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Abstract: Industrial biomanufacturing of D-arabitol, a high-value sugar alcohol, is currently constrained by the scarcity of robust
and high-yielding microbial strains. To address this issue, we isolated a wild-type strain, Wickerhamomyces anomalus K955, and
engineered it using a combinatorial mutagenesis strategy that integrated low-energy N*ion implantation with diethyl sulfate (DES)
treatment, coupled with an iodonitrotetrazolium violet (INT)-based high-throughput screening (HTS) method. The resulting
mutant, A37, exhibited superior performance, achieving a titer of 108.69 g/L and a yield of 0.31 g/g in shake-flask fermentation.
Transcriptomic analysis showed that this hyper-producing phenotype resulted from global metabolic reprogramming: the strain
demonstrated enhanced biosynthetic capacity via upregulated ribosome biogenesis, while carbon flux was effectively redirected
toward the Pentose Phosphate Pathway (PPP) through synergistic upregulation of key genes, including zwf, gnd, and rpe. In
scaled-up fed-batch fermentation, strain A37 produced 220.85 g/L of D-arabitol with a productivity of 1.28 g/(L-h), representing
the highest levels reported to date. These findings provide a superior candidate strain for industrial D-arabitol production and offer
critical insights into the metabolic regulation mechanisms underlying high-efficiency biosynthesis.
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1 Introduction

D-Arabitol (CsH120s), a five-carbon sugar alcohol, is a high-value bio-based chemical with wide
applications in functional foods, pharmaceuticals, and green chemistry(Kosugi et al., 2013; Sanchez-Fresneda
et al., 2013; Kordowska-Wiater, 2015). It exhibits a low caloric value (0.2 kcal/g), is non-cariogenic, and
undergoes insulin-independent metabolism, positioning it as an ideal sugar substitute for diabetic management.
A notable advantage over conventional sweeteners is its chemical stability. The absence of carbonyl groups
prevents Maillard reactions during thermal processing, making it superior for heat-sensitive
applications(Mackay et al., 2003). Beyond direct consumption, D-arabitol serves as a critical chiral precursor for
synthesizing high-value organic compounds, such as L-arabonic acid and xylitol(Zhu et al., 2010;
Kordowska-Wiater, 2015; Iwata et al., 2023), further expanding its utility in pharmaceutical and chemical
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manufacturing.

Currently, industrial production of D-arabitol primarily relies on chemical synthesis and microbial
fermentation. Chemical synthesis typically involves high-pressure catalytic hydrogenation of D-xylose or
L-arabinose. However, this method is characterized by harsh reaction conditions, difficulty in separating
byproducts, and significant environmental impact(Zhu et al., 2010; Kordowska-Wiater, 2015). In contrast,
microbial fermentation has become the research focus due to its mild reaction conditions and superior
stereoselectivity. Common industrial strains belong to osmotolerant yeast genera such as Metschnikowia,
Candida, and Zygosaccharomyces(Ahmed, 2001; Nozaki et al., 2003; Saha et al., 2007; Qi et al., 2015; Zheng et
al., 2020; Huang et al., 2022; Li et al., 2023; Iwata et al., 2024; Li et al., 2024). Despite its considerable
commercial potential, industrial D-arabitol biomanufacturing encounters significant technical barriers rooted in
both metabolic and physicochemical constraints. While glucose remains the economically preferred substrate
for microbial fermentation, natural strains typically confront two interconnected challenges: severe substrate
inhibition and elevated osmotic stress. High glucose concentrations establish a hyperosmotic environment that
imposes substantial osmotic pressure on microbial cells, limiting fermentation efficiency(Ahmed, 2001; Zhu et
al., 2010). Consequently, wild-type strains achieve titers rarely exceeding 80 g/L, and fermentation cycles are
often prolonged, compromising economic viability. Physiologically, this osmotic constraint is intertwined with
cellular adaption mechanisms. Yeast strains respond to osmotic stress by accumulating D-arabitol and related
polyols as compatible solutes, thereby maintaining intracellular osmotic balance(Koganti et al., 2010). This
accumulation is predominantly regulated by growth stage and carbon-source availability. Critically, strains
exhibiting robust polyol biosynthetic capacity inherently possess superior osmotolerance(Qi et al., 2015),
suggesting that osmotolerance and D-arabitol productivity are metabolically coupled traits rather than
independent parameters. Consequently, identifying strains with enhanced osmotolerance offers a dual-benefit
strategy to simultaneously address substrate inhibition and low fermentation productivity.

