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Background
Xylitol, a naturally occurring five-carbon polyol, is widely 
used in the food and pharmaceutical industries due to its 
favorable properties, including its low glycemic index, 
function as a sweetener, and ability to reduce decay-caus-
ing bacteria in the mouth [1]. The United States Depart-
ment of Energy (USDOE) has identified xylitol as one of 
the 12 key value-added chemicals [2, 3]. Currently, the 
xylitol market generates approximately $1.01  billion in 
annual sales and is expected to grow to $1.37 billion by 
2029 [4]. The increasing demand for xylitol underscores 
the need for more efficient production methods.

The conventional industrial production of xylitol 
involves multiple steps, beginning with the selection 
and pretreatment of hemicellulosic biomass, followed by 
xylose extraction, and culminating in the chemical con-
version of xylose to xylitol [5]. However, this process is 
hindered by high costs, harsh reaction conditions, safety 
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Abstract
Xylitol, known for its health benefits, is a valuable compound in the food and pharmaceutical industries. However, 
conventional chemical production methods are often unsustainable for large-scale applications, prompting the 
need for alternative approaches. This study demonstrates a significant enhancement in xylitol production using 
microbial cell factories, optimized through metabolic engineering. Two synthetic pathways were combined, and 
the introduction of a novel NADPH-dependent xylitol dehydrogenase further boosted xylitol yields, achieving 
0.14 g xylitol/g glucose—a record-high yield for microbial systems. Additionally, the use of sustainable feedstocks, 
such as glycerol and methanol, led to the production of 7000 mg/L xylitol with a yield of 0.35 g xylitol/g glycerol, 
and 250 mg/L xylitol from methanol. These results underscore the potential for eco-friendly, cost-effective xylitol 
production, providing a robust foundation for future industrial-scale biotechnological applications.
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concerns, and environmental issues [6]. As an alternative, 
microbial production of xylitol from xylose reduction—
achieved through the expression of xylose reductase—has 
garnered significant interest for its reliability and sustain-
ability. Microorganisms such as Pichia pastoris [7], Sac-
charomyces cerevisiae [8, 9], and Escherichia coli [10] 
have been employed to produce xylitol from D-xylose or 
hemicellulose hydrolysates. However, xylose is approxi-
mately eight times more expensive than glucose, making 
it a cost-prohibitive raw material [11]. Identifying more 
cost-effective carbon sources, such as glucose, methanol, 
and glycerol, is crucial to improving the economic and 
environmental sustainability of xylitol production.

Glucose, as a more affordable alternative to xylose, has 
attracted considerable attention for xylitol production. 
Previous study has demonstrated a microbial process 
for converting glucose to xylitol using a three-step fer-
mentation with three bacterial strains [12]. This method 
was later optimized to a two-step process by engineering 
Gluconobacter oxydans to overexpress its native NAD-
dependent xylitol dehydrogenase (XDH) gene, doubling 
xylitol productivity [13]. Despite these improvements, 
the multi-step process remained impractical for indus-
trial applications. Advances in genetic engineering, 
however, have made it increasingly feasible to construct 
microbial cell factories capable of directly converting glu-
cose into a range of valuable products, including xylitol.

Xylitol can be produced from xylulose, a common 
intermediate in many organisms, via xylitol dehydroge-
nase catalysis. Two primary pathways have been applied 
to xylulose synthesis for xylitol production. The first is 
the Xu5P-dependent pathway, where ribulose-5-phos-
phate (Ru5P), an intermediate of the pentose phosphate 
pathway (PPP), is converted into xylulose-5-phosphate 
(Xu5P) by D-ribulose-5-phosphate-3-epimerase, fol-
lowed by its conversion to xylulose by xylulokinase 
(Xks1). In one study, the xylitol dehydrogenase gene Xyl2 
was expressed in transketolase-deficient S. cerevisiae, 
leading to xylitol production from glucose via the Xu5P-
dependent pathway, though yields remained low, with 
only 3.6% of glucose converted to xylitol alongside ribi-
tol byproducts [14]. The second pathway, the D-arabitol-
dependent pathway, converts Ru5P to D-arabitol, which 
is subsequently catalyzed into D-xylulose. Expression 
of the DalD gene from Klebsiella Pneumoniae and Xyl2 
from Pichia stipitis in Zygosaccharomyces rouxii yielded 
15 g/L of xylitol from 400 g/L of glucose, with a yield of 
0.038  g xylitol/g glucose [15]. Further, expression of the 
DalD gene from Klebsiella pneumoniae and Xyl2 from 
Gluconobacter oxydans in P. pastoris resulted in a xylitol 
yield of 0.078  g/g glucose [16]. Despite these advances, 
low productivity remains a significant hurdle for indus-
trial application of microbial xylitol production from 
glucose.

