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Abstract

A heterologous xylose utilization pathway, either xylose reductase—xylitol dehydrogenase
(XR-XDH) or xylose isomerase (XI), is usually introduced into Saccharomyces cerevisiae
to construct a xylose-fermenting strain for lignocellulosic ethanol production. To investigate
the molecular basis underlying the effect of different xylose utilization pathways on the xylose
metabolism and ethanol fermentation, transcriptomes of flocculating industrial strains with the
same genetic background harboring different xylose utilization pathways were studied. A
different source of xy/A did not obviously affect the change of the strains transcriptome, but
compared with the XR—XDH strain, several key genes in the central carbon pathway were
downregulated in the XI strains, suggesting a lower carbon flow to ethanol. The carbon
starvation caused by lower xylose metabolism in XI strains further influenced the stress
response and cell metabolism of amino acid, nucleobase, and vitamin. Besides, the downreg-
ulated genes mostly included those involved in mitotic cell cycle and the cell division—related
process. Moreover, the transcriptomes analysis indicated that the after integrate xy/A in the 6
region, the DNA and chromosome stability and cell wall integrity of the strains were affected
to some extent. The aim of this was to provide some reference for constructing efficient
xylose-fermenting strains.
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Introduction

Lignocellulosic biomass is a renewable raw material for bioethanol production to avoid a food
crisis caused by grain ethanol production [1]. Saccharomyces cerevisiae is extensively used for
bioethanol production because of its excellent environmental tolerance and high ethanol
fermentation productivity [2]. However, native S. cerevisiae was almost impossible to utilize
xylose [3], in which the glucose content was only lower than in lignocellulosic hydrolysate. It
is of economic interest to engineer industrial S. cerevisiae strains with xylose metabolic
capacity [4]. To achieve this objective, one of the two heterologous xylose catabolism
pathways, the xylose reductase—xylitol dehydrogenase (XR—XDH) pathway or xylose isom-
erase (XI) pathway, is usually introduced into S. cerevisiae [2].

The main challenge with the strains harboring the recombinant XR—XDH pathway is the
redox imbalance because the reduction of xylose to xylitol was catalyzed by XR preferably
using NADPH, but the oxidation of xylitol to xylulose was catalyzed by XDH strictly using
NAD*, leading to the accumulation of the xylitol and reduced ethanol yields. On the other
hand, no intermediate product is generated in the XI pathway as xylose is directly metabolized
to xylulose without a coenzyme by XI. However, the xylose consumption rate of XI strains is
usually slower than that of XR—XDH strains [5].

Besides the metabolism of xylose to xylulose per se, the expression of different
heterologous xylose utilization pathways may have an overall effect on the metabolic
process resulting in different xylose consumption rates and ethanol yields. Identification of
the molecular mechanism underlying the effect of different xylose utilization pathways is
of interest in basic and applied research for bioethanol production. Metabolomics studies
indicate that the XI strains exhibit a stronger carbon starvation response than the XR—XDH
strain [6]. However, from our knowledge, there is no study reporting the transcriptional
response differentiation between the XR—XDH and XI pathways.

In previous studies, we introduced different heterologous xylose utilization pathways in
the same host strain. The flocculating industrial S. cerevisiae strain NAPX37, harboring
the XR—XDH pathway, has superior fermentation capability and inhibitor tolerance [7].
Strain Alpha25 is the haploid of NAPX37. The fragment XYL/-XYL2 was deleted from
Alpha25, resulting in strain YC-8 [7]. The codon-optimized xy/A from Orpinomyces sp. or
Prevotella ruminicola was then introduced into the 6 region of the genome of strain YC-8,
generating strains O7 and PS5, respectively. In this study, a comparative transcriptional
analysis was performed using RNA-Seq to unravel the global gene expression difference
induced by different xylose utilization pathways. The isogenic relationship among the
strains ascertained that the observed differences were because of the particular xylose
utilization pathway and not due to unknown differences in regulatory systems. The
purpose of this research was to provide some reference for constructing efficient xylose-
fermenting strains.