Wickerhamomyces anomalus (formerly Pichia anomala(Kurtzman, 2011)) is a non-conventional yeast
distinguished by its exceptional environmental adaptability and metabolic versatility. Ubiquitous in diverse
natural habitats, it has demonstrated significant potential in food fermentation, biocontrol, and environmental
remediation(Zha et al., 2013; Huyben et al., 2017; Padilla et al., 2018; Wang et al., 2020). In food biotechnology,
W. anomalus enhances the sensory profile of fermented products by producing volatile esters and savory
nucleotides(Mo et al., 2003). Moreover, recent studies by Ma et al.(Ma et al., 2021) indicate that W. anomalus
AR2016 can modulate gut microbiota, enhance intestinal-barrier function, and reduce diarrhea incidence,
thereby promoting host health. The species also exhibits broad-spectrum antimicrobial properties against
various fungi, yeasts, bacteria, and viruses. Fernandes et al.(Fernandes et al., 2023) reported that W. anomalus
CCMA 0358 produces biosurfactants with significant bactericidal activity. Critically, W. anomalus has been
granted Qualified Presumption of Safety (QPS) status by the European Food Safety Authority (EFSA),
confirming its safety for food-industry applications(Walker, 2011). Beyond these established applications, W.
anomalus serves as a valuable model organism for investigating yeast metabolic diversity and elucidating
evolutionary mechanisms of metabolic adaptation.

In addition to these applications, W. anomalus has recently garnered attention as a robust producer of sugar
alcohols. Several studies have explored its potential to convert diverse substrates, such as glycerol and glucose,
into high-value polyols. For instance, Amaretti(Amaretti et al., 2020) and Raimondi(Raimondi et al., 2022)
demonstrated the efficient conversion of crude glycerol into D-arabitol using W. anomalus strains, achieving
competitive titers of up to 265 g/L. Ranieri(Ranieri et al., 2024) recently advanced this process by employing
immobilized cells to enhance stability. The metabolic versatility of this species was further highlighted by
Deng(Deng et al., 2024) and Thammaket(Thammaket et al., 2024), who isolated osmotolerant strains capable of
simultaneously producing arabitol and other metabolites such as glycerol and xylitol. Despite these advances,
few wild-type isolates possess the metabolic robustness required to withstand the high osmotic stress associated
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with concentrated glucose fermentation. Consequently, employing artificial accelerated evolution to reconstruct
a metabolic chassis capable of enduring extreme osmotic stress while maintaining high productivity is of
significant engineering importance for D-arabitol biomanufacturing.

In this study, we first isolated a W. anomalus strain with naturally high D-arabitol production capacity from
a laboratory collection of yeast strains derived from environmental samples, and then developed a superior
mutant strain using a combined strategy of low-energy N* ion implantation, diethyl sulfate (DES) mutagenesis,
and high-throughput screening mediated by iodonitrotetrazolium violet (INT). Transcriptomic analysis was
subsequently employed to decipher the molecular mechanisms underlying the high-performance phenotype.
Finally, fed-batch fermentation was scaled up to a bioreactor to validate the industrial potential of the strain.
Overall, this research endeavors to identify and characterize a safe, metabolically efficient strain candidate
suitable for industrial D-arabitol biosynthesis, while advancing mechanistic understanding of polyol metabolism
and osmotic stress adaptation in W. anomalus.