P. pastoris exhibits higher metabolic fluxes through the 
PPP, leading to enhanced NADPH production and an 
increased supply of key precursors critical for efficient 
xylitol production [17]. Additionally, P. pastoris has a 
natural ability to efficiently utilize cost-effective and sus-
tainable carbon sources, such as methanol and glycerol 
[18, 19]. Therefore, P. pastoris was selected as the chassis 
cell to develop efficient microbial cell factories for xylitol 
production.

In this study, we aimed to enhance xylitol production 
from various carbon sources in methylotrophic yeast 
P. pastoris through pathway optimization and enzyme 
engineering (Fig. 1). Initially, we constructed the XU5P-
dependent pathway, significantly improving xylitol pro-
duction. Introducing the D-arabitol-dependent pathway 
further enhanced xylitol production, although it led to 
the accumulation of xylulose. Additionally, we engineered 
NADPH-dependent Xyl2 mutants and deleted the endog-
enously characterized xylitol dehydrogenase, resulting in 
further improvements. The optimized strain produced 
a xylitol titer of 2.8  g/L with a yield of 0.14  g/g glucose 
in shake flask fermentation. When glycerol or metha-
nol were used as sole carbon sources, xylitol production 
reached 7000 mg/L with a yield of 0.35 g/g glycerol and 
0.25  g/L with a yield of 0.015  g/g methanol, represent-
ing the highest reported xylitol production from glucose, 
glycerol and methanol to date.

Methods
Strains, plasmids and reagents
All plasmids and strains used in this study are listed in 
Supplementary Tables 1 and 2. The 2× Phanta® Max Mas-
ter Mix was sourced from Vazyme (Nanjing, China). 
PrimeSTAR® HS DNA Polymerase, Premix Taq™ (Ex 
Taq™ Version 2.0 plus dye), and PrimeSTAR® Max DNA 
Polymerase were obtained from Takara. Phusion™ High-
Fidelity DNA Polymerase, CutSmart Buffer (10X), BpiI 
(BbsI-HF), T4 DNA Ligase, and 10 mM ATP were pur-
chased from NEB. Hygromycin was procured from 
Yeasen (Shanghai, China). DNA purification kits (Cycle 
Pure Kit, Plasmid Purification Kit, and Gel Purification 
Kit) were obtained from Vazyme. Other chemicals, such 
as D-Sorbitol, DL-Dithiothreitol (DTT), Ethylene Glycol, 
and Dimethyl Sulfoxide (DMSO), were purchased from 
Sigma-Aldrich.

Strain cultivation
Escherichia coli strain DH5α was used for plasmid con-
struction. E. coli strains were cultivated in Luria–Bertani 
(LB) medium (5  g/L yeast extract, 10  g/L tryptone, and 
10 g/L NaCl) with or without 100 μg/mL hygromycin, at 
37 °C with shaking at 200 rpm. P. pastoris strain were cul-
tivated in yeast extract peptone medium (YP) consisting 
of 10 g/L yeast extract, 20 g/L peptone and 20 g/L glucose 
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(YPD), at 30  °C with shaking at 200  rpm, for routine 
growth and preparation of competent cells.

Shake flask fermentations for xylitol production were 
carried out in either YP or minimal medium (7.5  g/L 
(NH4)2SO4, 14.4  g/L KH2PO4, 0.5  g/L MgSO4∙7H2O, 
10  mg/L histidine, trace metal and vitamin solutions), 
supplemented with 20 g/L glucose, methanol, or glycerol 
as the carbon sources [20, 21]. Initially, single colonies 
were inoculated into 1 mL of YPD to establish 24 h pre-
cultures. These pre-cultures were then inoculated into 
100-mL non-baffled flasks containing 20 mL of liquid 
medium at an initial OD600 of 0.2 and cultivated at 30 °C 
with shaking at 200 rpm for 96 h.

