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Abstract

Background: Xylitol accumulation is a major barrier for efficient ethanol production through heterologous xylose
reductase-xylitol dehydrogenase (XR-XDH) pathway in recombinant Saccharomyces cerevisiae. Mutated NADH-pre-
ferring XR is usually employed to alleviate xylitol accumulation. However, it remains unclear how mutated XR affects
the metabolic network for xylose metabolism. In this study, haploid and diploid strains were employed to investi-
gate the transcriptional responses to changes in cofactor preference of XR through RNA-seq analysis during xylose

fermentation.

Results: For the haploid strains, genes involved in xylose-assimilation (XYLT, XYL2, XKST), glycolysis, and alcohol
fermentation had higher transcript levels in response to mutated XR, which was consistent with the improved xylose
consumption rate and ethanol yield. For the diploid strains, genes related to protein biosynthesis were upregulated
while genes involved in glyoxylate shunt were downregulated in response to mutated XR, which might contribute
to the improved yields of biomass and ethanol. When comparing the diploids with the haploids, genes involved in
glycolysis and MAPK signaling pathway were significantly downregulated, while oxidative stress related transcription
factors (TFs) were significantly upregulated, irrespective of the cofactor preference of XR.

Conclusions: Our results not only revealed the differences in transcriptional responses of the diploid and haploid
strains to mutated XR, but also provided underlying basis for better understanding the differences in xylose metabo-

lism between the diploid and haploid strains.
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Background

Lignocellulosic biomass is regard as an abundant and sus-
tainable feedstock for fuel ethanol production. Hydrol-
ysis of lignocellulose primarily releases glucose and
xylose. Saccharomyces cerevisiae as the traditional etha-
nol producer cannot utilize xylose. Heterologous xylose
reductase-xylitol dehydrogenase (XR-XDH) pathway
or xylose isomerase (XI) pathway is usually introduced
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into S. cerevisiae to enable xylose utilization [1]. Com-
pared with XI strains, XR-XDH strains exhibit higher
xylose consumption rate and ethanol productivity [2,
3]. However, xylitol accumulates seriously due to the
cofactor imbalance between NADPH-preferring XR
and NAD"-dependent XDH. Numerous efforts have
been made to alter the cofactor preference of XR from
NADPH to NADH, however, the decreased xylitol accu-
mulation is usually accompanied by improved or reduced
xylose utilization [4—7]. Several studies have discovered
the interplays between the heterologous xylose pathway
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and the native host metabolism [8, 9], but how mutated
XR affects the xylose metabolism remains unclear.

Xylose metabolism also depends on the choice of the
host strains [9-11]. In comparison with laboratory
strains, industrial strains are preferred for industrial
application due to their excellent fermentabilities and
better stress resistance [12—14]. Moreover, several stud-
ies have reported that ploidy changes have a notable
effect on stress tolerance and ethanol productivity when
fermenting glucose [15-17]. When fermenting xylose,
haploids showed better performances than diploids [10].
Metabolomic and transcriptomic analyses have been car-
ried out to compare diploid with haploid during glucose
fermentation [18, 19], but the molecular basis for the dis-
tinct xylose fermentation capability of haploid and dip-
loid strains remains obscure.

In our previous study, two haploid xylose-fermenting
S. cerevisiae strains were constructed by expressing het-
erologous XR-XDH pathway using a haploid of indus-
trial diploid strain KF7 [20] as host [21]. Strain HX57D
expressing mutated XR had notably improved xylose
consumption rate and ethanol yield compared with
HX62W expressing native XR, which demonstrated
that expressing mutated XR promoted xylose metabo-
lism in the haploid strain [21]. In this study, two diploid
xylose-fermenting strains were generated from KF7 by
overexpressing XR (native or mutated) and XDH from
Scheffersomyces stipitis as well as xylulokinase (XK) from
S. cerevisiae. A CRISPR/Cas9-mediated method was
adopted to enable rapid and maker-less integration of
genes into the diploid S. cerevisiae strain. Although the
diploid expressing mutated XR (strain A) had a much
higher ethanol yield than the diploid expressing wild XR
(strain B), the xylose consumption rates of both strains
were similar. The effect of mutated XR on xylose metabo-
lism was found to be closely correlated with the ploidy
of strains. Comparative transcriptome analysis was per-
formed to unravel the global transcriptional responses
of the haploid and diploid strains (with the same genetic
background) to mutated XR when fermenting xylose. The
research provided theoretical guidance for the construc-
tion of efficient xylose-fermenting strains.