2 Materials and methods
2.1 Strain screening and isolation

In this study, a total of 68 yeast strains were retrieved from our laboratory culture collection. These strains
were previously isolated from diverse sugar-rich environments, such as apiary soil, honeycombs, and fruit
orchards, and preserved at -80 °C. To identify high-producing candidates, the isolates were reactivated on YPD
agar plates at 30 °C. The reactivated strains were subjected to a primary screening based on their growth and
metabolic activity under high osmotic pressure. Single colonies were inoculated into fermentation medium (200
g/L glucose, 10 g/L yeast extract) and cultured at 30°C and 200 rpm for 96 h. To further characterize the
D-arabitol production performance of strain K955, an activated colony was inoculated into liquid YPD medium
and cultured at 30°C for 24 h to generate a seed culture. This seed culture was then transferred to fermentation
media with varying initial glucose concentrations and cultivated for 144 h to determine the optimal glucose
concentration for strain K955.

2.2 Strain identification and genome sequencing

Molecular identification of strain K955 was achieved by 18S rDNA sequencing. A phylogenetic tree was
constructed using the Neighbor-Joining and Maximum Likelihood methods implemented in MEGA 11 software
to establish the taxonomic position. Whole-genome sequencing of K955 was conducted using a hybrid approach
combining Nanopore long-read sequencing with [llumina PE150 and short-read sequencing in Novogene
(Beijing, China). Raw sequencing data quality was assessed using NanoPlot (v.1.29.1). Genome assembly was
completed using Canu (v.2.3), followed by iterative error correction in three rounds using Racon (v.1.4.13)
based on long-read data, and in three additional rounds using Pilon (v.1.22) based on short-read data to generate
the final assembled genome. RepeatMasker (v.4.0.5) and TRF (v.4.07b) were used to predict interspersed
repeats and tandem repeats, respectively(Saha et al., 2008).

2.3 Low-energy ion-implantation mutagenesis

The wild-type strain of K955 was cultured in liquid YPD medium at 30°C and 200 rpm until it reached the
late logarithmic growth phase. Cells were harvested and resuspended in sterile water to a concentration of
approximately 10°-107 CFU/mL. A 100 pL aliquot of the cell suspension was spread evenly onto a sterile plate
and dried on a clean bench to form a uniform cell monolayer. The plate was then placed in a sterile vacuum
chamber. After achieving a vacuum of 1073 Pa, the cell monolayer was irradiated with N* ions at energies of
10-20 keV and doses ranging from 50-300 ion-cm™2. The ion-implantation dose (Q, keV-10'® ion-cm™2) was
calculated using the following formula:
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O=DxE/1.95,
where D represents dose (ion/cm?2) and E represents energy (keV).

An untreated cell monolayer served as a control. Immediately following ion implantation, cells were
resuspended in 1 mL of sterile water, serially diluted, and plated onto YPD plates. After incubation in an
inverted position at 30°C for 48 h, colonies were counted, and the survival rate (R, %) was calculated as follows:

R=Nm1/Nconx100%,
where Nur represents the colony number of the mutagenesis treatment group and Neon represents the colony
number of the control group.

All mutagenesis experiments were performed in triplicate.

2.4 DES mutagenesis

DES mutagenesis was performed on positive mutants identified from the N* ion-implantation screening.
Cells in the logarithmic growth phase (ODs00~2.0) were harvested by centrifugation at 4000 rpm for 4 min,
washed, and resuspended in phosphate-buffered saline (PBS, pH 7.4) to an optical density of ODgpo=0.2. A5 mL
aliquot of the cell suspension was transferred to a sterile conical flask, and 0.25 mL of DES mutagen was added.
This mutagen was prepared by diluting 20% DES with absolute ethanol at a volume ratio of 1:4 and sterilizing
the solution by filtration through a 0.22 pm membrane. The mutagenesis reaction was conducted at 30°C and
220 rpm for time intervals from 5-35 min. At each time point, the reaction was immediately quenched by adding
0.75 mL of 25% Na.S0s solution. The treated cell suspension was serially diluted and plated onto screening
plates, followed by incubation at 30°C for 48 h. An untreated cell suspension served as a control. Colony counts
were recorded, and the lethal rate was calculated.