Materials and Methods
Strain Construction

All the S. cerevisiae strains used in this study were listed in Supplementary Materials 1:
Table S1. NAPX37 harbors the XR—XDH pathway [7]. The haploid strain, Alpha25, was
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germinated from NAPX37 in the previous study [8]. The XR—XDH pathway of Alpha25 was
knocked out by homologous recombination to generate strain YC-8 [8]. The codon-optimized
xylA from Orpinomyces sp. (OrxylA2; accession number KY630521) and P. ruminicola
(PrxylA2; accession number KY630522) were separately multi-expressed into the yeast
genome by d-integration. The fragments Pyyps;—OrxylA2—Trpys and Pryps—PrxyvIA2—Trpys
were amplified from the plasmids pRS426-OXYLA?2 and pRS426-PXYLA2 [8], respectively,
using the primers 6-XI-F (tgttggaatagaaatcaactatcatctactaactggagtgatgeaacctgeetggag) and 6-
XI-R (gtttatattcattgatcctattacattacgccagggttttcccagtcacgac) that harbored the sequences for
homologous recombination. The fragments were d-integrated into the host strain YC-8. The
transformants O7 and P5 with the best xylose fermentation capacities and similar xy/A copies,
one with OrxylA2 and the other with PrxylA2, respectively, were selected [9].

Xylose Fermentation

Yeast strains were cultured under aerobic conditions at 30 °C in 5% YPD medium
(peptone 20 g/L, yeast extract 10 g/L, glucose 50 g/L) for 48 h. Cells were collected
by centrifugation at 8000g for 2 min. The cell pellets were washed twice with distilled
water and inoculated to 4% YPX medium (peptone 20 g/L, yeast extract 10 g/L, and
xylose 40 g/L), 10% YPDX medium (peptone 20 g/L, yeast extract 10 g/L, xylose 40 g/
L, and glucose 60 g/L), or lignocellulosic hydrolysate for fermentation. The initial cell
concentration was adjusted to 0.23 g dry cell weight (DCW). The fermentation temper-
ature was 35 °C and agitation speed was 120 rpm. For the lignocellulosic hydrolysate,
bagasse was pretreated using the diluted H,SO4 method, as previously described [10],
with minor modifications: 50 g of 0.5% (w/v) H,SO4 was mixed with 50 g dry bagasse.
The hydrolysate was adjusted to pH 5, xylose 40 g/L, and glucose 60 g/L before being
used for fermentation.

Sugar concentrations were measured by high-performance liquid chromatography
(HPLC, LC-10AD VP, Shimadzu, Japan) established previously [11]. Ethanol concen-
trations were determined by gas chromatography (GC 353B, GL Sciences, Japan)
according to the method described by Tang et al. [11]. Glycerol and xylitol were
analyzed by HPLC (SCL-10A VP, Shimadzu, Japan) method developed previously [7].

RNA Sequencing and Transcriptome Analysis

Total RNA was extracted at 24 h during the fermentation with xylose as the sole carbon
source according to the method described previously [9]: RNA concentration was
measured using The Qubit®RNA Assay Kit in Qubit® 2.0 Fluorimeter (Life Technolo-
gies, CA, USA). RNA purity was checked using the NanoPhotometer® spectrophotom-
eter (IMPLEN, CA, USA). The RNA integrity was assessed using the RNA Nano 6000
Assay Kit of the Agilent Bioanalyzer 2100 system (Agilent Technologies, CA, USA).
Each RNA sample used for sequencing was the mixture of two biological replicates.

RNA-Seq libraries were constructed and sequenced at Sangon Biotech (Shanghai,
China) by using Illumina Hiseq 2500 platform according to the method described by
Gao et al. [12]. The raw sequence data of Alpha25, O7, and PS5 can be obtained
through the NCBI accession numbers SRR5251644, SRR5251643, and SRR5251640,
respectively. The comparative transcriptome was analyzed according to the procedures
described previously [9].
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Results and Discussion
Physiology Differences of Xylose Metabolism in the XR-XDH and XI Strains

