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Abstract Simultaneous co-utilization of xylose and

glucose is a key issue in engineering microbes for

cellulosic ethanol production. We coupled xylose

utilization with glucose metabolism by deletion of D-

ribulose-5-phosphate 3-epimerase (RPE1) through

pentose phosphate pathway flux. Simultaneous utili-

zation of xylose and glucose then occurred in the

engineered Saccharomyces cerevisiae strain with the

xylose utilization pathway. Xylose consumption

occurred at the beginning of glucose consumption by

the engineered yeast without RPE1 in a mixed sugar

fermentation. About 3.2 g xylose l-1 was utilized

simultaneously with consumption of 40.2 g glucose

l-1 under O2-limited conditions. In addition, an

approximate ratio (*1:10) for xylose and glucose

consumption was observed in the fermentation with

different sugar concentration by the engineered strain

without RPE1. Simultaneous utilization of xylose is

realized by the coupling of glucose metabolism and

xylose utilization through RPE1 deletion in xylose-

utilizing S. cerevisiae.
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D-Ribulose-5-phosphate 3-epimerase � Synthetic

biology � Xylose fermentation

Introduction

Glucose and xylose are the most abundant sugars in

cellulosic hydrolysates (Liu et al. 2013; Qin et al.

2013). Efficient utilization of the available glucose

and xylose in the lignocellulosic hydrolysates is

the important issue for economic cellulosic ethanol

production.

Saccharomyces cerevisiae is the most widely used

microorganism for ethanol production. However,

xylose cannot be utilized in the native yeast without

a heterologous xylose metabolic pathway which
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converts xylose to xylulose by one or two enzymes

(Zha et al. 2012; Lee et al. 2014). Glucose and xylose

were consumed sequentially in an engineered yeast

with a xylose metabolic pathway due to the carbon

catabolite repression or glucose repression (Li et al.

2010). The mechanism for glucose repression has been

investigated extensively (Kim et al. 2010; Subtil and

Boles 2012), but the elimination of glucose repression

for simultaneous utilization of glucose and xylose in

yeast is difficult due to an imperfect understanding of

the mechanism (Kim et al. 2010).

Adaptation evolution, an irrational approach, has

been used to pursue strains for simultaneous utili-

zation of glucose and xylose (Shen et al. 2012;

Mohagheghi et al. 2014). Strategies to avoid glucose

repression were developed based on the cellobiose

transporter (Saitoh et al. 2010; Ha et al. 2011; Zha

et al. 2013). Hexose transporters have been analyzed

for xylose and glucose specificity, and the results

revealed that the moderately high-affinity permease

allows xylose uptake at the same rate as that of

glucose (Gonçalves et al. 2014). In Escherichia coli,

simultaneous aerobic utilization of glucose and

xylose was achieved by metabolic coupling with

the help of a rational bilevel optimization algorithm,

although the engineered E. coli exhibited a slower

glucose consumption rate compared to the native

strain (Gawand et al. 2013). This indicated that

metabolic coupling of xylose utilization with glu-

cose metabolism might be an alternative approach to

simultaneous utilization of glucose and xylose in

yeast.

The pentose phosphate pathway is not only an

essential pathway for yeast survival, due to its

production of important intermediate metabolites

and NADPH, but it is also the key node for coupling

xylose and glucose metabolism (Fig. 1). According to

the metabolic network, deletion of D-ribulose-5-phos-

phate 3-epimerase (encoded by RPE1) would decrease

the entry of carbon into the pentose phosphate

pathway from glucose. Given the deletion of RPE1,

the production of xylulose from xylose becomes the

main source for synthesis of xylulose 5-phosphate, an

essential intermediate for pentose phosphate pathway.

In this study, we investigated the effects of the deletion

of RPE1 on xylose and glucose fermentation, and the

simultaneous utilization of glucose and xylose was

observed in the engineered strain.

Materials and methods

Strains and media

Escherichia coli DH5a was used as a cloning host for

plasmid replication, and Saccharomyces cerevisiae

L2612 (MATalpha, leu2, ura3, trp1) was used as a

chassis for xylose utilization (Zha et al. 2012). The

yeast was grown in YNB medium (synthetic complete

medium without uracil or synthetic complete medium

without uracil and tryptophan) at 30 �C and 200 rpm.

E. coli strains were grown in LB medium (per liter:

10 g tryptone, 5 g yeast extract, and 5 g NaCl) at

37 �C and 250 rpm. Yeast fermentation was carried

out in YP medium (per liter: 10 g yeast extract, 20 g

peptone) with different concentrations of xylose or/

and glucose as described previously. Inocula were

prepared in YNB medium.

