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Summary

Exorbitant outputs of waste xylose mother liquor
(WXML) and corncob residue from commercial-scale
production of xylitol create environmental problems.
To reduce the wastes, a Saccharomyces cerevisiae
strain tolerant to WXML was conferred with abilities to
express the genes of xylose reductase, a xylose-
specific transporter and enzymes of the pentose phos-
phate pathway. This strain showed a high capacity to
produce xylitol from xylose in WXML with glucose as a
co-substrate. Additionally, a simultaneous saccharifi-
cation and fermentation (SSF) process was designed
to use corncob residues and cellulase instead of
directly adding glucose as a co-substrate. Xylitol titer
and the productivity were, respectively, 91.0 g l-1 and
1.26 � 0.01 g l-1 h-1 using 20% WXML, 55 g DCW l-1

delignified corncob residues and 11.8 FPU gcellulose
-1

cellulase at 35� during fermentation. This work demon-
strates the promising strategy of SSF to exploit waste
products to xylitol fermentation process.

Introduction

Xylitol is a five-carbon sugar alcohol, which naturally
exists in many fruits and vegetables. It has similar
sweetness to sucrose but with 40% less calories. More-
over, it has additional advantages over sucrose including
protection against tooth enamel softening, osteoporosis
and ear infections, as well as anti-carcinogenic and anti-

inflammatory effects. Most important to diabetics, xylitol
metabolism does not require insulin. Because of its
many beneficial properties, this sugar alcohol has been
widely used in food and pharmaceutical products (Das-
gupta et al., 2017; Xu et al., 2019). One market research
report estimated the international market value of xylitol
to continue to grow beyond its 2019 value of more than
US$ 875 million (https://www.imarcgroup.com, 2020).
Commercial-scale production of xylitol applies the

chemical process of xylose hydrogenation (Wang et al.,
2016; Dasgupta et al., 2017; Xu et al., 2019). Xylan-rich
lignocellulosic materials, such as corncob, are pretreated
with acid at high temperature and high pressure to gen-
erate xylose-rich hydrolysates. A by-product, corncob
residues, is also generated during this process. The lig-
nin in corncob residues can be removed to generate
delignified corncob residues (DCCR), which are mainly
composed of cellulose. The xylose-rich hydrolysates are
concentrated to precipitate xylose crystals, and the
xylose is hydrogenated at 80–140°C under 8–10 MPa of
hydrogen pressure in the presence of a nickel catalyst
(Xu et al., 2019). In this xylose crystallization process,
about 0.6 tons of waste xylose mother liquor (WXML)
are produced per ton of xylose. Globally, over 100 000
tons of WXML is generated annually. The WXML is an
organic pollutant containing approximately 400 g l-1

xylose that cannot be extracted by the crystallization pro-
cess due to the high contents of other sugars (arabi-
nose, glucose, and galactose) in the liquor (Wang et al.,
2016; Hua et al., 2019). Moreover, compounds toxic to
microorganisms, such as furfural and hydroxymethyl fur-
fural (HMF), are also present in the WXML (Wang et al.,
2016). Therefore, finding ways to use the wastes and
by-products (WXML and DCCR) may reduce environ-
mental pollution and bring additional economic benefits
from xylitol production.
Bioconversion of xylose to xylitol by microorganisms is

a promising strategy to produce xylitol. Some filamen-
tous fungi and yeasts, such as Scheffersomyces (Pichia)
stipitis (Rodrigues et al., 2011), Candida tropicalis (Wang
et al., 2016), Kluyveromyces marxianus (Hua et al.,
2019; Park et al., 2019), and so on, have a complete
xylose metabolic pathway. In these microorganisms,
xylose is sequentially converted into xylitol, xylulose and
xylulose-5 phosphate by xylose reductase (XR), xylitol
dehydrogenase (XDH) and xylulokinase (XK), respec-
tively, and then, it enters the pentose phosphate
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pathway in the form of xylose-5-phosphate (Fig. 1).
Unfortunately, these microorganisms are inefficient xylitol
producers because quite a lot of the xylitol produced is
further metabolized to support the growth of the strain
and thus less xylitol can be accumulated (Dasgupta
et al., 2017; Xu et al., 2019).
A potentially better candidate as a cell factory for xyli-

tol production from lignocellulosic materials is Saccha-
romyces cerevisiae because it has been designated as
generally recognized as safe by the US Food and Drug
Administration, exhibits high tolerance to the toxic com-
pounds in the hydrolysates, and has little to no ability to
further metabolize xylitol through xylitol dehydrogenase.
Although proteins encoded by the genes XYL2, SOR1
and SOR2 in S. cerevisiae (Fig. 1) have XDH activity,
the activity is low and not all S. cerevisiae strains have
these genes (Wenger et al., 2010; Li et al., 2015; Wang
et al., 2016; Kwak and Jin, 2017). Still, high xylitol yield
could be in principle obtained as the produced xylitol is
not further metabolized. Furthermore, though the toxic
compounds in the lignocellulose hydrolysates may limit
the growth and overall metabolic efficiency of yeast
strains, S. cerevisiae has higher tolerance than many