Two kinds of xylose utilization pathways, XR—XDH and XI, were separately expressed in the
same strain, resulting in the strain Alpha25 that harbored Scheffersomyces stipitis XYL1-XYL2,
strain O7 expressed codon-optimized OrxylA2, and strain PS5 expressed codon-optimized
PrxylA2. To compare their xylose utilization capabilities, batch fermentation was performed
using 4% YPX with an initial ODgg of 0.8. The XR—XDH strain Alpha25 utilized xylose to
proliferate and produced ethanol rapidly from the beginning of the fermentation (Fig. 1). In the
first 8-h fermentation, 13.84 g/L xylose was consumed. Meanwhile, the XI strains O7 and P5
grew slowly in the first 8-h fermentation, and consumed 4.27 g/L xylose and 3.48 g/L xylose,
respectively (Fig. 1b, c). After 48-h fermentation, 35.94 g/L xylose was consumed by
Alpha25, whereas O7 and P5 consumed 17.71 g/L xylose and 26.10 g/L xylose, respectively
(Table 1). The xylose consumption rate of Alpha25 was 103% higher than that of O7 and 38%
higher than that of P5. However, Alpha25 accumulated 11.21 g/L of the byproduct xylitol,
which corresponds to 31.2% of the consumed xylose. The XI strains O7 and P5 did not
produce xylitol, and the ethanol yield reached at 0.396 g/g-xylose and 0.400 g/g-xylose,
respectively (Table 1), which was 26.9% and 28.2% higher than that of Alpha25. The
efficiencies of conversion from xylose to ethanol were 77.6% and 78.4% for O7 and PS5,
respectively.

In the glucose—xylose co-fermentation (Supplementary Materials 1: Fig. S1), glucose was
completely consumed in the first 8-h fermentation for both the XI strains and XR—XDH strain,
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Fig. 1 Fermentation profiles of the recombinant strains with different xylose utilization pathways in medium
containing xylose as the sole carbon source. a Alpha25. b O7. ¢ P5. (Circle, ODgqp; square, xylose; diamond,

ethanol; triangle, glycerol; error mark, xylitol)
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Table 1 Fermentation characteristics of the recombinant strains with different xylose utilization pathway in
medium containing xylose as the sole sugar source

Strains ~ Xylose consumption  Xylose consumption rate  Ethanol production rate  Ethanol yield (g/g-

(gL (g/L/h) (g/L/) xylose)
Alpha25 35.94 +0.36 0.749 + 0.005 0.258 + 0.017 0.312 % 0.004
07 17.71 £ 0.15 0.369 = 0.003 0.146 + 0.024 0.396 + 0.001
PS5 26.10 + 0.31 0.544 + 0.007 0.218 + 0.020 0.400 + 0.002

All the results were calculated from the data in the 48-h fermentation. Values were averages of the duplicate
fermentation experiments + SD. Ethanol yields were calculated based on the consumed xylose

and they all proliferated rapidly. Meanwhile, Alpha25 consumed 8.97 g/L of xylose in the first
8-h fermentation, which was 2.02 times more than that of O7 and 3.54 times more than that of
PS. After 48-h fermentation, Alpha25 consumed nearly all the xylose available (36.57 g/L),
and the ethanol yield based on consumed sugar was 0.339 g/g. Although O7 and PS5 consumed
46.8% and 47.0% less xylose than Alpha25, respectively, they did not accumulate xylitol, and
the ethanol yields based on the consumed sugar were as high as 0.432 and 0.411 g/L,
respectively (Supplementary Materials 1: Fig. S1). The results of the fermentation of ligno-
cellulosic hydrolysate (Supplementary Materials 1: Fig. S2) indicated the same characteristics
that Alpha25 exhibited stronger xylose utilization capability than O7 and P5; however,
because of the accumulation of xylitol, its ethanol yield was lower than the XI strains.

Overview of the Transcriptional Differences in the XR-XDH and Xl Strains

The effect of different source of xy/A (O7 and P5) on the transcriptome was shown in
Supplementary Materials 2. There were only 9 and 17 genes significantly upregulated and
downregulated for O7 vs P35, respectively. So we thought a different source of xy/A did not
obviously affect the change of the strains transcriptome. But from the gene expression profiles
shown in Supplementary Materials 2, it is indicated that the expression of different xylose
utilization pathways (XI vs XR—XDH) disturbs the expression of the gene expressions.
Therefore, in the present study, we focused on the transcriptome differences of strains with
different xylose utilization pathways.

Although the genetic backgrounds of these strains were the same, the transcriptional
profiles exhibited a distinct difference among the O7, P5, and Alpha25 strains
(Supplementary Materials 2). Compared with Alpha25, 241 genes in O7 were expressed
significantly different (logy(fold change) > 1), among them, 144 upregulated and 97 downreg-
ulated, whereas 377 genes in P5 were expressed significantly different (log,(fold change) > 1),
among them, 188 upregulated and 189 downregulated. The number of genes that were
significantly upregulated in both O7 and P5 was 83, and significantly downregulated in both
07 and P5 was 85 (Supplementary Materials 2).