Genetic manipulation
The strain GS115 was used as the base strain for all 
genetic manipulations. All primers used in this study 
are listed in Supplementary Tables 3, and all codon-
optimized gene sequences are provided in Supplemen-
tary Table 4, synthesized by GenScript. To delete genes 
and integrate expression cassettes, we employed the 
CRISPR–Cas9 system [22]. Guide RNAs (gRNAs) for 
gene targeting were identified using the CRISPR Direct 

webtool (http://crispr.dbcls.jp). All gRNA plasmids were 
constructed based on the BB3cH_pGAP_23*_pLAT1_
Cas9 backbone plasmid, generously provided by Profes-
sor Gao, and their accuracy was verified by sequencing. 
All sites for gene insertion were referenced by a previous 
work [23]. Native promoters, genes, homology arms, and 
terminators were amplified from GS115 genomic DNA. 
Gene deletion and expression cassette construction were 
carried out using fusion PCR. DNA transformation was 
performed using a modified electroporation method 
[24], and transformed cells were selected on YPD plates 
containing 100  μg/mL hygromycin after three days of 
incubation.

Metabolite extraction and analysis
At the end of shake flask cultivation, all samples were 
centrifuged to collect the supernatant. The supernatant 
was filtered through a 0.22 μm membrane and stored at 
− 20 °C for subsequent quantification of extracellular xyli-
tol, xylulose, and D-arabitol.

Xylitol, xylulose, and D-arabitol concentrations were 
quantified using a Agilent HPLC system equipped with a 
refractive index detector (RID). Separation was achieved 

Fig. 1 Metabolic engineering for xylitol biosynthesis from various carbon sources in P. pastoris. A high-yield xylitol-producing cell factory was constructed 
by introducing two synthetic pathways, enhancing the pentose phosphate pathway, performing enzyme engineering, and optimizing fermentation 
conditions. The engineered strain is capable of producing xylitol from C1, C3, and C6 carbon sources, including methanol, glycerol, and glucose. The key 
enzymes encoded by the genes used in this study are: ZWF, glucose6-phosphate dehydrogenase; PGL, phosphogluconolactonase; GND, Phosphoglu-
conate dehydrogenase (decarboxylation); RPE, ribulose-phosphate-3-epimerase; Xks1, xylulose kinase; AraL, xylose phosphatase from B. subtilis; KpDalD, 
D-arabitol dehydrogenase from K. pneumoniae; PsXyl2, xylitol dehydrogenases from P. stipitis
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using an Aminex HPX-87 H column (Bio-Rad, Hercules, 
CA; 300 × 7.8 mm; 10 μL injection). Ultrapure water con-
taining 5 mM H2SO4 was used as the mobile phase, with 
a flow rate of 0.6 mL/min. The oven temperature was 
maintained at 50 °C, and the total run time was approxi-
mately 30 min.

Result
Construction and optimization of Xu5P-dependent 
pathway
In P. pastoris, glucose is metabolized into Ru5P via the 
PPP, which is subsequently converted into Xu5P and 
xylulose. Xylulose is then reduced to xylitol through 
the catalytic action of XDH (Fig. 2a). To facilitate xylitol 
production, two xylitol dehydrogenases, ScXyl2 from S. 
cerevisiae and PsXyl2 from P. stipitis, were overexpressed 
under the control of a constitutive promoter TEF1 in the 
gsy002 strain [25]. The strains were cultivated in minimal 