Results and discussion

Effect of mutated XR and increased ploidy on xylose
fermentation

Two diploid xylose-fermenting strains A and B were
constructed. Diploid A and haploid HX57D expressed
double sites-mutated XR (K270R/N272D), while diploid
B and haploid HX62W expressed native XR. The perfor-
mance of these strains was compared when fermenting
YPX50 (Fig. 1, Table 1).
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After 16 h of fermentation, the xylose consumption rate
of HX57D was 34% higher than that of HX62W, while the
consumption rate of strain A did not increase compared
with strain B (Table 1). The ethanol yields of HX57D and
A were higher than those of HX62W and B, respectively,
whereas the xylitol yields were in reverse (Table 1). Moreo-
ver, HX57D had 43% lower biomass yield than HX62W,
whereas A had 57% higher biomass yield than B (Table 1).
The specific activities of XR and XDH measured at 8 h of
fermentation were summarized in Table 1. The NADPH/
NADH ratios (represented for the ratio of NADPH- and
NADH-dependent XR activities) of HX62W and B were
greater than 1, while those of HX57D and A were less than
1, which demonstrated that the cofactor preference of
XR(K270R/N272D) was altered from NADPH to NADH.
Moreover, the NADPH-, NADH-dependent XR, and XDH
activities of HX57D were 25%, 139%, and 70%, respec-
tively, higher than those of HX62W (Table 1). The higher
activities of both XR and XDH in the haploid strains might
contribute to the improved xylose utilization, which was
consistent with previous studies [22, 23]. When comparing
diploid A with B, the NADH-dependent XR activity was
19.2% higher but the NADPH-dependent XR and XDH
activities were reduced by 77.3% and 39.9%, respectively
(Table 1). The sharply decreased NADPH-dependent XR
activity might result in decreased XDH activity and further
limited xylose utilization. On the other hand, the increased
NADPH-dependent XR activity in HX57D implied an
increased demand for NADPH from XR, which might
result in altered NADPH generation and further affect bio-
mass formation [24]. The increased biomass yield of strain
A was also correlated with the decreased NADPH-depend-
ent XR activity. In summary, the haploid and diploid strains
had different xylose metabolic responses to mutated XR.

To investigate the differences in xylose metabolism
between diploids and haploids, strains A and B were com-
pared with HX57D and HX62W, respectively. XR-mutated
strain A had similar xylose consumption rate and ethanol
yield but higher biomass yield compared with HX57D
(Table 1). However, HX57D accumulated slightly more
glycerol than A (data not shown). XR-native strain B had
higher xylose consumption rate but lower ethanol yield
than HX62W (Table 1). The diploid strains had higher
xylitol yields than the haploid strains, irrespective of the
cofactor preference of XR (Table 1). Moreover, the XR and
XDH activities of the diploids were also much lower than
that of the haploids (Table 1). Our results supported the
previous discovery that increasing ploidy did not improve
xylose fermentation [10]. There was no significant correla-
tion between biomass formation and ploidy when ferment-
ing xylose in the present study. This result conflicted with
the previous finding that biomass formation decreased
with the increase of ploidy when grew on glucose [16].
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Fig. 1 Batch fermentation of HX57D (open triangles), HX62W (open squares), A (closed triangles), and B (closed squares) using YPX50 medium. a
Dry cell weight, b Xylose, ¢ Xylitol, d Ethanol. The initial inoculum was 4 g /L DCW. The average values and standard derivations (error bars) for three
independent experiments are presented

Table 1 Fermentation characteristics of strains using YPX50 with an initial inoculum of 4 g/L DCW

Q2 (g/L/h) Y ® (g/g consumed xylose) Enzymatic activity (U/mg) ¢ [NADPH]/
[NADH] ¢
Xylose Ethanol Xylitol Ethanol Biomass € NADPH-XR NADH-XR XDH
HX57D 2.58+£0.01 0.83£0.01 0.09£0.01 0.32£0.00 0.04£0.00 0.65£0.03 0.86£0.01 11.24+£0.72 0.76
HX62W 1.9340.01 0.5540.01 0.2140.01 0.2840.01 0.0740.00 05240.03 03640.02 6.6140.09 145
A 2.54+£0.04 0.83£0.00 0.15£0.00 0.33£0.00 0.11£0.00 0.10£0.00 0.31£0.01 2.30£0.00 0.31
B 25840.07 0.5040.01 0.3940.01 0.1940.00 0.0740.00 04440.01 0.2640.00 383+0.14 167

Data for enzymatic activity were measured at 8 h of fermentation. Other data were calculated by 16 h fermentation. Data are means & SD from three independent

experiments

2 Xylose consumption rate or ethanol production rate (g/L/h)

b Yield of xylitol and ethanol (g/g consumed xylose)

¢ Yield of biomass (g DCW/g consumed xylose)

9 Specific activity (U/mg protein)
¢ Specific activity with NADPH/specific activity with NADH
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Transcriptional differences between haploid and diploid
cells in response to mutated XR

The global transcriptional responses of the haploid and
diploid strains to changes in cofactor preference of XR
were analyzed by using RNA-seq. Among the 6448 genes
of the yeast genome, only differentially expressed genes
(DEGS) (false discovery rate (FDR)<0.05 and |log,fold
change (FC)|>1) were further analyzed. To validate the
expression profiles obtained by RNA-seq analysis, the
expressions of the three genes involved in xylose-utilizing
pathway (XYL1, XYL2, XKS1) and two genes involved in
glycolysis (ENO1, ENO2) which showed different expres-
sion levels among strains were analyzed by quantitative
reverse-transcription PCR (qRT-PCR). The results of
qRT-PCR were highly consistent with those of the tran-
scriptome analysis (Additional file 1: Fig. S1), indicating
the validity of transcriptome data.

The transcriptome profile was organized into two rele-
vant pairwise comparisons: HX57D vs. HX62W and A vs.
B. A total of 586 and 511 DEGs were found in the com-
parison of HX57D vs. HX62W and A vs. B, respectively
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(Additional file 1: Fig. S2a, b). However, only 28 DEGs
were shared by the both comparisons (Fig. 2a), which
implied that the haploid and diploid strains had distinct
responses to mutated XR.