The genes with significantly different expression levels in both O7 and PS5 compared
with Alpha25 were considered to be the conserved regulation module between the XI and
XR-XDH pathways. The GO analysis identified that the observed expression differences
mostly involved the transmembrane transport (GO:0055085), cellular amino acid meta-
bolic process (GO:0006520), and mitotic cell cycle (GO:0000278; Fig. 2). The upregu-
lated genes in the XI strains mostly involved cellular amino acid metabolic process,
transmembrane transport, nucleobase-containing small molecule metabolic process
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Fig. 2 GO enrichment in different expressed genes between XI and XR—XDH strains. Only the top 20 GO terms
with high gene coverage were listed. Up- or downregulated means the genes in XI strains up or downregulated
compared with XR—XDH strain

(GO:0055086), vitamin metabolic process (GO:0006766), iron transport (GO:0006811),
and ribosomal large subunit biogenesis (GO:0042273; Supplementary Materials 1:
Table S2). The enhancement of the biosynthesis and transport of amino acids, nucleotides,
and vitamins indicated that the expression of the XI pathway may cause some problem in
amino acid, nucleobase, and vitamin metabolism. The downregulated genes mostly in-
volved mitotic cell cycle, carbohydrate metabolic process (GO:0005975), chromatin
organization (GO:0006325), regulation of organelle organization (GO:0033043), and
transmembrane transport (Supplementary Materials 1: Table S3), which were closely
related to the slower growth rate of the XI strains.

Transcription Factors Analysis

The exhibition of complex genetic responses of xylose utilization strains was largely due to the
transcription factors (TFs) that govern the flow of genetic information from DNA to mRNA
[13, 14]. To explicate the regulation mechanism of different xylose utilization pathways, TF
analysis was performed for the significantly different expressed genes. For the upregulated
genes, Sfplp, Ace2p, and Msn2p were the top three TF with the highest coverage of genes
(Fig. 3). Sfplp regulates transcription of ribosomal protein and biogenesis genes as well as
response to nutrients and stress. It has been reported that SFP/ is involved in cell size
modulation in response to nutrient conditions and its function is connected to protein kinase
A (PKA) pathway [15]. Compared with XR—XDH strain, more than 85% of the upregulated
genes in XI strains were regulated by Sfplp (Fig. 3), which indicated that the insufficient
carbon intake of XI strains caused cell starvation, and then induced Sfplp to function.
Meanwhile, the carbon metabolism could affect the cell growth and division, this might also
be an important reason that Ace2p plays an important role in the regulation of upregulated
(75.9%) and downregulated (84.7%) genes expression (Fig. 3), because Ace2p activated the
genes required for cytokinesis and keep of cell wall integrity following cytokinesis [16].
Another TF Msn2p required by stress responses [17] covered 67.5% of the upregulated genes.
This indicated that the XI strains showed a stronger stress response, probably because of lower
xylose assimilating rates.
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Fig. 3 TF profiles regulated different genes expression in strains with different xylose metabolic pathways. Only
the TFs with the coverage of genes higher than 60% were shown

For the downregulated genes, Ace2p, Teclp, and Stel2p were the top three TF with the
highest coverage of genes. Teclp and Stel2p were required for haploid invasive and diploid
pseudohyphal growth. The strains O7, P5, and Alpha25 were all haploid strains, which adopt
elongated morphology in the absence of glucose (or other fermentable sugar) [18]. Because
xylose is not a fermentable sugar for S. cerevisiae [19], the carbon starvation state faced by the
xylose utilizing cells seemed complicated.

More importantly, both the Rap1p and Cst6p regulated 61.4% of the upregulated genes in
Xl strains. Rap1p plays a role in telomere structure; telomere is related to chromosome stability
and cell cycle [20]. Cst6p is involved in the metabolism of non-optimal carbon sources [21]
and chromosome stability. In this study, the xy/A was multi-integrated in the 6 region of the
strain [9], but XYLI/-XYL2 integrated in the URA3 region [7], whether the difference of
integration sites would affect cell stability and then affect the xylose metabolism, is worth
further study.