other microorganisms (Park et al., 2016, Venkateswar
Rao et al., 2016; Kwak and Jin, 2017; Xu et al., 2019).
There are some features that need to be improved,

however, to use S. cerevisiae to process lignocellulose
hydrolysates or WXML for xylitol production. First, xylose
reductase (XR) activity of the wild type strain is low,
although proteins encoded by several genes (GRE3,
GCY1, YPR1, YJR096W, and YDL124W) in S. cere-
visiae (Fig. 1) all exhibit XR activity (Wenger et al.,
2010; Konishi et al., 2015). Increasing the XR activity is
necessary to enhance the xylose reduction capacity of
S. cerevisiae strains. Second, it is necessary to increase
the supply of NADPH/NADH, which is not sufficient for
xylose reduction in wild-type S. cerevisiae (Jo et al.,
2015; Kwak and Jin, 2017). Third, xylose uptake by
S. cerevisiae depends on its hexose transporters that
have a greater affinity for glucose than xylose (Wang
et al., 2015; Kwak and Jin, 2017), and glucose is com-
monly used as a co-carbon substrate to support cell
growth and generate the coenzyme NADPH/NADH
needed for xylose reduction.
The primary purpose of this study was to develop a

strategy of using the wastes and by-products from
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Fig. 1. Main metabolic pathways related to xylitol production in filamentous fungi and yeasts. Xylose is sequentially converted into xylitol, xylu-
lose, and xylulose-5 phosphate by xylose reductase, xylitol dehydrogenase, and xylulokinase, respectively, and then enters the pentose phos-
phate pathway in the form of xylose-5 phosphate. The NADPH needed for xylose reduction is mainly generated from the glucose metabolism
through the pentose phosphate pathway.
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commercial xylitol production to achieve more xylitol pro-
duction and reduce waste accumulation. Because of the
potential of S. cerevisiae to process WXML for xylitol,
we found S. cerevisiae strains with inherently high toler-
ance to WXML by evaluating their growth in media con-
taining the waste product. Then, using genes related to
xylose and glucose metabolism (Fig. 1), we genetically
modified these selected strains to overcome their limita-
tions in xylitol production, some of which were described
above. The xylose reductase gene of S. stipitis, SsXYL1,
was introduced into these strains, and we selected the
best of these modified strains for additional modifica-
tions. Pentose phosphate pathway (PPP) genes (RKI1,
TAL1, TKL1 and RPE1) were overexpressed to increase
the flux of PPP, since the first two reactions in PPP are
the major source for yeast to generate NADPH that is
required for xylose reduction (Jo et al., 2015). The XKS1
(encodes xylulokinase) gene was deleted to block the
potential pathway through which xylitol can be con-
sumed. A xylose-specific transporter, Mgt05196N360F

(Wang et al., 2015), was expressed in our selected
strain to improve its uptake of xylose. The final optimized
strain was then tested for successful growth and xylitol
production by fed-batch fermentation using WXML as
the substrate and glucose as the co-substrate. Addition-
ally, we applied the simultaneous saccharification and
fermentation (SSF) method, a process often used in the
fermentation of cellulosic ethanol (Loaces et al., 2017)

and recently used in xylitol production (Baptista et al.,
2018; Baptista et al., 2020), to use DCCR and cellulase
to produce the glucose in one system instead of sepa-
rately adding glucose as a co-substrate in the xylitol fer-
mentation process. Our work demonstrates a promising
strategy of using wastes and by-products to increase xyl-
itol production while decreasing the pollution resulting
from the commercial production of xylitol.

Results and Discussion

The selection of S. cerevisiae strains for xylitol
production

To select a suitable strain to construct xylitol-producing
S. cerevisiae, we evaluated five strains (Table 1) for
their tolerance to WXML. The results (Fig. 2A) showed
that strain RC212, 6508 and GZ-5 grew better than the
other two strains on a YP agar plate with 20% (v/v)
WXML. Furthermore, we evaluated growth characteris-
tics of these three strains cultured in YP liquid medium
with 25% (v/v) WXML. The results showed that the maxi-
mum specific growth rates of strains RC212, 6508 and
GZ-5 were 0.252 � 0.002, 0.273 � 0.001 and
0.302 � 0.002 h-1, respectively. Moreover, GZ-5 and
6508 achieved higher cell biomass than RC212
(Fig. 2B).
Wenger et al., (2010) reported that the enzymes

encoding by endogenous genes (XYL2, SOR1 and

Table 1. Strains and plasmids used in this work.