KEGG pathway analysis

Based on the KEGG enrichment analysis, eight path-
ways were significantly enriched for DEGs between
HX57D and HX62W (p<0.02) (Fig. 3a, Additional file 1:
Table S1). These pathways were largely involved in car-
bohydrate metabolism, including carbon metabolism,
glycolysis/gluconeogenesis, pentose and glucuronate
interconversions, fructose and mannose metabolism as
well as glyoxylate and dicarboxylate metabolism (Fig. 3a).
Similarly, four KEGG pathways (pentose and glucu-
ronate interconversions, galactose metabolism, starch
and sucrose metabolism, glyoxylate and dicarboxylate
metabolism) related to carbohydrate metabolism were
also enriched in the comparison group A vs. B (p<0.04)
(Fig. 3b, Additional file 1: Table S1). These results indi-
cated that carbohydrate metabolism was notably affected

HX57D vs. HX62W /A vs. B

Up Up

Avs. HX57D / B vs. HX62W

Down Down

Fig. 2 Venn diagram of DEGs in (

Down Down

a) XR-mutated strains compared with wild strains, and (b
taken at 8 h of xylose fermentanon Averages of biological triplicates are presented

) the diploids compared with the haploids. Samples were
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by mutated XR in both the haploid and diploid strains.
Further discussion was expanded later.

On the other hand, four pathways associated with pro-
tein biosynthesis, i.e., RNA polymerase, ribosome, spli-
ceosome, and ribosome biogenesis in eukaryotes, were
uniquely enriched in group A vs. B, and most DEGs in
these pathways were upregulated in strain A compared
with strain B (Fig. 3b). It has been reported that the
enhanced expression of genes involved in protein bio-
synthesis was positively correlated with the increased
growth rate of cells [25, 26]. For strain A, the improved
protein biosynthesis was consistent with the higher bio-
mass yield compared with strain B. Moreover, enhanced
ribosome synthesis has been proved to be beneficial to
xylose utilization [27].

Sugar transporters

Xylose uptake depends on native hexose transport-
ers in S. cerevisiae, which is composed of 18 genes from
the HXTs family and galactose permease GAL2 [28].
When comparing HX57D with HX62W, the transcript
levels of HXT4, HXTS, HXT10, HXTI13, HXT17, and
GAL2 were significantly changed (Table 2). Transport-
ers with extremely low absolute transcript abundances
were not discussed in this study. The main xylose trans-
porter HXT4 [29] was induced in response to mutated
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XR in the haploid strain, whereas the non-fermentation
carbon source-inducible transporter HXT5 [30] was
repressed. For the diploid strains, HXT2 and HXTI15
were significantly downregulated in response to mutated
XR (Table 2). HXT2, a high-affinity permease, allowed
xylose consumption with the same rate as glucose [31]. It
seemed that the expression of different hexose transport-
ers might be affected by the contents of NADH, NADPH,
and their ratio inside cells as well as the xylose con-
sumption rate. However, the correlation of the expres-
sion of transporters with these factors needs further
investigation.

Central carbon metabolism

Xylose is converted to ethanol through the heterologous
xylose assimilating pathway, pentose phosphate pathway
(PPP), glycolysis pathway and ethanol fermentation path-
way [13]. To reveal the effect of mutated XR on xylose
metabolism in the haploid and diploid strains, expres-
sion of genes involved in central carbon metabolism was
investigated (Fig. 4).

When comparing HX57D with HX62W, genes in the
upper xylose assimilating pathway (XYL1, XYL2, XKSI)
were upregulated, which implied an enhanced xylose
flux into central carbon metabolism. TALI, encoding
the major transaldolase in the non-oxidative PPP, was

Table 2 The expression level of genes encoding hexose transporters in different strains

Gene FPKM 2 Log,FC®
HX57D HX62W A B HX57Dvs.  Avs.B Avs. HX57D B vs. HX62W
HX62W

HXTT 96409 140409 55404 35404 N 06 -10 -19
HXT2 302492 597454 572468 20124295 —-08 —-18 08 19
HXT3 5734108 588444 131418 M1+11 N N —-23 —23
HXT4 47184622 12334106 394462 279409 22 05 —-38 -20
HXT5 7664233 20634228 21344230 2966452 —12 —-05 13 06
HXT6 27544295 25164302 108.0420.9 13014310 N N —15 —-08
HXT7 58374417 54844876 24464407 26484516 N N -4 -10
HXT8 162431 163420 177414 151412 N N N N
HXT9 61407 46404 5740, 79406 06 —-05 N 09
HXT10 10403 26405 31404 56405 -1 —-09 14 12
HXTT1 152407 1554 1.1 137406 180+ 1.1 N —04 N N
HXT12 59411 50410 54405 7340.1 N —04 N 06
HXT13 31407 93406 2233475 26114170 —14 —-02 6.0 49
HXT14 15406 19404 16404 16404 N N N N
HXT15 37406 644038 197415 392449 N -10 22 27
HXT16 18403 30404 74408 120+ 14 N —-07 19 2.1
HXT17 15404 55405 1231441 1727493 -17 -05 62 5.1
GAL2 81+14 184407 579419 829449 —10 —05 27 23

? Values are given as the average of three biological duplicates + standard deviation

b Values are given as the average of three biological duplicates
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also upregulated in HX57D. Our previous study reported
that overexpression of TALI improved xylose fermenta-
tion as well as inhibitor tolerance [32]. In the oxidative
PPP, GND1 and GND2, encoding 6-phosphogluconate
dehydrogenase, were significantly upregulated, which
suggested that more NADPH was available for the xylose
reduction in HX57D. A previous study observed that the
xylose flux through glycolysis was limited by low PPP
activity [33]. In this study, the higher expression levels
of TAL1, GNDI, and GND2 might contribute to the effi-
cient xylose utilization of HX57D.