Central Carbon Metabolism

Xylose is metabolized to ethanol through the heterologous xylose utilization pathway, pentose
phosphate pathway (PPP), glycolysis pathway, and alcohol fermentation pathway [22]. The
expression of genes in the central carbon metabolism was investigated in detail in this study
(Fig. 4).

Because lacking xylose-specific transporters, S. cerevisiae absorbed xylose mainly by non-
specific hexose transporters of HXT family [4, 23]. From the results shown in Fig. 4, HXT2 and
HXT4 were upregulated in the XI strains compared with those in the XR—XDH strain, whereas
transcriptional levels of the putative hexose transporter genes HXT10 and HXTI15 were
downregulated. When xylose was the sole carbon source, HX74 was one of the crucial sugar
transporters [24, 25]. The differential expression of these genes indicated that the different
xylose pathway might affect the xylose transport.

In the xylose metabolizing pathway, the conversion of xylulose to xylulose-5-phosphate
catalyzed by xylulokinase is reported to be the rate-limiting step [22, 26]. Xylulokinase is
encoded by XKS1, the expression level of which was downregulated in the XI strains. This
may be related to the lower xylose consumption rates of the XI strains than the XR—XDH
strain (Fig. 4).

In a non-oxidative PPP, transcriptional levels of key genes were downregulated in the XI
strains compared with XR—XDH strain, including 7KL and TALI, which indicated a lower
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Fig. 4 Expression ratios of the genes involved in xylose metabolism pathway between XI and XR—XDH strains.
The numbers indicated were log,(fold change). Red label means genes upregulated in both O7 and P7 compared
with Alpha25; green label means genes downregulated in both O7 and P7 compared with Alpha25

carbon flux in the XI strains, which was consistent with the previous study that the metabolites
concentrations in the non-oxidative PPP of the XR—XDH strain were significantly higher than
those in the XI strain [6]. Moreover, it is noteworthy that the expression level of RKII was
upregulated in the XI strains. RK/! encodes ribose-5-phosphate isomerase [23], which cata-
lyzes the isomeration of ribulose-5-phosphate to ribose-5-phosphate (R5P) (Fig. 4). RSP serves
as an important precursor metabolite for amino acid biosynthesis and nucleotide biosynthesis,
and the expression level of the genes involved in the related amino acid and nucleotide
biosynthesis pathway was also upregulated. In the oxidative PPP, the transcriptional level of
GND1 was downregulated. GND1 encodes 6-phosphogluconate dehydrogenase [27], which
catalyzes an NADPH regenerating reaction, and its downregulation might be because redox
imbalance did not exist in the XI strains.

In glycolysis, the expression levels of the PFK! (encoding 6-phosphofructokinase, cata-
lyzed the production of fructose 1, 6-bisphosphate from fructose-6-phosphate) and PYK2
(encoding pyruvate kinase, catalyzed the production of pyruvate from phosphoenolpyruvate
(PEP)) were downregulated in the XI strains (Fig. 4), which indicated that the carbon flux
through glycolysis was assumed to be lower in the XI strains, because the elevated levels of
PEP were recorded as a response to carbon starvation [28]. In the ethanol fermentation
pathway, the expression level of PDC6, which encodes an isoform of pyruvate decarboxylase
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and has been identified to be important for xylose fermentation [29], was also downregulated
in the XI strains.

Taken together, compared with the XR—XDH strain, the downregulated expression level of
XKS1, PPP genes, glycolysis, and alcohol fermentation genes in the XI strains indicated that
the carbon flux from xylulose to ethanol was lower in the XI strains, which directly reflected
its lower xylose utilization rates.