2.5 INT-based HTS

We conducted high-throughput screening (HTS) using INT as an artificial electron acceptor. This
approach was based on the principle that D-arabitol biosynthesis is coupled with NAD(P)H regeneration.
Reduction of INT results in a color change from pale yellow to deep purple, with absorbance at 500 nm
positively correlated with dehydrogenase activity. The utility of INT-based colorimetric assays extends beyond
the current framework and has been validated in several HTS scenarios for polyol biosynthesis. Mayer(Mayer
and Arnold, 2002) used nitroblue tetrazolium (NBT, with the same mechanism as INT) combined with electron
relay-body phenazine methosulfate (PMS) to conduct high-throughput screening of a 6-phosphogluconate
dehydrogenase (6-PGDH) mutant library constructed by error-prone PCR, directly evaluating the catalytic rate
(Kcat) and thermal stability of the enzyme. Song(Song et al., 2022) embedded INT into the electrospun polymer
nanofiber membrane and developed a visual live-bacteria sensor based on electrospun fibers, for detecting
surface biological contamination. We inoculated single colonies from the mutagenesis plates into individual
wells of 96-well plates containing 200 puL of YPD medium and cultured them at 30°C and 220 rpm for 24 h to
prepare seed cultures. Then, 50 uL of each seed culture was transferred to 500 pL of fermentation medium
containing 350 g/L glucose, and incubated at 30°C and 220 rpm for 120 h. Following fermentation, 5 pL of
fermentation broth was mixed with 50 pL of glucose solution and 145 pL of INT solution (prepared by
dissolving 100 mg INT in 100 mL of 50 mM Tris-HCI). The reaction was carried out at 30°C and 100 rpm for 30
min. Absorbance at 500 nm was immediately measured using a microplate reader. We selected colonies
exhibiting high ODsoo values for further validation by HPLC.

2.6 Transcriptomic analysis

To elucidate differences in gene expression between the high-producing mutant A37 and the wild-type
strain K955, we performed transcriptomic analysis using RNA sequencing. Following 156 hours of
fermentation, total RNA was extracted using TRIzol® (Invitrogen, USA). After confirming the quality of the
RNA samples, cDNA libraries were constructed and submitted to Tsingke Biotechnology (Beijing, China) for
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sequencing on an [llumina NovaSeq 6000 platform. Raw sequencing data underwent quality control to remove
adapter sequences and low-quality reads, yielding high-quality clean reads, which were then mapped to the
K955 reference genome using HISAT2. Gene-function annotation was performed using the Nr, Nt, Pfam,
KOG/COG, Swiss-Prot, KO, and GO databases. Differential expression genes (DEGs) analysis was performed
using DESeq2 R (v1.26.0), with statistical significance defined as [logzFold Change| > 1 and adjusted p-value <
0.05. Gene Ontology (GO) function-enrichment analysis and Kyoto Encyclopedia of Genes and Genomes
(KEGQ) pathway-enrichment analysis of DEGs were performed using Goatools and KOBAS software,
respectively.

2.7 Analytical methods

Quantitative determination of glucose and D-arabitol was performed using a Dionex UltiMate 3000
high-performance liquid chromatography system equipped with a Corona Charged Aerosol Detector (CAD).
Chromatographic separation was achieved using an Aminex HPX-87H (® 7.8 mm x 300 mm) with 5 mM
H2SOa4 as the mobile phase at a flow rate of 0.6 mL/min and a column temperature of 65°C. Under these
conditions, glucose, D-arabitol, and glycerol were eluted at retention times of 8.8, 10.6, and 13.0 min,
respectively.

For measurement of intracellular ATP, ROS levels, and NADPH contents, we collected samples at 156 h of
fermentation. Intracellular ATP content was determined using an ATP assay kit (Solarbio, China) based on the
hexokinase (HK) method. Intracellular NADPH content was measured using an NADPH assay kit (Solarbio,
China). Intracellular reactive oxygen species (ROS) levels were detected using the fluorescent probe
dihydroethidium (DHE) (Beyotime, China). Fluorescence intensity was recorded at an excitation wavelength of
535 nm and an emission wavelength of 610 nm, and relative ROS levels were expressed as the ratio of
fluorescence intensity to ODsoo. Total protein concentration used for normalizing the above biochemical
parameters was determined using a BCA protein-assay kit (Solarbio, China) with bovine serum albumin (BSA)
as the standard.