Most glycolysis genes were significantly upregulated
in HX57D (Fig. 4). An active glycolysis could benefit the
xylose utilization [11, 34]. Moreover, genes involved in
the alcohol fermentation pathways (PDCI, ADH1, ADH?2,
and ADH3) were also upregulated in HX57D. PDCI and
ADH1, encoding the major pyruvate decarboxylase and
alcohol dehydrogenase, respectively, are vital for ethanol
fermentation in S. cerevisiae. ADH3, encoding mitochon-
drial alcohol dehydrogenase, was found to involve in a
redox shuttle in S. cerevisiae [35].

The expression levels of ALD6 (encoding aldehyde
dehydrogenase) and ACSI1 (encoding acetyl-coenzyme
A synthetase) decreased significantly in HX57D than in
HX62W, suggesting that acetaldehyde was utilized for
ethanol production instead of growth during xylose fer-
mentation. Moreover, genes involved in the tricarbox-
ylic acid (TCA) cycle (IDP2 and IDP3), glyoxylate shunt
(ICL1 and DAL?), and gluconeogenesis (FBP1, PYC2, and
PCK1I) were downregulated in HX57D. Taken together,
xylose was more likely to be sensed as a fermentable car-
bon source by HX57D compared with HX62W. These
results confirmed the previous finding that reducing the
carbon fluxes in futile cycle such as gluconeogenesis,
TCA cycle and glyoxylate shunt was crucial to achieve
the optimal ethanol production from xylose [8, 36].

In the glycerol catabolism pathway, the expression
level of the key glycerol-producing gene GPDI (encoding
NADH-dependent glycerol-3-phosphate dehydrogenase)
decreased in HX57D, while that of glycerol-utilizing gene
DAK2 (encoding dihydroxyacetone kinase) increased.
The results indicated a decreased glycerol formation
induced by mutated XR in the haploid strain. The accu-
mulation of glycerol was an effective route for redox bal-
ancing in S. cerevisiae, which can re-oxidize the excess
NADH generated from biomass formation [37]. HX57D
might have a lower demand for NADH reoxidation via
glycerol formation due to its lower biomass yield than
HX62W. However, strain HX57D produced slightly more
glycerol than HX62W after 24 h of fermentation (data
not shown). It was speculated that the strain HX62W
might retain most glycerol intracellularly for its role in
osmo-tolerance [38]. The hypothesis was supported by
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the facts that the osmotic stress-related transcription fac-
tors (TFs), Cin5p and Mot3p, had higher expression lev-
els in HX62W than in HX57D (Fig. 5a).

By contrast, few genes involved in central carbon
metabolism notably changed in response to mutated
XR in the diploid strain (Fig. 4). The expression level of
XYLI increased in diploid A compared with that in strain
B. However, XYL2 as well as TKL2 (encoding the minor
transketolase) were significantly downregulated in strain
A. The sharply decreased NADPH-dependent activity
of mutated XR in strain A (Table 1) might be the main
reason for the limited xylose flux flow into the non-
oxidative PPP. Genes related to gluconeogenesis (ERRI,
ERR3, PCKI, and PYCI) and acetate formation (ALD3
and ALD6) were downregulated in strain A. The glycerol-
producing genes GPD1 and GPP2 (encoding glycerol-
1-phosphatase) were notably upregulated in response
to mutated XR in the diploid strain. The upregulation of
these two genes might be due to the higher biomass yield
of strain A compared with that of strain B, since more
glycerol should be generated to facilitate NADH reoxida-
tion [37].

In summary, there was a significant difference in xylose
metabolism between the haploid and diploid strains in
response to mutated XR. After expressing NADH-prefer-
ring XR in the haploid strain, a lower flux into futile path-
ways and a higher flux towards ethanol production were
indicated, which suggested that the intracellular redox-
imbalance was greatly alleviated [8]. By contrast, after
expressing NADH-preferring XR in the diploid strain,
the flux into ethanol production remained unchanged
while the flux into glycerol production increased. This
suggested that the redox-imbalance alleviated by express-
ing mutated XR in diploid was much less than that in
haploid. It can be inferred that haploid and diploid might
differ greatly in redox homeostasis and regulation. There
was no relevant report at present and further study is
needed.

Transcription factors (TFs)

Genes regulation change has long been recognized as an
important mechanism for phenotypic evolution. Poten-
tial transcription factors (TFs) regulating DEGs were
analyzed by YEASTRACT. When comparing HX57D
with HX62W, 22 TFs were significantly changed, includ-
ing one upregulated and 21 downregulated (Fig. 5a,
Additional file 1: Table S2). Several enriched TFs (Abflp,
Rmelp, Gatdp, Cup9p, Reblp, Fkh2p, Hcmlp, and
Mot2p) are involved in regulating cell cycle and biosyn-
thesis of protein. Most of them were significantly down-
regulated, except for Rmelp, the negative regulator of
meiosis [39]. It was speculated that altering cofactor pref-
erence of XR from NADPH to NADH probably delayed
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the cell cycle and protein biosynthesis of the haploid,
which might lead to the lower biomass yield of HX57D
compared with HX62W.