Strains and
Plasmids Description Sources

Strains
BSIF Diploid S. cerevisiae, isolated from tropical fruit in Thailand Li et al. (2015)
RC212 Diploid S. cerevisiae, isolated from grape skin Li et al. (2015)
6508 Diploid S. cerevisiae, used in starch-based ethanol production Li et al. (2015)
GZ-4 Diploid S. cerevisiae, isolated from waste materials in sugar-cane industry Li et al. (2015)
GZ-5 Diploid S. cerevisiae, isolated from waste materials in sugar-cane industry Li et al. (2015)
R3 Derived from RC212, d::PsXYL1 This Work
X3 Derived from 6508, d:: PsXYL1 This Work
DX7 Derived from GZ-5, d:: PsXYL1 This Work
X3kZ Derived from X3, xks1::loxP-PGK1t-ZWF1-TEF1p This Work
X3kZM Derived from X3kZ, gre3::TDH3p-Mgt05196(N360F)-CYC1t-loxP This Work
X3kZPM Derived from X3kZ, gre3::TPI1p-RKI1-RKI1t-PGK1p-TAL1-TAL1t-FBA1p-TKL1-TKL1t-ADH1p-RPE1-

RPE1t-loxP-Mgt01596(N360F)
This Work

Plasmids
pUG6 loxP-KanMX-loxP Guldener et al.

(1996)
YEp-CH YEp24 derivative; GAL1p-Cre-CYC1t, TEF1p-hygB-TEF1t Li et al. (2016)
pXId pUC19 derivative, integration plasmid; targets to d-sequence, three tandem expression cassettes of

TEF1p-Ru-xylA -PGK1t, and the selectable marker loxP-KanMX4-loxP
Li et al. (2016)

P-K-d1d2-XR pUC19 derivative, integration plasmid; targets to d-sequence, TEF1p-SsXYL1-PGK1t, loxP-KanMX4-loxP This work
pUkT13Z pUG6 derivative, integration plasmid; target to XKS1(�142, +1533), PGK1t-ZWF1-TEF1p This work
pUkT23Z pUG6 derivative, integration plasmid; target to XKS1(530, +1533), PGK1 t-ZWF1-TEF1p This work
pUC-N360F pUC19 derivative, integration plasmid; targets to GRE3 (+113, +984), TDH3p-MGT05196N360F-CYC1 t,

loxP-KanMX4-loxP
Li et al. (2016)

pJPPP4 pUC19 derivative, integration plasmid; targets to GRE3(�241,+113), TPI1p-RKI1-RKI1t-PGK1p-TAL1-
TAL1t-FBA1p-TKL1-TKL1t-ADH1p-RPE1-RPE1t, loxP-KanMX4-loxP

Li et al. (2016)
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SOR2) of S. cerevisiae have xylitol dehydrogenase activ-
ity, and gene XKS1 encodes xylulokinase (Fig. 1). We
endeavoured to detect the existence of these purported
endogenous genes by PCR, because if these genes
exist, xylitol may be further metabolized through them,
and consequently decrease xylitol yield. The results
showed that XKS1 and XYL2 were detected in all three
strains, while SOR1 and SOR2 were detected in RC212
and GZ-5 but not in 6508. Strong growth of the strains in
the WXML is necessary for them to ferment WXML.
Moreover, to produce as much xylitol as possible, xylitol
production capacity of the strain should be improved, on
the one hand, and further metabolism of xylitol should
be prevented, on the other hand. Of the three strains
that grew best in WXML, the ones with the most poten-
tial to achieve this goal were GZ-5, because it had the
highest tolerance to WXML, and 6508, because it had
high tolerance to WXML as well as fewer genes of the
xylitol metabolic pathway.

Expression of xylose reductase gene in S. cerevisiae
strains

Endogenous aldose reductase activity, which is needed
for xylose reduction to xylitol, is very low in wild-type S.
cerevisiae strains (Kogje and Ghosalkar, 2016; Dasgupta
et al., 2017). To enhance the xylitol producing capacity
of S. cerevisiae strains, the xylose reductase gene of S.
stipitis, SsXYL1, was integrated into the delta sequences
in the genomes of strains RC212, 6508 and GZ-5 to pro-
duce modified strains R3, X3 and DX7, respectively. The
enzyme activity assay showed that the specific XR activ-
ities in the cell extracts of R3, X3 and DX7 were
0.87 � 0.02, 2.88 � 0.53 and 9.20 � 0.13 U mg-1 total
protein, respectively. The fermentation of strains in YP
medium with 20 g l-1 glucose and 50 g l-1 xylose as

carbon sources (Fig. 3) showed that xylose conversion
and xylitol production rates of the three strains ranked in
the following order: DX7 > X3 > R3. This was consistent
with the ranking of XR activity levels in each strain. How-
ever, the fermentation results of the three strains grown
in YP medium with 20% (v/v) WXML showed that X3
grew fastest and attained the highest yield of cell bio-
mass. Furthermore, it consumed the most xylose and
produced the most xylitol (Fig. 4). Here we must point
out that although what we determined is the total amount
of xylose, arabinose and galactose (XAG) in this work,
the strain mainly consumed xylose and little arabinose
and galactose in WXML were consumed (Fig. S1).
The results of the fed-batch fermentation of strains