Increased Expression of Purine and Amino Acid Biosynthesis Pathway in the XI Strains

Compared with the XR—XDH strain, the expression level of RK/I was upregulated in the XI
strains, indicating that the biosynthesis of RSP was affected by the xy/A expression, whereas
that of TKL1 and TALI was downregulated, indicating the reduced subsequent metabolism of
RSP in non-oxidative PPP. Ribose-phosphate diphosphokinase catalyzes the transportation of
pyrophosphate from ATP to R5P, generating 5-phospho-o«-D-ribose 1-diphosphate (PRPP).
PRPP is an important precursor in purine and pyrimidine nucleotide biosynthesis, cofactor
biosynthesis, and amino acid biosynthesis. As shown in Fig. 5, PRPP can be metabolized to 5-
amino-1-(5-phospho-3-D-ribosyl) imidazole (ARI) in five steps, and ARI is a key intermediate
in the biosynthesis of purine nucleotides and thiamine. ARI can be further metabolized to
inosine 5'-monophosphate (IMP). The initial three steps of this pathway were catalyzed by
individual enzymes, whereas the last two steps were catalyzed by a single multifunctional
enzyme, and the expression level of all the encoding genes was upregulated except ADE16.
The upregulation of the majority of genes responsible for the biosynthesis from PRPP to
adenosine monophosphate (AMP) may be propelled by a demand for the adenosine nucleotide
pool [28].

Consistent with the upregulated adenine nucleotide biosynthesis, the genes MTD1, SHM?,
and GCVI involved in the one-carbon metabolism using folate as the coenzyme were also
upregulated. It is proposed that the one-carbon units from glycine were directed to purine
biosynthesis and those from 5-methyl-THF (tetrahydrofolate) were directed to methionine
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M
AMP 10-Formyl THF <222L 5,10 Methylene-THF A%47 32‘; flg
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Fig. 5 Upregulation of purine nucleotide biosynthesis and amino acid metabolism. The numbers indicated
were log,(fold change)
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biosynthesis [30]. Furthermore, the expression level of MET6, encoding homocysteine meth-
yltransferase, was also upregulated. Serine is a co-substrate with THF for glycine and 5,10-
methylene THF biosynthesis; the expression level of SER2 and SER33 in serine biosynthesis
pathway was upregulated.

The expression of several other genes involved in amino acid metabolism was also
upregulated, e.g., HIS4 and HIS7 responsible for histidine biosynthesis, ARG! and ARG4
for arginine biosynthesis, and 7RP4 and TRPS5 for tryptophan biosynthesis. In addition to
amino acid biosynthesis, many genes responsible for the transportation of amino acid were
upregulated, e.g., for glutamate (AGPI, YMC2, ODC2, and DIP5), for lysine (AGPI and
ODC?2), and aspartic acid (AGPI and DIP5). These changes were regulated by Gendp and
Sfplp in response to amino acid starvation. The above results suggested that nucleobase and
histidine were starved in XI strains, and the nucleobase and amino acid metabolism should be
controlled in XI strains.

Decreased Expression of Biogenesis in the XI Strains

Compared with the XR—XDH strain, expression levels of the genes involved in the mitotic cell
cycle were downregulated in the XI strains, which was consistent with the slower growth rates
(Figs. 1 and 3). Moreover, genes expression involved in related cell processes such as
chromatin organization and organelle organization were also downregulated (Supplementary
Materials 1: Table S3). After cytokinesis, it is crucial to maintain cell wall integrity during
mother—daughter cell separation to prevent cell lysis [31]; the corresponding genes involved in
cell wall organization and biogenesis, such as CTS! [16], PSAI [32], YPS3/6 [33], and PIR3
[34], were downregulated, and this might also be caused by the carbon starvation. The cell wall
is a vital cell organization essential for adaptation to stressful conditions [35, 36]; the
downregulation of its biogenesis may indicate that the XI strains had a weaker tolerance to
the inhibitors present in the lignocellulosic hydrolysate.

Conclusion

Although shared the same genetic background, the XR—XDH strain Alpha25 showed a higher
xylose consumption rate than the XI strains O7 and P5. However, the strains O7 and PS5 had
higher ethanol yields than the strain Alpha25. Comparative transcriptome analysis indicated
that compared with XR—XDH pathway, the XI pathway expression in industrial S. cerevisiae
strain directly or indirectly affected the xylose metabolism. The GO analysis and TFs analysis
revealed that after integrating xy/A in the 6 region; the DNA and chromosome stability and cell
wall integrity of the S. cerevisiae strain were affected to some extent, which may be the reasons
for the slow growth and fermentation of XI strain on xylose medium. The carbon starvation
caused by lower xylose metabolism in XI strains further influenced the stress response and cell
metabolism of amino acid, nucleobase, and vitamin. Besides, the genes involved in central
carbon metabolism of XI strains were also affected by the xy/A expression.
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