Three TFs (Ixrlp, Cin5p, and Mot3p) are related to
response to various stresses, including oxidative stress
and osmotic stress [40]. The downregulation of IXRI,
CINS5, and MOT3 indicated that the oxidative stress was
reduced in response to mutated XR in the haploid strain.
Moreover, a previous study reported that stress response
was associated with xylose utilization [11]. Deletion of
IXR1I was found to increase xylose consumption in aero-
bic fermentation with glucose and xylose [41].

Thi2p is an activator of thiamine biosynthetic genes.
Deletion of THI2 can promote xylose metabolism
when co-fermenting glucose and xylose [27]. Rsf2p
is involved in regulating genes required for glycerol-
based growth and respiration. Cat8p is necessary for
expression of genes involved in gluconeogenesis, res-
piration, glyoxylic shunt and ethanol utilization. Dis-
rupting CAT8 improved ethanol production from
glucose in S. cerevisiae [42] and from xylose in the nat-
ural xylose-fermenting yeast Ogataea polymorpha [43].
The downregulation of RSF2 and CAT8 supported the
hypothesis that xylose might be served as fermentative



Xie et al. Microb Cell Fact (2020) 19:211

carbon source in response to mutated XR in the hap-
loid strains.

Only eight TFs were significantly changed when
comparing diploid A with B (Fig. 5a, Additional file 1:
Table S2). Among the upregulated TFs, Gerlp, a major
regulator of glycolytic genes, also activated RNA poly-
merase II transcription and ribosomal protein biosyn-
thesis [44]; Msa2p involves in regulation of G1-specific
transcription and cell cycle initiation. The upregulation
of GCRI and MASI was associated with an active pro-
tein biosynthesis and rapid cell growth of the diploids in
response to mutated XR. Among the downregulated TFs,
Toglp and Adrlp are required for non-fermentable car-
bon metabolism such as ethanol, glycerol, lactate, and
fatty acid utilization [45, 46]. Togl also involves in oxi-
dative stress tolerance. The downregulation of TOG1 and
CINS5 suggested a reduced oxidative stress in the diploid
strains induced by mutated XR.

In summary, oxidative stress and non-fermentable car-
bon metabolism related TFs were downregulated in both
the haploid and diploid strains in response to changed
cofactor preference of XR. Uniquely, TFs associated with
cell growth were down-regulated in the haploids and
upregulated in the diploids in response to mutated XR.
These results were consistent with the fermentation per-
formances and KEGG enrichment results.

Transcriptional differences between the diploid

and haploid strains

To analyze the transcriptional responses of yeast strains
to increased ploidy, the transcriptome profile was organ-
ized into two comparison groups: A vs. HX57D and B
vs. HX62W. A total of 1956 DEGs were found in group
A vs. HX57D, including 1042 upregulated and 914 down-
regulated genes (Additional file 1: Fig. S2c). Meanwhile,
1700 DEGs were found in group B vs. HX62W, includ-
ing 863 upregulated and 837 downregulated genes (Addi-
tional file 1: Fig. S2d). The numbers of the overlapped
up- and down-regulated genes in two groups were 497
and 360, respectively (Fig. 2b). These overlapped genes
were assumed to be closely related to the different xylose
fermentation performances between the diploid and hap-
loid strains, which was further analyzed.

KEGG pathway analysis

Seven KEGG pathways were enriched for the upregu-
lated genes in the diploids relative to the haploids,
including glyoxylate and dicarboxylate metabolism as
well as pyruvate metabolism (p <0.01) (Fig. 3c, Additional
file 1: Table S1). Meanwhile, five KEGG pathways were
enriched for the downregulated genes, including gly-
colysis/gluconeogenesis, MAPK signaling pathway-yeast,
carbon metabolism as well as fructose and mannose
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metabolism (p <0.01) (Fig. 3d, Additional file 1: Table S1).
Overall, genes involved in carbohydrate metabolism were
significantly affected by increased cell ploidy, which was
further discussed later. On the other hand, most DEGs
involved in MAPK signaling pathway-yeast were related
to mating, and these genes were significantly downregu-
lated in the diploids when fermenting xylose. Similar
results were also observed in the diploids during glu-
cose fermentation [18]. Downregulation of mating genes
might explain the loss of mating capability in the diploid
strains [47].

Sugar transporters

A large number of transporters were notably changed
in response to increased ploidy (Table 2). HXT4 and
HXT7 are the main transporters during xylose fermenta-
tion [29]; HXT13 is usually induced by non-fermentable
carbon source [13]; HXT17 was identified to transport
mannitol, sorbitol and xylitol [48]. The upregulation of
HXT1I13 and HXT17 as well as downregulation of HXT4
and HXT7 might contribute to the differences in xylose
uptake between diploids and haploids.

Central carbon metabolism

To reveal the effect of increased ploidy on central car-
bon metabolism, only common DEGs that significantly
upregulated or downregulated in two comparison groups
(A vs. HX57D and B vs. HX62W) were of interest (Fig. 4).
The expression levels of XYL1, XYL2, and XKS1 were sig-
nificantly lower in the diploids, which were consistent
with the reduced enzymatic activities of XR and XDH
(Table 1). Genes involved in PPP were not responsive to
increased ploidy. Moreover, most genes involved in gly-
colysis (PGI1, FBA1, TPI1, TDHI1, TDH2, TDH3, PGK1,
GPM1, ENOI, ENO2, and CDC19) were significantly
downregulated in the diploid strains. Additionally, down-
regulation of ADHI and ADH2 as well as upregulation
of ALD4 (encoding mitochondrial aldehyde dehydroge-
nase), ALD6, and ACS]I redirected acetaldehyde into the
glyoxylate shunt rather than ethanol formation in the
diploid strains. Consequently, ICLI and MLSI (encoding
malate synthase) involved in glyoxylate shunt were signif-
icantly upregulated in the diploids.