Fig. 2 Construction of XU5P-dependent pathway for xylitol production. (A) Metabolic engineering of XUMP-dependent pathway. (B) Xylitol production 
in engineered P. pastoris strains expressing heterologous xylitol dehydrogenases and replacing xylulose kinase. (C) Deletion of native xylitol dehydroge-
nase encoding gene PpXyl2 in the wild-type strain abolishes xylitol production. (D) Xylulose production in engineered P. pastoris after enhancing the PPP. 
(E) Xylitol production by enhancing the PPP. Cells were cultured in 20 mL of minimal medium with 2% glucose as the sole carbon source. Samples were 
taken at 72 h, 96 h and 120 h for xylitol detection. Data represent the mean ± SD from biological triplicates
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medium containing 2% glucose, and samples were ana-
lyzed at three fermentation time points: 72  h, 96  h and 
120 h. As illustrated in Fig. 2b, the parental strain gsy002 
naturally produced 50  mg/L of xylitol, indicating the 
presence of an endogenous XDH in P. pastoris that facili-
tates xylitol production [16]. The deletion of the NAD+-
dependent XDH, essential for xylose metabolism in P. 
pastoris [26], resulted in a strain incapable of producing 
xylitol with increase of xylulose accumulation (Fig. 2c and 
Fig. S2a), confirming the enzyme’s function in xylitol bio-
synthesis. Heterologous expression of ScXyl2 and PsXyl2, 
generating strains LC01 and LC02 (Fig. 2b), did not sig-
nificantly increase xylitol production, suggesting that the 
native XDH activity is sufficient for converting xylulose 
into xylitol. Given its widespread use in xylose and xylitol 
metabolism, as well as the extensive research on mutants 
for more efficient conversion, PsXyl2-expressing strains 
were selected for further investigation [27–29]. There-
fore, xylulose generation likely represents the rate-limit-
ing step in xylitol synthesis.

Xylulokinase, a reversible enzyme in yeast, can also 
competitively convert xylulose and ATP into Xu5P, 
thereby reducing the accumulation of xylulose for xylitol 
production. AraL, a xylulokinase from Bacillus subtilis 
with phosphatase activity towards D-xylulose-5-phos-
phate [11], was expressed in LC02 to increase xylitol pro-
duction. Surprisingly, xylitol production in LC03 as well 
as D-arabitol production was lower compared to the par-
ent strain LC02, despite similar cell growth and xylulose 
production (Fig. 2b and Fig. S3a), suggesting that xylulose 
may be reversibly converted by Xks1. Deleting Xks1 in 
LC03 significantly enhanced xylitol production by 40% 
relative to gsy002 (Fig.  2b) and the xylulose production 
was also increased (Fig. S3b).

To further increase the supply of xylulose, genes 
involved in the pentose phosphate pathway—ZWF, 
PGL1, GND1, and RPE were overexpressed individu-
ally and in combination (Fig.  1a) [11],. The engineered 
strains LC08 and LC09, overexpressing ZWF and all 
four genes, respectively, showed a nearly 65% and 60% 
increase in xylulose production compared to LC04 after 
96 h (Fig. 2d). Despite slightly improved cell growth (Fig. 
S4), xylitol production decreased (Fig. 2e). This suggests 
that enhancing the PPP increased NADPH availability 
[30], while xylitol synthesis depends on NADH, leading 
to a cofactor imbalance that limits further xylitol produc-
tion. LC09 may have a stronger carbon flux toward the 
PPP, resulting in more NADPH production compared to 
LC08. This increased NADPH may contribute to a more 
pronounced metabolic imbalance, leading to reduced 
xylitol production. However, supporting precursor sup-
ply through the PPP is critical for xylitol production, thus 
LC09 was selected for further study. Additionally, the 
production of xylitol plateaued after 96 h; therefore, the 

sample taken from the 96 h fermentation will be analyzed 
in subsequent experiments.

Introduction of a D-arabitol-dependent pathway
P. pastoris can synthesize D-arabitol from ribulose-
5-phosphate (Ru5P). In our study, D-arabitol produc-
tion was observed in both the parent strain and the 
engineered strains (Fig.S2b and S3c). D-arabitol can 
be converted to xylulose by D-arabitol dehydrogenase, 
contributing to the xylitol precursor poolFig.  .  3a). To 
enhance xylulose availability, we expressed the D-arab-
itol dehydrogenase gene KpDalD from K. pneumoniae 
in strain LC09, generating strain LC10. This modifica-
tion resulted in a significant increase in xylitol produc-
tion to 620  mg/L, a 930% improvement compared to 
LC09Fig. . 3b). Xylulose accumulation increased by 300%, 
while D-arabitol levels slightly decreasedFig. . 3c, 3d).