DX7 and X3 showed that the X3 culture kept growing
over the 72 h of being fed with 1.125 g l-1 h-1 glucose.
In those 72 h, X3 consumed 78.5 � 1.7 g l-1 xylose and
produced 70.9 � 7.4 g l-1 xylitol (Fig. 5). In contrast,
DX7 stopped growing after 24 h of fermentation possibly
because too much acetate (7.8 � 0.2 g l-1) had accumu-
lated. In 72 h, DX7 only consumed 51.7 � 0.5 g l-1

xylose and produced 23.5 � 0.5 g l-1 xylitol. Due to the
complexity of the raw materials (WXML and DCCR) we
used, neither here nor thereafter can we exclude the
contribution of xylose additionally released from these
raw materials and other nutrient to the production of xyli-
tol. Therefore, both the consumption of xylose (the
decrease in xylose in the medium) and the xylose con-
version rate we showed were based on the data of
HPLC.
Many studies have reported that high XR activity is

beneficial to xylitol production (Bae et al., 2004; Jeon
et al., 2012; Hong et al., 2014), and our fermentation
results from strains cultivated in the medium without
toxic compounds (without WXML) also support this view-
point (Fig. 3). Our data showed that although DX7 had
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Fig. 2. Growth characteristics of industrial S. cerevisiae strains cultivated on YP plates containing 20% xylose mother liquor (A) or cultivated in
YP liquid medium containing 25% xylose mother liquor (B), data are mean values of three biological repeats. Symbols: ■, RC212; ●, 6508; ▲
GZ-5.
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much stronger XR activity than X3, xylitol production
capacity of X3 was much greater than that of DX7 in
WXML fermentation. We suspect the cause is based on
their different metabolic characteristics, particularly the
accumulation of acetate (Figs 4 and 5), which is toxic to
yeasts (Semchyshyn et al., 2011; Orlandi et al., 2013)
and shows negative effect on the yeast-based xylitol pro-
duction process (Baptista et al., 2020). The acetate pro-
duced by DX7 kept accumulating after 36 h of
fermentation, while the acetate produced by X3 did not
accumulate and actually decreased after 36 h (Fig. 5F).
Our data suggest that WXML initially inhibited acetate
metabolism in DX7, causing the accumulation of acetate
during fermentation which in turn hampered the growth
and metabolism of cells, maybe also the XR activity. The

mechanisms underlying the effect of acetate accumula-
tion on cell growth deserve further study.

Modification of the metabolic pathway improved xylitol
production capacity

In addition to XR activity, the transport of xylose into
microbial cells and the supply of NADPH are also limit-
ing factors of xylitol production (Venkateswar Rao et al.,
2016; Xu et al., 2019). To further improve the xylitol pro-
duction capacity of strain X3, we modified genes in the
xylitol metabolic pathway related to xylose transportation
and NADPH generation. First, we introduced an expres-
sion cassette of the ZWF1 gene (under the control of a
strong constitutive promoter PTEF1) into the XKS1 loci in
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Fig. 3. The fermentation characteristics of strains in YP medium with 20 g L-1 glucose and 50 g L-1 xylose as carbon sources in shake flasks:
(A) growth curve (OD600), (B) glucose consumption, (C) xylose consumption, (D) xylitol accumulation, (E) ethanol accumulation and (F) acetate
accumulation. Fermentations were performed at 30� and 200 rpm with an initial OD600 of 0.2 and initial pH of 6.0. Data are mean values of two
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the genome of strain X3 to generate the modified strain
X3kZ. Then, we introduced the xylose-specific trans-
porter Mgt05196N360F into the GRE3 loci of X3kZ to pro-
duce X3kZM. Furthermore, we introduced the genes of
PPP (RKI1, TAL1, TKL1 and RPE1) into other parts of
the GRE3 loci in X3kZM to produce X3kZPM.
The fed-batch fermentation results (Fig. 5, Table 2)

revealed that overexpression of ZWF1 with the deletion
of XKS1 significantly increased the xylose conversion
rate (from 1.14 � 0.02 to 1.58 � 0.03 g l-1 h-1) and xyli-
tol production rate (from 1.11 � 0.08 to 1.60 � 0.02 g l-
1 h-1) compared to those of the X3 strain. The expres-
sion of Mgt05196N360F transporter showed no positive
effect on xylitol productivity (X3kZM vs X3kZ). This

suggested that the uptake of xylose did not affect glu-
cose in fed-batch fermentation, which may because
under this condition the glucose levels keep low. Over-
expression of PPP genes further improved xylose reduc-
tion activity: xylose conversion rate (1.78 � 0.01 g l-1 h-
1) and xylitol production rate (1.80 � 0.01 g l-1 h-1) in
X3kZPM were higher than those of the other strains.
To date, many microorganisms used in xylitol produc-

