGC
ACAACGACATAAGGAATTGGAGCC
ATGGAGAGTTCCATTAGGTCTAGG
ATAACAGCTGGATCGTCTGCGC
TTGCTATGTCGTCTATGCCTCTG
AGATAAGGACATAGGCAACGGG
GGGTGCTGCATCCATGACTGC
ACAACGACATAAGGAATTGGAGCC
GTACTACTATCTTCAAATCTGTCGG
CTTGTGACGCCAACGGAGGCG
CCATTGAGAGGTTTGGACGCCG
ACACAATCATACAGTTACCGGCG
GGAATGCAAGACTCTTTCGAGAC
CTAGTGACGCCAACGGTGGCG
GCCACTCAATGGAGAGTCGGC
CAACTAGCAAGGCTGGATCGTC
CACCATCTTCAAATCTGTCGGTC
CAATCATACAGTTACCGGCACCC
CCCTCATGGCCAGGACGGTC
TTGCCATAACCAGTTGCATGCAG
GCCTTAGTAGTGTACTGCATCGGT
TGATACGTAGATACCATGGAGCC
GAGGCCTGTGTCTCCATCGCC
CACAAGAATACCTGTGATCAAACG
CAAGGAAGTATAGTAATACTGCGC
TTGGCGATGGAGACACAGGCC
TCAATGGAGAGTTCCATTAGGGC
CTGGACGGCAGGATCCTCTGG
CAGATCCATCGGTGGTGAAGTC
CTCTGGTGTCAGCTCTGTTACC
CACTAAGGTCGTTACCGACAC
GCTTGAGTGACGGTCTTGGTG
TCTGCTGGCCCAGATCGGC
GCAGTTGCTGTCTGACAAGGG
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