The accumulation of xylulose and D-arabitol suggested 
a limitation in DalD and XDH activity. Overexpres-
sion of PsXyl2 and KpDalD in strains LC11 and LC12, 
respectively, did not improve xylitol production relative 
to LC10. Additionally, a decrease in D-arabinose and 
xylulose production was observed (Fig.  3e and Fig. S5). 
(Fig. 3e and Fig. S5). These results imply that the bottle-
neck is not due to deficiencies in these enzymes.

NADPH-dependent xylitol dehydrogenase increased 
xylitol production
The PPP generates NADPH, which suggests that using 
NADPH-dependent xylitol dehydrogenase could resolve 
the NADH/NAD+ cofactor imbalance and reduce 
byproduct formation. Previous studies have engineered 
PsXyl2 mutants with altered coenzyme specificity toward 
NADP+/NADPH, improving xylose utilization [29]. In 
this study, we evaluated three PsXyl2 mutants (PsXyl2*, 
PsXyl2**, and PsXyl2***) for their impact on xylitol pro-
duction (Fig.  4a). Among these, PsXyl2*** expression, 
alongside KpDalD, led to the highest increase in xyli-
tol production in the gsy002 strain, while expression of 
other variants did not result in significant improvements 
(Fig.  4b). Moreover, xylulose and D-arabitol produc-
tion decreased when PsXyl2*** was expressed, indicat-
ing more efficient conversion to xylitol with sufficient 
NADPH availability.

We expressed PsXyl2*** in the LC10 strain to determine 
if its expression could enhance the conversion of xylulose 
and D-arabitol. Overexpression of PsXyl2*** led to a 37% 
increase in xylitol yield, reaching 850 mg/L, compared to 
LC10, whereas overexpression of wild-type PsXyl2 did 
not significantly impact xylitol production (Fig.  4c). As 
expected, xylulose and D-arabitol levels in the PsXyl2***-
expressing strain LC14 remained unchanged (Fig.  4c). 
Additionally, overexpression of native PpXyl2 resulted 
in a 27% increase in xylitol production, coupled with a 
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decrease in both xylulose and D-arabitol levels (Fig. 4c). 
These findings suggest that PsXyl2*** overexpression 
enhances the consumption of xylulose and D-arabitol, 
potentially increasing NADPH utilization to drive pen-
tose phosphate pathway flux for sustained xylulose and 
D-arabitol supply. In contrast, native PpXyl2 overexpres-
sion primarily accelerates the conversion of these precur-
sors, leading to their depletion.

To explore whether further increasing NADPH-
dependent PsXyl2*** and NADH-dependent PpXyl2 
could enhance xylitol production, both enzymes were 
expressed in the LC14 strain. However, the resulting 
strain, LC15, showed a significant decrease in xylitol pro-
duction (Fig. 4d). This reduction was likely due to excess 
native PpXyl2 catalyzing the reverse reaction, convert-
ing xylitol back into xylulose, which noticeably accu-
mulated. In contrast, deleting PpXYL2 in LC14 led to a 
28% increase in xylitol production, reaching 1050  mg/L 
(Fig.  4d). These results suggest that co-expression of 
NADPH-dependent PsXyl2*** with NADH-dependent 

PpXyl2 does not contribute to xylitol production and 
may even be counterproductive.

Systematic optimization for efficient xylitol production
To develop a NADPH-dependent synthetic pathway 
aimed at further increasing xylitol production, we inte-
grated several positive engineering strategies into the 
XP04 strain. The deletion of Xks1 had no significant 
effect on xylitol, xylulose, or D-arabitol. In contrast, co-
overexpression of BsAraL alongside the Xks1 deletion 
led to a remarkable 170% increase in xylitol production, 
reaching 1300 mg/L (Fig. 5a). Additional enhancement of 
the PPP was achieved by co-overexpressing ZWF, PGL1, 
GND1, and RPE, which resulted in a slight increase in 
both xylitol and xylulose production. Finally, deletion 
of the native PpXyl2 was performed to establish a path-
way that exclusively relies on NADPH-dependent xylitol 
dehydrogenase. This modification further increased xyli-
tol production to 1520 mg/L in minimal medium, while 
xylulose levels decreased accordingly (Fig. 5a). Although 