2.8 Optimization of fermentation conditions and scaling of the fermenter

To maximize D-arabitol production by mutant strain A37, we first investigated the optimal substrate
concentration for A37. Next, under optimal substrate conditions, we systematically optimized the fermentation
parameters for A37. Single-factor experimental design was adopted at the shake-flask scale, with a liquid
volume of 30 mL in a 250 mL shake flask. The effects of nitrogen source type and concentration, inorganic ions,
culture temperature, and initial pH on product synthesis were examined. Temperature was evaluated across a
range of 26-34°C, pH across a range of 2-8, and inorganic ion concentration at 5 mM. Yeast extract from various
sources was tested as the nitrogen source at a final concentration ranging from 5 g/L to 20 g/L.

Fed-batch fermentation validation of mutant strain A37 was conducted in a 3L bioreactor with a working
volume of 2 L. Culture pH was maintained at 4.0 by automatic addition of ammonia water. Temperature was
held at 30°C, and aeration was set at 1.5 vvm. Dissolved oxygen (DO) was controlled at 25% through cascade
stirring ranging from 400 to 1000 rpm. To maintain a hyperosmotic environment and ensure continuous
substrate availability, a concentrated glucose solution (900 g/L) was fed when residual glucose concentration
fell below 80 g/L, maintaining an approximate glucose concentration of 230 g/L in the culture broth. Samples
were collected at regular time intervals during fermentation to measure cell density, residual glucose
concentration, and D-arabitol titer.

3 Results

3.1 Screening and identification of high D-arabitol-producing yeast strains

To isolate a robust strain for D-arabitol production, we screened a library consisting of 68 osmotolerant
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yeast isolates from our collection. Most strains exhibited favorable growth characteristics in high-glucose
medium. Based on the primary screening results, we selected six representative strains that displayed the highest
potential for distinct quantification of metabolite profiles (Fig.S1). Strain K955 demonstrated the highest
production potential, yielding approximately 42 g/L after 96 h of shake-flask fermentation, and was therefore
selected as the wild-type chassis strain for subsequent experiments.

Phylogenetic analysis based on 18S rDNA sequencing revealed that strain K955 shared 99% sequence
homology with the type strains W. anomalus Y-161 and W. subpelliculosus NRRL Y-1683 (Fig.S2).
Whole-genome sequencing confirmed the strain’s identification as W. anomalus. The complete genome
sequence has been deposited in the NCBI GenBank database (accession number JBQYEW000000000). The
assembled genome (Fig.S3) spanned approximately 13.83 Mb with a GC content of 32.04%. Genome
annotation identified 5,306 protein-coding genes, representing 57.73% of the total genome size. Following
assembly and quality assessment, GC content distribution ranged primarily between 30% and 50%, with
sequencing depth concentrated in the range of 30~300x. The majority of predicted genes (721 Unigenes,
~13.59%) exhibited lengths >2500 bp.

KEGG pathway annotation revealed that K955 genes were extensively involved in carbon metabolism,
amino acid metabolism, and secondary-metabolite synthesis pathways (Fig.S4), indicating an active primary
metabolic network that supports robust cellular function. GO function annotation further demonstrated that
gene functions were predominantly enriched in core biological processes, molecular functions, and cellular
components (Fig.S5), which are essential for maintaining normal yeast metabolism. Collectively, the genomic
analysis confirmed the presence of a complete metabolic framework such as required for substrate conversion,
thereby providing the genetic basis necessary for efficient D-arabitol biosynthesis.