In brief, the diploids had lower carbon fluxes through
central carbon metabolism than the haploids when fer-
menting xylose, and the reduction was more significant
in the XR-mutated strains. The fermentation results
also confirmed that the xylose consumption rate per
gram biomass of strain A was much lower than that of
HX57D (data not shown). A previous study reported
that the isogenic haploid and diploid strains with native
XR were similar in biomass production from xylose [10].
In the present study, the biomass yields of strains B and
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HX62W were also similar. However, the biomass yield
of strain A was much higher than that of HX57D, which
might be due to the lower flux through TCA circle in
HX57D. This result supported the opinion that biomass
yield is inversely correlated with TCA cycle activity [8].
As a result, strain A with a higher biomass yield required
more NADH for ATP production instead of ethanol pro-
duction. Therefore, haploid and diploid strains might
have different NADH status. To date, there is no study
focusing on the difference in carbon flux between haploid
and diploid when using xylose as the sole carbon source.
However, the metabolome analysis when glucose was fer-
mented revealed that diploid exhibited higher levels of
most glycolytic intermediates than haploid [19]. There-
fore, the effects of increased ploidy on carbon metabolism
might highly depend on carbon source. The differences in
xylose metabolism between diploid and haploid require
more systematic and in-depth investigation.

Transcription factors

A total of 34 TFs were significantly changed when com-
paring the diploids with the haploids (Fig. 5b, Additional
file 1: Table S2). Among them, 9 TFs (Kar4p, Rmelp,
Teclp, Sutlp, Mgalp, Upc2p, Nrglp, Phdlp, and Nrg2p)
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are related to sporulation and filamentous growth, which
suggested that regulation of cell proliferation and veg-
etative growth might be two main aspects in response
to increased ploidy. In addition, several stress response-
related TFs (Cin5p, Cup2p, Nrglp, and Nrg2p) were sig-
nificantly upregulated in the diploid strains. A previous
study reported that diploid was more tolerant to ethanol,
oxidative stress (H,0,), and metal ions (copper) than
haploid [16]. In this study, upregulation of CIN5, CUP2,
NRG1I, and NRG2 might be related to the different stress
tolerance between the diploids and the haploids.
Moreover, several TFs (Msn4p, Ger2p, Miglp, Toglp,
Cat8p, and Sip4p) are related to carbohydrate metabo-
lism. Msndp and Ger2p both activate glycolic genes.
Downregulation of MSN4 might have contributed to the
reduced carbon flux into glycolysis in the diploids. How-
ever, GCR2 showed increased expression level, and it
remained unknown how Ger2p regulated glycolysis genes
during xylose fermentation. The other four TFs (Miglp,
Toglp, Cat8p, and Sip4p) are related to nonfermentable
carbon utilization (Fig. 6). Repressor protein Miglp is
the main TF responsible for glucose repression, while
Hxk2p functions as an intracellular glucose sensor as well
as an important regulator of glucose repression signal
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Fig. 6 Significantly changed xylose utilizing-related TFs between the diploids and the haploids. Data are presented as log,FC for A vs. HX57D (left)
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[49]. Respiratory regulator Cat8p, which is repressed by
Miglp, controls the expression of various genes involved
in gluconeogenesis and glyoxylate shunt [50]. Increased
Cat8p level allows positive regulation of SIP4, thereby
activating the gluconeogenic genes. Togl also functions
as an activator of genes involved in fatty acid oxidation,
glyoxylate shunt and gluconeogenesis [45]. The notice-
able changes in regulation of non-fermentable carbon
utilization might contribute to the distinct carbohydrate
metabolism in the diploids compared with the haploids
(Fig. 6).

In summary, the regulation mechanisms for the xylose
metabolism were found to be totally different between
diploids and haploids. In a word, xylose was likely to be
sensed as a non-fermentative carbon source in the dip-
loids but as a fermentation carbon source in the haploids.

Conclusions

By changing the cofactor preference of XR from NADPH
to NADH, the xylose consumption rate and ethanol yield
increased in the haploid strain, while the biomass yield
increased in the diploid strain. Comparative transcrip-
tomic analysis revealed that genes involved in heter-
ologous xylose metabolism, PPP, glycolysis, and alcohol
fermentation were upregulated in the haploid strain

Table 3 Strains and plasmids used in this study
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whereas protein biosynthesis related genes were induced
in the diploid strain in response to mutated XR, which
supported the fermentation results. The effect of mutated
XR on xylose metabolism might be largely influenced by
the intracellular NADPH homeostasis of the host strains.
By comparing the diploids with the haploids, the expres-
sion of most genes in central carbon metabolism was
repressed and TFs related to non-fermentable carbon
utilization and stress resistance were significantly upreg-
ulated in the diploids, suggesting xylose was served as a
fermentative carbon source in the haploids. This work is
the first attempt to characterize the effects of mutated
XR and increased ploidy on xylose metabolism at the
transcription level in industrial S. cerevisiae strain. Our
findings provide valuable insights for the construction of
lignocellulosic bioethanol producer strain.