Fig. 3 Introduction of D-arabitol-dependent pathway increased xylitol production. (A) Metabolic engineering of D-arabitol-dependent pathway. (B) Xy-
litol production in engineered strain LC10 by expressing KpDalD. (C) Xylulose production in LC10. (D) D-arabitol production in LC10. (E) Xylitol production 
by copy number optimization of KpDalD and PsXyl2. Cells were cultured in 20 mL of minimal medium with 2% glucose as the sole carbon source. Samples 
were collected at 96 h for xylitol detection. Data represent the mean ± SD from biological triplicates
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this engineering strategy significantly improved xylitol 
yields, cell growth was impacted, with a 28% reduction 
observed in strains overexpressing BsAraL alongside the 
Xks1 deletion (Fig. S6).

To assess xylitol production in a rich medium, strain 
XP10 was cultivated in YPD, a nutrient-rich medium that 
supports yeast growth. As shown in Fig. 5b, xylitol pro-
duction significantly increased under these conditions, 
reaching 2800 mg/L, with a yield of 0.14 g xylitol/g glu-
cose in shake flask fermentation—representing the high-
est yield reported to date.

Production of xylitol from alternative feedstocks
Cheaper and more sustainable carbon sources, such as 
glycerol and methanol, hold great potential for xylitol 
production but have been relatively underexplored. In 
this study, we investigated the use of glycerol and meth-
anol as sole carbon sources for xylitol production. As 
shown in Fig. 6, when glycerol was used as the sole car-
bon source, xylitol production significantly increased, 
reaching 7.0  g/L with a yield of 0.35  g/g glycerol—2.5 
times higher than when glucose was used. However, 
when methanol was employed as the sole carbon source, 
xylitol production was limited to only 250  mg/L. In 

Fig. 4 The effect of NADPH-dependent xylitol dehydrogenase via protein engineering on xylitol production. (A) Conversion of NADH-dependent xylitol 
dehydrogenase to NADPH-dependent xylitol dehydrogenase through site-specific mutations. (B) Yields of xylitol, xylulose, and D-arabitol by expressing 
of PsXyl2 mutants with KpDalD in the gsy002 strain. (C) The effect of positive PsXyl2 mutant on xylitol production in the engineered LC10 strain. (D) Dele-
tion of native PpXyl2 increased xylitol production in PsXyl2 mutant expressing strain. All data represent the mean ± SD of biological triplicates
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Fig. 6 Xylitol production using different carbon sources. Cells were cultured in 20 mL of YP medium supplemented with 2% of methanol, glucose, glyc-
erol. Data represent the mean ± SD from biological triplicates

 

Fig. 5 Integrated positive engineering for efficient xylitol production. (A) Xylitol, xylulose, and D-arabitol production in the optimized strains. (B) Xylitol 
production is elevated in rich medium. Cells were cultured in 20 mL of minimal medium or YP medium containing 2% glucose as the sole carbon source. 
Data represent the mean ± SD from biological triplicates
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addition, the by-products were analyzed under these 
cultivation conditions. We observed that acetic acid and 
xylulose were produced when glucose was used as a car-
bon source, while xylulose and D-arabitol were produced 
when glycerol was used. No by-products were detected 
under methanol conditions (Fig.  6 and Fig. S7). These 
findings highlight glycerol as a more favorable carbon 
source for xylitol production, while further metabolic 
engineering efforts are required to improve methanol’s 
conversion efficiency into xylitol.

Discussion
Xylitol is valued with numerous applications in the food 
and pharmaceutical industries for its health benefits. 
The increasing demand for xylitol, however, has tradi-
tionally been met through chemical methods, which 
are often unsustainable for large-scale production. To 
address these issues, there has been growing interest 
in utilizing microbial cell factories engineered through 
synthetic biology to produce xylitol from more afford-
able and sustainable carbon sources, such as glucose 
and ethanol [14, 16, 25]. Despite these advances, the low 
yield of xylitol from biological processes remains a sig-
nificant barrier to its widespread industrial application. 
Previous studies have attempted to enhance xylitol pro-
duction by constructing synthetic pathways using either 
the XU5P-dependent pathway [14] or the D-arabitol-
dependent pathway. In this study, the XU5P-dependent 
pathway was optimized in Pichia pastoris by introduc-
ing the sugar-phosphatase BsAraL to replace the native 
xylulokinase, enabling the irreversible conversion of 
D-xylulose-5-phosphate into xylulose [11]. This modi-
fication resulted in an increased xylitol yield. Addition-
ally, the D-arabitol-dependent pathway was introduced 
by expressing the D-arabitol dehydrogenase KpDalD, 
further enhancing xylitol production. The simultaneous 
integration of these two pathways demonstrated a combi-
natorial positive effect on xylitol yield.