Plasmid and strain construction

Plasmids pRS425 was used as the cloning vector. XYL1

and XYL2 genes were cloned from genome of Scheffer-

somyces stipitis CBS6054, and XKS1 was cloned from

genome of Saccharomyces cerevisiae L2612. Primers for

gene cloning were listed in Supplementary Table 1.

Three expression cassettes FBA1t-TPI1p-XYL1-PGK1t,

PGK1t-TPI1p-XYL2-CYC1t, CYC1t-TPI1p-XKS-TEF1t-

Delta2 and Delta1-URA3- FBA1t, were constructed in

pRS425 plasmid according to Lin et al. (2014). The four

DNA fragments above were directly assembled and

inserted into the d-locus of L2612 (Diao et al. 2013). The

strain of SyBE_Sc17002 was obtained with integration of

the three xylose-utilizing genes at the d-locus of the

chromosome. The RPE1 deletion strain, SyBE_Sc17004

(RPE1::TRP1), was constructed according to one-step

gene disruption strategy, and the TRP1 was cloned from

plasmid pRS414 using the primers with CTAATTC

CAAGAGCGAGGTAAACACACAAGAAAAAATG

TCTGTTATTAATTTC and GAGAGTATAAATA

TAAGAAATGCCGCATATGTACAACTATTTCT

TAG.

Fermentation

The seed cultures were grown in YNB medium and

harvested in the late growth phase. Cells were washed

twice using sterile water and inoculated into the
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different fermentation media, YPD (1 % (w/v) yeast

extract, 2 % (w/v) peptone, and 2 % (w/v) glucose) or

YPX (1 % (w/v) yeast extract, 2 % (w/v) peptone, and

2 % (w/v) xylose), starting with an OD600 = 0.1.

Specific growth rates were determined in 50 ml

culture in 250 ml flasks at 30 �C and 200 rpm.

For anaerobic fermentation, the seed cells were

inoculated with a syringe needle to give an initial OD600

of 1 in 100 ml YPXG medium with different sugar

concentrations in a 250 ml flask sealed by a rubber

stopper. The cells were cultivated at 30 �C and 150 rpm.

All fermentations were carried out in duplicates.

Analysis of chemicals and strain growth

Cell growth was monitored from the OD600 values.

Cell dry weight was determined after drying the cell

pellet in an oven at 80 �C overnight, and OD600 of

1 = 0.296 g dry cell weight l-1. Samples from

fermentation were centrifuged at *13,0009g for

5 min and the supernatant was filtered with a 0.22 lm

filter. Chemicals in the sample were analyzed using

HPLC with an Aminex HP-87H column (Bio-Rad,

Hercules, CA, USA) at 65 �C, using 5 mM H2SO4 as

eluent at 0.6 ml min-1 (Zhu et al. 2014).

Results and discussion

Xylose-utilizing yeast construction

To create a xylose-utilizing yeast, XYL1 and XYL2

genes from Scheffersomyces stipitis and XKS1 from

Saccharomyces cerevisiae L2612 were assembled and

inserted into the genome of L2612 at the d locus. For

the new strain, SyBE_Sc17002, an obvious lag phase

for xylose utilization was observed compared with

glucose utilization (Supplementary Fig. 1). The result

was consistent with previous reports (Zha et al. 2014).

Deleting RPE1 to shift the strain to grow

with xylose

Strain SyBE_Sc17004 was created by deleting RPE1

in SyBE_Sc17002. The strain SyBE_Sc17004 exhib-

ited almost the same growth as SyBE_Sc17002 in the
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Fig. 1 Metabolic network for glucose and xylose metabolism

in recombinant xylose-utilizing Saccharomyces cerevisiae. XR

xylose reductase, XDH xylitol dehydrogenase, XI xylose

isomerase, XK xylulokinase, RPE ribulose-5-phosphate 3-epi-

merase, RKI ribose-5-phosphate ketol-isomerase, TAL transal-

dolase, TKL transketolase, ZWF glucose 6-phosphate

dehydrogenase, SOL 6-phosphogluconolactonase, G3P glycer-

aldehyde 3-phosphate, S7P sedoheptulose 7-phosphate, F6P

fructose 6-phosphate, E4P erythrose 4-phosphate, Gl 6-P

glucono-1,5-lactone 6-phosphate, Gn 6-P gluconate 6-Phos-

phate, Ribu 5-P ribulose 5-phosphate
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media with glucose as the sole carbon source, while no