Materials and methods

Strains and media

All strains used in this study were derivatives of the floc-
culating industrial S. cerevisiae strain KF7 [20] (Table 3).
Yeast cells were cultured on YPD20 plates (YP medium
(10 g/L yeast extract, 20 g/L peptone) with 20 g/L glucose
and 20 g/L agar). Transformants were selected on YPD20
plates supplemented with 100 pg/mL G418 and/or 50 pg/

Strains and plasmids Description Source

S. cerevisiae strains
KF7 MATa/a, Flo+, Spo- [20]
HX62W KFG4-6B (haploid of KF7), ura3:XYL1-XYL2-XKS1-KanMX [21]
HX57D KFG4-68B, ura3:XYL1(K270R/N272D)-XYL2-XKS1-KanMX [21]
KF7Cas9 KF7, Cas9-NAT This study
A KF7, pho13:Pypu - XYLT(K270R/N272D) Py 5 XYL2-Pypy5-XKST This study
B KF7, pho13:PrysXYLT-Prpp3-XYL2-Prryys-XKST This study

Plasmids
pXR Props XYL TTrpus (52]
pKX1(D)X2XK loxP-KanMX-loxP-Prp;5-XYL1(K270R/N272D)-T1pu5-Props X YL2-Trprs-Prons XKS T-Trpps [21]
PXDH PropsXYL2Trpu3 [52]
pXK Props XKS T-Trpps [52]
19T-xylTW PropzXYLT-Trpps This study
1Txyl1D Py XYLT(K270R/N272D)-Typ5 This study
19T-xyl2 Props XYL2-Trpp3 This study
19T-xks1 Prous XKST-Trpps This study
pKan KanMX This study
pKan-LacZ Uppoi-Aar I-LacZ-Aar I-Dpyi015 This study
PK-X1(D)-X2-XK Py XYLT(K270R/N2720)-Trpi5 Proms X YL2-Trpps Props XKS 1-Trows This study
PK-X1(W)-X2-XK Prorz XYL -Trous Prons XYL2-TropsProns XKST-Trps This study
PpMEL13 2 um, ampR, KanMX, gRNA-CAN1.Y [54]
Cas9-NAT ampR, NAT, Cas9 [55]
pM-gPHO13 PMEL13, gRNA-PHO13 This study
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mL nourseothricin. For batch fermentation, yeast cells
were pre-cultivated in YPD50 medium (YP medium with
50 g/L glucose), and then fermented in YPX50 medium
(YP medium with 50 g/L xylose). Escherichia coli DH5«
was used for plasmid preparation and cultured in LB
medium (10 g/L peptone, 5 g/L yeast extract, 10 g/L
NaCl, pH 7.4) supplemented with 100 pg/mL ampicillin,
kanamycin or 50 pg/mL X-Gal. Agar (20 g/L) was added
in case of plate preparation.

Construction of pK-X1(W)-X2-XK and pK-X1(D)-X2-XK

The plasmids and primers were listed in Table 3 and
Additional file 1: Table S3, respectively. Three genes
XYL1, XYL2, and XKS1 were assembled simultaneously
and seamlessly according to the yeast Golden Gate (YGQG)
method [51] with minor modifications. Native XYLI
gene and mutated XYLI gene were separately amplified
using plasmids pXR [52] and pKX1(D)X2XK [21] as the
templates with primer set XYLI1t-prefix/XYL1t-suffix.
XYL2 gene and XKSI gene were amplified using plasmids
pXDH and pXK [52] as the templates with primer sets
XYL2t-prefix/XYL2t-suffix and XKS1t-prefix/XKS1t-
suffix, respectively. These primers included overhangs
encoding inwardly facing Aarl sites separated by four
bases from the appropriate yGG-compatible overhangs.
PCR products were cloned into pMD19 to build four
donor vectors 19 T-xyl1W, 19 T-xyl1D, 19 T-xyl2, and
19 T-xksl, respectively.

The acceptor vector pKan-LacZ was constructed as fol-
lows. Firstly, the backbone of pUC19 and kanMX gene
were amplified using pUC19 and pET-28a as the tem-
plates with primer sets pUC19-F/R and pUC19kan-F/R,
respectively. Two PCR products were ligated to generate
plasmid pKan through Gibson assembly [53]. Secondly,
a LacZ expression cassette flanked by outwardly facing
Aarl sites were amplified from the genome of E. coli BL21
using primer set LacZ-F/LacZ-R. The overhangs gener-
ated following Aarl digestion were compatible with the 5’
overhang of XYLI and the 3’ overhang of XKS1. Finally,
the LacZ cassette was inserted into the plasmid pKan to
create plasmid pKan-LacZ.

The acceptor vector pKan-LacZ and donor vectors
(19 T-xyl1W/D, 19 T-xyl2 and 19 T-xksl) were mixed
and assembled using GeneArt Type IIs Assembly Kits
(Life technologies, CA, USA) according to the manu-
facturer’s instructions. Transformants were selected
on LB plate containing kanamycin (100 pg/mL) and
X-Gal (50 pg/mL). White colonies were selected, and
the plasmids were verified by colony PCR. Two plasmids
expressing XYL1-XYL2-XKS1 and XYL1(K270R/N272D)-
XYL2-XKS1 cassettes were named as pK-X1(W)-X2-XK
and pK-X1(D)-X2-XK, respectively.
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Construction of pM-gPHO13

A specific guide RNA (gRNA) targeting PHOI13 gene
was designed by using the Yeastriction tool [54]. The
gRNA insert primers were complementary sequences
containing 20 bp of target sequences (TTCAACACC
GAATTTCATAT) and purchased from Genewiz
(Suzhou, China). Two primers PHO13_tgR-F and
PHO13_tgR-R were mixed equally and annealed to
generate 120 bp of PHO13-gRNA fragment. The back-
bone of plasmid pMEL13 [54] was amplified with prim-
ers 6005 and 6006 and ligated with PHO13-gRNA by
Gibson assembly to generate the plasmid pM-gPHO13.