Different heterologous xylitol dehydrogenases have 
been used in P. pastoris for xylitol production [16]. Inter-
estingly, we found that native NADH-dependent xylitol 
dehydrogenase (PpXyl2) also plays a critical role in xylitol 
production (Fig. 2c). This finding underscores the native 
xylitol dehydrogenase shows outstanding activity on xyli-
tol biosynthesis from glucose.

The PPP was strengthened by overexpressing key genes 
to produce the necessary precursors. However, the PPP 
also generates NADPH, whereas most xylitol dehydroge-
nases are NADH-dependent. This mismatch can lead to 
an imbalance of cofactors, thereby limiting xylitol pro-
duction. To address this issue, we selected an NADPH-
dependent xylitol dehydrogenase (PsXyl2***) from several 
mutants of PsXyl2, which had been engineered for altered 
coenzyme specificity towards NADP+/NADPH. The 

expression of this NADPH-dependent dehydrogenase 
significantly increased xylitol production (Fig.  4a). Fur-
thermore, the deletion of the native NADH-dependent 
PpXyl2 in favor of the NADPH-dependent xylitol dehy-
drogenase pathway led to further improvements in xyli-
tol yield, achieving a concentration of 2800  mg/L, with 
a xylitol yield of 0.14 g/g glucose, which is much higher 
than the 0.078  g/g glucose reported previously [16], 
and is the highest yield in P. pastoris recorded to date 
(Fig.  5b). These results indicate that NADPH-depen-
dent xylitol dehydrogenase is more suitable for creating 
microbial cell factories aimed at biotechnological xylitol 
production. To further enhance xylitol synthesis in the 
future, there are several promising metabolic engineering 
strategies, including increasing the copy number of key 
pathway enzymes, introducing xylitol-phosphate dehy-
drogenase, which has been shown to function effectively 
in Bacillus subtilis to achieve a xylitol yield of 0.23  g/g 
glucose [31], reducing glycolysis by downregulating 
enzymes like phosphoglucose isomerase and phospho-
fructokinase, boosting gluconeogenesis through overex-
pression of fructose-1,6-bisphosphatase, and enhancing 
glucose transport and phosphorylation. While glucose is 
a relatively low-cost feedstock for xylitol production, its 
use presents a sustainability challenge due to competition 
with food resources. This underscores the need for devel-
oping alternative, more sustainable feedstocks. Previous 
studies have demonstrated that ethanol and glycerol can 
serve as feedstocks, though with a notably low xylitol 
yield (less 5 mg/L) and 0.045 g/g glycerol [25, 32]. In this 
study, we investigated glycerol, an industrial by-product, 
and methanol, which can be synthesized from CO2, as 
alternative carbon sources. Xylitol production from glyc-
erol reached 7000  mg/L, which is 2.5-fold higher than 
from glucose. In contrast, methanol as a sole carbon 
source yielded only 250 mg/L of xylitol. This study is the 
first to successfully demonstrate xylitol production from 
both glycerol and methanol, with glycerol proving to be 
the more efficient feedstock. However, further metabolic 
engineering is needed to enhance methanol’s conversion 
efficiency for xylitol production.

Conclusion
In conclusion, xylitol production was significantly 
enhanced through the combined use of two synthetic 
pathways. The introduction of NADPH-dependent xylitol 
dehydrogenase, a novel approach for xylitol production, 
further boosted yield, achieving the highest recorded 
yield to date at 0.14 g xylitol/g glucose and 0.35 g xylitol/g 
glycerol. Additionally, the successful use of sustainable 
feedstocks, such as glycerol and methanol, underscores 
the potential for environmentally friendly and economi-
cally viable xylitol production. Our engineering strategies 
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provide novel insights and a foundation for enabling 
commercial-scale biotechnological production of xylitol.
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