growth was observed for SyBE_Sc17004 with xylose

as the sole carbon source (Fig. 2). When glucose was

used as the sole carbon source, xylose 5-P is mainly

generated by Rpe1p from ribulose 5-P in wild-type

yeast or SyBE_Sc17002. In SyBE_Sc17004, other

pathways based on Tkl1p could alternatively produce

xylose 5-P from glucose due to the reversible reactions

catalyzed by Tkl1p between the pentose phosphate

pathway and glycolysis pathway (Fig. 1). However,

when xylose was used as the sole carbon source,

metabolic flux from xylose cannot enter pentose

phosphate pathway or glycolysis pathway in

SyBE_Sc17004, because the aid of ribose 5-P from

glucose is essential for xlyose metabolism. No growth

occured in the medium containing D-xylulose as the

sole carbon source in the yeast strain without RPE1

(Miosga and Zimmermann 1996). According to the

metabolic network for xylose and glucose (Fig. 1),

metabolic shift caused by the deletion of RPE1 did not

change xylose metabolism during the co-fermentation

of xylose and glucose.

Triggering xylose consumption by the deletion

of RPE1 at the beginning of mixed sugar

fermentation

Since SyBE_Sc17004 was unable to use xylose when

used as sole carbon source, a mixed sugar fermentation

for SyBE_Sc17004 was carried out. As expected,

xylose decreased at the beginning of glucose con-

sumption (Fig. 3). When glucose was exhausted from

40.2 g glucose l-1, xylose concentration reduced from

10.8 g to 7.9 g xylose l-1. No xylose consumption was

observed after the exhaustion of glucose, which was

consistent with the growth under aerobic conditions

(Fig. 2). In E. coli, the deletion of rpe and pgi resulted

in the simultaneous consumption of glucose and xylose

with the ratio of 1:1 (Gawand et al. 2013). No

consumption of sugar was observed for the engineered

E. coli strain without rpe and pgi when xylose or

glucose was used as the sole carbon source (Gawand

et al. 2013). In cellulosic ethanol production processes,

hydrolysates from the biomass pretreated with dilute

acids or steam explosion or hot water have high

concentrations of glucose and low concentrations of

xylose (He et al. 2014; Liu et al. 2013). Therefore,

although SyBE_Sc17004 cannot consume xylose as

the sole carbon source, it exhibited the potential

applications for such hydrolysates with high glucose

and low xylose content as mentioned above due to the

potential of the simultaneous utilization of xylose and

glucose for shortening the whole fermentation process.
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A BFig. 2 Biomass dry weight

changes with time under

aerobic condition of

SyBE_Sc17002 and

SyBE_Sc17004 in YPD

(a) and YPX (b) containing

20 g glucose l-1 and 20 g

xylose l-1 respectively. The

initial cell density was

adjusted to OD600 = 0.1

Fig. 3 Fermentation performance of SyBE_Sc17004 in the

medium containing 40 g glucose l-1 and 10 g xylose l-1. The

initial cell density was adjusted to OD600 = 1. Average values

and deviations of duplicate experiments were shown
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To characterize strain SyBE_Sc17004 for sugar

consumption, a series of experiments with different

concentrations of mixed sugars was carried out. As is

shown in Fig. 4, xylose consumption increased with

the increase of glucose consumption. When the initial

glucose concentration was 10 g l-1, the ratio of

consumed xylose/glucose was approx 1/10. These

results were consistent with the previous metabolic

flux analysis, i.e., 10 % of glucose entered glycolysis

through pentose phosphate pathway (Gombert et al.

2001). Xylose consumption decreased slightly based

on the ratio with the increase of glucose concentration

(Fig. 4), which was most likely due to the competition

for transporter by high concentration of glucose

(Gonçalves et al. 2014).

The stability of the ratio for xylose and glucose

consumption may be due to the relative stable ratio

of the flux of glycolysis and pentose phosphate

pathway in the strain. When the glycolysis pathway

was blocked by pgi deletion, all the flux from

glucose entered pentose phosphate pathway, and

xylose and glucose was consumed in the ratio of 1:1

(Gawand et al. 2013), because all the glucose

entering glycolysis was through the pentose phos-

phate pathway and coupled the same amount of

xylose due to the deletion of rpe. Only a limited

proportion of glucose (10 %) was metabolized

through the pentose phosphate pathway in Saccha-

romyces cerevisiae (Gombert et al. 2001). Such low

glucose flux through the pentose phosphate pathway

resulted in limited xylose consumption in the strain

without RPE1. In addition, the metabolic rate of

xylose in the strain SyBE_Sc17004 was still very

slow. Further improvements to these yeast strains for

glucose/xylose co-fermentation are needed, such as

up-regulation of the non-oxidative pentose phosphate

pathway flux and improvement of xylose metabolic

capacity. To further improve xylose utilization,

especially when xylose is the sole carbon source,

some extra pathway, such as the phosphoketolase

pathway (Liu et al. 2012), could be introduced into

the strain without RPE1 to facilitate xylose catabo-

lism after the depletion of glucose.
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