tion have been reported. Their features are summarized
in a recent report (Hua et al., 2019) and other reviews
(Dasgupta et al., 2017; Xu et al., 2019). Saccharomyces
cerevisiae is a promising competitor because of its high
xylitol yield and status of being generally recognized as
safe. However, some other engineered yeasts, such as
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Fig. 4. Fermentation characteristics of strains in YP medium with 20% (v/v) xylose mother liquor in shake flasks: (A) growth curve (OD600); (B)
glucose; (C) the total amount of xylose, arabinose, and galactose (denoted as XAG); (D) xylitol; (E) ethanol and (F) acetate. Fermentations
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C. tropicalis (Wang et al., 2016) and K. marxianus (Hua
et al., 2019), do have higher xylitol productivity than S.
cerevisiae. So, metabolic engineering strategies were

performed on S. cerevisiae strains to improve their XR
activity and xylose uptake and increase the supply of
the reduced coenzyme. As far as we know, the best
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Fig. 5. The measured rates during fed-fermentation of strains: (A) growth curve (OD600); (B) glucose; (C) the total amount of xylose, arabinose
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of glucose was added over 72 h. Data are mean values of two biological repeats. Symbols: ■, DX7; , X3; , X3kZ; , X3kZM; , X3kZPM.

Table 2. The fermentation characteristics of strains in fed-fermentation.

Strains
Xylose consumption rates a,b

(g l-1 h-1)
Xylitol production rates a

(g l-1 h-1)
Xylose consumedb,c

(g l-1)
Xylitol producedc

(g l-1)

X3 1.14 � 0.02 1.11 � 0.08 78.5 � 6.4 70.9 � 7.4
X3kZ 1.58 � 0.03 1.60 � 0.02 90.7 � 0.30 93.9 � 1.2
X3kZM 1.54 � 0.01 1.61 � 0.03 90.6 � 0.4 97.4 � 0.6
X3kZPM 1.78 � 0.01 1.80 � 0.01 102.4 � 0.2 104.1 � 0.4

Data are means � standard errors calculated from two biological repeats of fermentation.
a. Rates calculated between 8 h (the initiation of glucose feeding) and 60 h (the nearly full depletion of xylose) in fed-fermentation.
b. Calculated according to the decrease in xylose in the medium.
c. Measured at 72 h when fermentation was halted.
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S. cerevisiae strain was one that co-expressed two types
of xylose reductase (XR) with either NADPH-
dependence or NADH-preference, and it also co-
overexpressed ZWF1 and ACS1 genes in response to
increased intracellular concentrations of NADPH and
NADH (Jo et al., 2015). The xylitol productivity and xyli-
tol yield of this strain were ~ 2 g l-1 h-1 and ~ 1 g g-1,
respectively, when fermented with a glucose feeding rate
of 1.8 g l-1 h-1. The performance of our strain X3kZPM is
second to this strain.

Production of xylitol from xylose mother liquor and
delignified corncob residues

To make full use of waste and by-products and reduce
production costs, we designed the SSF process to incor-
porate DCCR, a by-product of xylitol production, instead
of feeding yeast with glucose. The addition of cellulase
was needed to continuously digest the DCCR to gener-
ate glucose. The optimum temperature of catalytic activ-
ity of cellulase is ~ 55�, which is much higher than the
optimum temperature for yeast growth (30�). Thus, we
first tested the glucose release rate at 30 and 35°C with
different amounts of cellulase. The results (Table 3)
showed that the 18.8 FPU gcellulose

-1 cellulase at 30°C
and 11.8 FPU gcellulose

-1 cellulase at 35°C used to digest
DCCR over 12 h released glucose at rates of
1.120 � 0.037 and 1.104 � 0.057 g l-1 h-1, respectively.
These rates were similar to the glucose feeding rate
(1.125 g l-1 h-1 glucose) that we used in fed-batch fer-
mentation.
The results of the SSF performed in 1.4 l fermenters

showed that 71.0 � 0.3 g l-1 xylose was consumed and
83.4 � 0.1 g l-1 xylitol was produced after 72 h of fer-
mentation at 30�, while 83.2 � 3.6 xylose was con-
sumed and 91.0 � 0.6 g l-1 xylitol was produced after
72 h of fermentation at 35� (Fig. 6). The xylitol produc-
tion rates were 1.16 � 0.02 and 1.26 � 0.01 g l-1 h-1 at
30 and 35�, respectively. It is worth noting that the cellu-
lose mixture used is a crude fermentation product of T.
reesei and has xylanase activity (Bischof et al., 2016).
The hemicellulose existing in DDCR may release

additional xylose that was not quantified; we were not
able to calculate the accurate xylitol yield. The experi-
mental xylitol yields were close to 1 both at 30 and
35�C. Our results showed that the SSF process was an
effective method to produce xylitol using WXML and
DCCR. Moreover, similarly high rates of xylitol could be
produced using less cellulase at the higher temperature
(35�) compared to using more cellulase at the lower tem-
perature (30�) in the SSF process.
For strains that do not use xylose as a carbon source,