Strain construction

Gene cassettes XYLI(native or mutated)-XYL2-
XKS1 were integrated into PHO13 loci of the diploid
KF7 via CRISPR/Cas9 system. KF7 was firstly trans-
formed with plasmid Cas9-NAT [55] to generate strain
KF7Cas9. Then, plasmids pK-X1(W)-X2-XK and pK-
X1(D)-X2-XK were separately amplified with primers
PHO13U and PHO13D, and the PCR products were
transformed into KF7Cas9 together with the plasmid
pM-gPHO13. Yeast transformation was carried out
using a modified lithium acetate method as described
previously [54]. Transformants were selected on YPD20
media with G418 and nourseothricin and further
checked by colony PCR. Correct transformants were
cultured in YPD20 to remove the plasmids Cas9-NAT
and pM-gPHO13 using the method described previ-
ously [54].

Xylose fermentation

Yeast cells were aerobically pre-cultivated at 30 °C for
16 h using YPD50 medium. Cells were harvested and
inoculated into 100 mL of YPX50 medium (in 300-mL
Erlenmeyer flasks with cotton plug) with an initial inoc-
ulum size of 4 g/L dry cell weight (DCW). The fermen-
tation was conducted at 35 °C in a thermostatic water
bath with an agitation speed of 200 rpm. Samples were
periodically taken to analyze the concentrations of cell,
sugar, ethanol, and by-products. XR and XDH activi-
ties were assessed according to the method described
previously [21]. All experiments were performed in
triplicate.

Concentrations of xylose and xylitol were determined
by HPLC equipped with a RID-10A refractive index
detector (Shimadzu, Tokyo, Japan) [56]. Concentration
of ethanol was measured by GC353B with a FID detec-
tor, and isopropanol was used as the internal standard
[56]. DCW was determined according to the method
described previously [57].
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Transcriptome analysis

Total RNA was extracted from cells collected at 8 h of
fermentation using the Yeast RNA Kit (Omega Bio-Tek,
GA, USA) according to the manufacturer’s instructions.
Three biological replicated fermentation and RNA-seq
analysis were performed independently. RNA degrada-
tion and contamination were monitored by agarose gel
electrophoresis. RNA purity was tested using the Nan-
oPhotometer® spectrophotometer (Implen, CA, USA).
RNA concentration was measured using the Qubit® 2.0
Fluorimeter (Life Technologies, CA, USA). RNA integ-
rity was evaluated using the Bioanalyzer 2100 system
(Agilent Technologies, CA, USA).

The RNA-Seq library was prepared and sequenced
on an Illumina HiSeq X Ten platform at Novogene
Technology Co. Ltd. (Beijing, China) according to the
method described previously [58]. 4 G clean data were
obtained for each sample. The raw sequence data can
be accessed through the SRA accession PRJNA556802.
The comparative transcriptome was analyzed according
to the procedures described previously [59]. Fragments
per kilobase of exon per million reads mapped (FPKM)
was used for estimating gene expression levels. Differ-
entially expressed genes (DEGs) were screened out with
a threshold of false discovery rate (FDR)<0.05 and an
absolute log,fold change (FC) > 1. Gene functions were
annotated based on the Saccharomyces genome data-
base (SGD) (https://www.yeastgenome.org/). KEGG
pathways were retrieved from KEGG database and
enriched using KOBAS. KEGG pathways with a p <0.05
were considered significantly enriched. The enrichment
ratio of each KEGG pathway was the number of DEGs
involved in each KEGG pathway to the number of total
genes in each pathway. Transcription factors (TFs) were
identified by using YEASTRACT database. The enrich-
ment ratio of each TF was the number of DEGs regu-
lated by the TF to the number of total DEGs.

Quantitative reverse-transcription PCR (qRT-PCR)

The ¢cDNA was reverse-transcribed from total RNA
using the PrimeScript’ RT reagent Kit with gDNA
Eraser (Takara, Dalian, China). qRT-PCR analysis
was performed using TB Green~ Premix Ex Taq " II
(Tli RNaseH Plus) (Takara, Dalian, China). ACTI was
served as the normalization standard. The primers used
were listed in Additional file 1: Table S3. Triplicate
assays were carried out for each sample.

Supplementary information

Supplementary information accompanies this paper at https://doi.
0rg/10.1186/512934-020-01474-2.
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Additional file 1: Table S1. Enriched KEGG pathways. Table S2. Descrip-
tion of transcription factors. Table S3. Primers used in this study. Fig. S1.
Validation of transcriptome data by real-time qRT-PCR. Fold change (FC)

is the ratio of transcription level of specific gene in experimental group to
that in control. ACTT was used as a reference gene. Fig. S2. Cluster analysis
of DEGs involved in comparison groups (a) HX57D vs. HX62W; (b) A vs.

B; (c) A vs. HX57D; and (d) B vs. HX62W. Three biological replicates were
carried out for each sample.
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