fed-batch cultures with glucose as a substrate is the best
way to supply the NADPH that is required for the reduc-
tion of xylose (Pratter et al., 2015; Dasgupta et al., 2017;
Xu et al., 2019). For strains that can use xylose as a
carbon source, feeding with co-substrates (e.g. glucose
or glycerol) because they are cheaper than xylose is
also a common strategy to achieve high yields of xylitol
with low production cost (Dasgupta et al., 2017; Hua
et al., 2019; Park et al., 2019; Xu et al., 2019). Recently,
the SSF process was also used in xylitol production from
corn cob whole slurry (Baptista et al., 2018; Baptista
et al., 2020). The high yield was gotten, while the final
xylitol titer was limited by the xylose concentration in the
substrate.
In the present work, we showed that the SSF process

is feasible to produce xylitol using the wastes from
xylitol-producing factories. Moreover, the cellulase used
in the SSF process also can be produced using DCCR
as the substrate (Cheng et al., 2009). Using wastes
should theoretically be more economical than using pre-
processed substrates. Another advantage of the SSF
process is that it is simpler than the fed-fermentation
method. In the SSF process, cellulosic materials and cel-
lulase are all added at one time point. Thus, glucose is
continuously released but only from the cellulose initially
added to the batch. In contrast, in the fed-fermentation
method, glucose is consistently being pumped into the
fermenter at a certain rate throughout the fermentation
process. The simpler mode of operation of the SSF
method is more likely to be favoured in industrial produc-
tion (Dasgupta et al., 2017). In Fig. 7, we illustrate the
chemical and potential biotechnological (SSF) routes of

Table 3. The glucose release rate from delignified corncob residues saccharified by cellulase obtained from Trichoderma reesei TX.

Temperature (°C) Time (h)

Cellulase dosage (FPU gcellulose
-1)

11.8 18.8 23.5 35.3

30 4 1.072 � 0.041 1.653 � 0.055 1.958 � 0.064 2.768 � 0.154
12 0.740 � 0.032 1.120 � 0.037 1.325 � 0.009 1.827 � 0.088
24 0.613 � 0.015 0.866 � 0.017 1.043 � 0.025 1.393 � 0.096

35 3 1.618 � 0.112 2.527 � 0.086 2.952 � 0.127 4.076 � 0.093
12 1.104 � 0.057 1.702 � 0.089 1.927 � 0.089 2.671 � 0.052
24 0.815 � 0.054 1.248 � 0.059 1.498 � 0.053 1.868 � 0.042
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xylitol production and indicate where SSF may fit in with
the conventional chemical processes.

Conclusion

We engineered a S. cerevisiae strain that efficiently con-
verts xylose to xylitol using xylose-rich wastes. Further-
more, we demonstrate the successful application of the
SSF method for the sustained production of glucose,
sourced from the additions of cellulase and DCCR, that
was as effective as the conventional method of con-
trolled feeding of glucose in fed-batch culture for xylitol
production. Our work exemplifies a promising, simpler
strategy where commercial waste and by-products can

still be of value, which ultimately can help alleviate
industrial impacts on natural environments.

Experimental procedures

Strain and culture medium

The strains and plasmids used in this work are listed in
Table 1. All the genetic modifications were performed
on the chromosomes of strains by homologous recom-
bination. The plasmids with fragments for homologous
recombination were constructed, and then, the frag-
ments were cut from the plasmids before transformation
into the yeast cells. The open reading frame (ORF) of
SsXYL1 was cloned from chromosomal DNA of S.
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Fig. 6. The recorded rates during simultaneous saccharification and fermentation of strain X3kZPM: (A) glucose; (B) the total amount of xylose,
arabinose and galactose (denoted as XAG); (C) xylitol; (D) acetate and (E) ethanol. The fermentation was performed in 1.4 l fermenters contain-
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stipitis, and the expression cassette of TEF1p-SsXYL1-
PGK1t was ligated in plasmid pXId (Li et al., 2016),
while the expression cassettes of gene Ru-xylA in pXId
were deleted. The resulting plasmid P-K-d1d2-XR con-
tained the d-sequence-targeting recombinant arms,
expression cassette of TEF1p-SsXYL1-PGK1t, and
selectable marker loxP-KanMX4-loxP. The plasmids
pUkT13Z and pUkT23Z were constructed to introduce
ZWF1 into the XKS1 loci in the vector pUG6 (Guldener
et al., 1996), and each contained the fragments of
XKS1 as recombinant arms and the expression cas-
sette of TEF1p-ZWF1-PGK1t. The plasmids pUC-
N360F and pJPPP4 were, respectively, used to inte-
grate the xylose transporter gene MGT05196N360F and
four PPP genes (RPE1, RIK1, TAL1 and TKL1) into dif-
ferent parts of the GRE3 loci, as described in our previ-
ous study (Li et al., 2016).
The DNA fragments were introduced into S. cerevisiae

cells by the LiAc-mediated yeast transformation method
(Gietz and Woods, 2002). Generally, strains were cul-
tured in YPD medium (10 g l-1 yeast extract and 20 g l-1

peptone [YP medium] supplied with 20 g l-1 glucose as
the carbon source) at 30°C. Moreover, different carbon
sources (glucose, xylose or WXML) were added as
needed to YP medium for strain cultivation and fermen-
tation depending on the specific experiments. The trans-
formants were selected on YPD agar plates supplied
with 400 mg l-1 of the antibiotic G418 (Li et al., 2016).
After each step of the genetic engineering process, the
loxP-KanMX4-loxP fragment in the chromosomes of a
recombinant strain was removed by recombinase. First,
the plasmid YEp-CH was introduced into the strains, and
the transformants were selected on YPD agar plates
supplied with 200 mg l-1 hygromycin B. Then, the
expression of the CreA recombinase gene in plasmid
YEp-CH was induced by galactose to remove the

fragment loxP-KanMX4 as we previously described
(Li et al., 2016).

The components of waste xylose mother liquor and
delignified corncob residues

The WXML and DCCR were supplied by Shandong
Longlive Bio-technology Co., Ltd (Yucheng, China). The
WXML contained about 401.9 g l-1 xylose, 180.1 g l-1

arabinose, 151.8 g l-1 glucose, 136.6 g l-1 galactose,
15.9 g l-1 arabitol, 15.7 g l-1 xylitol, 5.8 g l-1 glycerol,
4.8 g l-1 ethanol, 2.9 g l-1 acetate, 0.5 g l-1 furfural,
4.1 g l-1 5-HMF and 2.8 g l-1 lignin. The DCCR con-
tained about 0.235 g g-1 cellulose and 0.011 g g-1 hemi-
cellulose. There were slight differences between batches
of samples.

Yeast spotting and growth assays in waste xylose
mother liquor

Yeast strain growth capacity on WXML was determined
by the spotting assay (Liang et al., 2021). Overnight cul-
tures were transferred into fresh YPD medium with an
initial OD600 of 0.2 and cultured for another 12 h. The
cells were then harvested and washed three times with
ddH2O and resuspended in ddH2O. The suspension was
incubated at 30°C for 9 h and then diluted to an OD600

of 1.0 with ddH2O. Ten-fold serial dilutions were pre-
pared, and 4-lL aliquots of each cell suspension were
spotted onto YP agar medium with 20% WXML (pH 6.0)
and then incubated at 30 � for one day.
The growth assay of yeast in the liquid medium con-

taining WXML was performed to obtain the growth
curves of yeast samples. The cells were pre-cultured in
a 100 ml flask containing 20 ml YPD medium for 12 h at
30� while shaking at 200 rpm. Then, the culture was
transferred into 20 ml of fresh YPD medium, starting at
an OD600 of 0.2, and cultured for another 12 h. Subse-
quently, the cells were transferred into 100-ml flasks
containing 40 ml of YP medium with 25% WXML (pH
6.0) at an initial OD600 of 0.5. The growth curve of each
strain was determined.

Detection of specific genes in the genome

The cells were harvested by centrifugation after 12 h of
cultivation in YPD medium. Then, the genomic DNA was
extracted using a Yeast Genomic DNA Extraction Kit
(Tiangen Biotech Co., Ltd, Beijing, China) according to
the kit’s instructions. The presence of genes was
detected by PCR using the genomic DNA of strains as
templates. The primers for gene SOR1 were SOR1-F
(5’-AGTAACCCTGCAGTAGTTCTAG-3’) and SOR1-R
(5’-TAGTCTTGACTACCTCTCCACC-3’). The primers for

Corncob

Hydrolysates Solid residues

Cellulase

Pretreatment

Xylitol

Concentrate

Waste xylose 
mother liquor

Xylose 
crystal

H2, Ni

SSF

SSF

Fig. 7. Chemical and biotechnological production routes for the con-
version of xylose-rich lignocellulosic materials to xylitol. SSF: simul-
taneous saccharification and fermentation. The green and red
arrows show the SSF processes to produce xylitol using corncob
and the waste xylose mother liquor, respectively.
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gene SOR2 were SOR2-F (5’-AGTCGGCGATATTGCC
ATCG-3’) and SOR2-R (5’-GTCTTGACTACCTCTCC
ACCATG-3’). The primers for gene XYL2 were XYL2-F
(5’-CTATTGTTCTAGAGCGACCTGG-3’) and XYL2-R
(5’-GCCCTCAATGATCGTCTTG-3’). The size of
expected PCR products of SOR1, SOR2 and XYL2 was
1043, 1015 and 1038 bp, respectively. If the correct-
sized PCR products were obtained, a gene was consid-
ered to be present in the genome; otherwise, if not
obtained, the gene was absent. Three biological replica-
tions were performed for each strain each gene.

Preparation of cell extracts and enzyme assays

The cell extracts were prepared, and the activities of XR
were measured as previously described (Eliasson et al.,
2000). Briefly, cells were harvested by centrifugation
after 8 h of cultivation in YPD medium and then washed
with sterile water before lysing them by vortexing the
mixture of cells with glass beads (0.5 mm in diameter) in
a disintegration buffer. The cell extracts were separated
by centrifugation (20 000 g, 5 min, 4�), and the remain-
ing supernatant was used for determination of XR activ-
ity levels. Enzyme reactions were monitored based on
the oxidation of NADPH at 340 nm. Specific activities of
XR were expressed as units per milligram of protein.
Units are defined as micromoles of NADPH reduced per
minute. The protein concentrations of cell extracts were
measured using a BCA protein assay reagent kit (San-
gon Biotech Co., Ltd., Shanghai, China) with bovine
serum albumin as the standard.

Fermentations

The yeast cells were cultured in 15-ml tubes with 5 ml
YPD medium for 12 h and then transferred into 100 ml
shake-flasks with 20 ml YPD where the initial OD600 was
0.2. After 10 h of cultivation, the cells were harvested by
centrifuging them at 5000 g for 10 min. The harvested
cells were washed with ddH2O and then used to seed
the batch fermentations. The batch fermentation was
performed in 100 ml shake-flasks. The medium was
40 ml YP supplied with 20 g l-1 glucose and 50 g l-1

xylose or only 20% (v/v) xylose mother liquor as the car-
bon source(s). The pH was initially adjusted to 6.0, and
the initial OD600 was 0.2 (~ 0.036 g DCW l-1). Growth
conditions included incubation at 30 � and shaking of
flasks at 200 rpm.
The yeast cells were successively cultured in 5 and

20 ml YPD for activation as described above, and then,
cells were transformed to 1 l shake-flasks with 400 ml
YPD medium for another 10 h of cultivation. The cells
were harvested and washed with ddH2O and then used
as seed cultures for fed-batch fermentation and SSF.

The fed-batch fermentation was performed in 1.4 l fer-
menters at 30�. The YP medium with 20% (v/v) xylose
mother liquor was used, and the initial cell biomass
was ~1 g l-1 DCW (OD600 ~ 6). After 8 h of fermenta-
tion, 1.125 g l1 h-1 glucose was fed to cultures for over
72 h. We selected this rate because it was neither too
fast nor too slow for xylitol production. The SSF was
also performed in 1.4 l fermenters with 800 ml of the
YP medium with 20% (v/v) xylose mother liquor. After
8 h of fermentation, 55 g DCW l-1 DCCR and 18.8 or
11.8 FPU gcellulose

-1 cellulase (produced by Tricho-
derma reesei TX and provided by Dr. Xu Fang) were
added when the fermentation temperature was 30 and
35�, respectively. For both fed-batch fermentation and
SSF, the initial volume was 800 ml, pH was maintained
at 5.5 by adding a solution of aqueous ammonia and
2 M HCl, aeration rate was 1 vvm, and stirring velocity
was 500 rpm.

Analytical methods

The concentrations of glucose, xylose (or XAG, the total
amount of xylose, arabinose and the galactose), xylitol,
acetate and ethanol were determined as previously
described (Li et al., 2016), using the Prominence LC-
20A HPLC (Shimadzu, Japan) equipped with an Aminex
HPX-87H ion-exchange column (Bio-Rad, Hercules, CA,
USA) and a refractive index detector RID-10A (Shi-
madzu, Japan). Samples were eluted from the column at
45°C with 5 M H2SO4 at a flow rate of 0.6 ml min-1.

Calculation of physiological parameters

Cell density (OD600) was determined with a UV–visible
spectrophotometer (Eppendorf, Germany). Cell biomass
was estimated according to the correlations of measured
OD600 values and dry weights. One unit of OD600 equal-
led 0.18 g DCW l-1. The rates of xylose conversion and
xylitol production (also referred to as xylitol productivity)
are the rates at which xylose is consumed per hour. Xyli-
tol yield is the ratio of the amount of xylitol produced to
the amount of xylose consumed.
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Fig. S1. The sugars in a fermentation of X3. Fermentations
were performed in 1.4 l fermenters containing 800 ml med-
ium at conditions of 30�, 500 rpm, and 1 vvm. The pH was
maintained at 5.5 by adding an aqueous ammonia solution
and 2 mol l-1 HCl. The YP medium contained 20% (v/v)
xylose mother liquor and the initial cell biomass was ~1 g l-1

DCW. After 8 h of fermentation, 0.75 g l-1 h-1 of glucose
was added over 72 h. Data are mean values of two biologi-
cal repeats.
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