3.2 Optimization of initial glucose concentration for D-arabitol production by K955

Establishing optimal fermentation conditions is essential for enabling industrial application of a strain. The
influence of initial glucose concentration on D-arabitol production by K955 was systematically evaluated, and
the results revealed a positive correlation between production capacity and substrate tolerance, though an
optimal threshold existed. At glucose concentrations below 350 g/L, premature substrate depletion led cells to
catabolize the accumulated product during the late fermentation stage, thereby reducing the final D-arabitol titer
(Fig.1a). At 350 g/L, K955 achieved a maximum titer of 88.75 g/L at 156 h with complete glucose consumption
(Fig.1b). At this concentration, HPLC analysis also detected the accumulation of glycerol, a common
compatible solute produced by yeast to counteract osmotic stress(Blomberg and Adler, 1992). However, when
the initial glucose concentration was elevated to 400 g/L, cell growth and product formation were markedly
inhibited, and substrate utilization decreased to approximately 50% over the same fermentation period. High
substrate concentrations induce yeast cells to synthesize and accumulate D-arabitol intracellularly to balance
osmotic pressure across the cell membrane and prevent dehydration(Blomberg and Adler, 1992), but the
product remains largely confined within the cells, resulting in a slower increase in extracellular D-arabitol levels.
Based on these observations, 350 g/L. was identified as the optimal initial glucose concentration for K955. These
results underscore the substrate-inhibition challenge faced by the wild-type strain at elevated glucose
concentrations and provide a clear rationale for subsequent mutagenesis efforts aimed at isolating mutants with
enhanced osmotic tolerance.
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Fig. 1 Screening and identification of W. anomalus K955. (a) Arabitol production by W. anomalus K955 at different glucose
concentrations. (b) Glucose consumption by W. anomalus K955 at different glucose concentrations. A—G represent initial
glucose concentrations of 100 g/L, 200 g/L, 250¢g/L, 300 g/L, 350g/L, 400g/L and 500 g/L, respectively.

3.3 Isolation of high-producing mutants through combinatorial mutagenesis and INT-based colorimetric

HTS

To overcome the performance limitations of the wild-type strain, we subjected K955 to low-energy
N*-ion implantation mutagenesis (Fig.2a). Based on a 25% survival-rate threshold(Yan et al., 2017), the
implantation parameters were optimized to a dose of 100 ion-cm™ at an energy of 20 keV, with a preset dose of
1026 keV-10"3ion/cm? and an actual dose of 1031 keV-10'%ion/cm?. This protocol generated a rich mutant
library while maintaining an acceptable survival rate. Subsequently, a HTS method based on INT colorimetric
analysis was established (Fig.S6).
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Fig. 2 (a) Low-energy N* implantation combined with DES mutagenesis. (b) HPLC evaluation of positive mutants screened
from N* ion implantation. (¢c)HPLC evaluation of positive mutants screened from DES mutagenesis. (d) K955
fermentation curve (e) A37 fermentation curve.

Through HTS of approximately 2000 mutant strains, 30 candidate strains were selected for subsequent

HPLC verification, from which several positive mutants with markedly improved D-arabitol production were
identified. The accuracy rate of the HTS procedure (the number of positive results determined by HPLC / the
number of positive results screened out by HTS) was concurrently validated, reaching approximately 70%.
Notably, mutant strain 3-3-8C (8C) achieved a titer of 96.9 g/L, representing a 9.0% increase over the wild type,
and a yield of 0.28 g/g, corresponding to a 10.6% improvement (Fig.2b). Secondary mutagenesis of strain
3-3-8C was subsequently performed using DES, with the optimal treatment duration determined to be 25 min,
corresponding to a survival rate of approximately 25% (Fig.S7). The INT-based colorimetric HTS was then
applied to the resulting mutant library, from which Strain A37 was identified as the top-performing mutant,
achieving a titer of 108.69 g/L and a yield of 0.31 g/g (Fig.2c), representing 22.3% and 23.1% improvements,
respectively, compared to the wild type. Crucially, the byproduct profile revealed that glycerol production in
A37 increased only marginally to 15.4 g/L, compared to 14.8 g/L in the wild type. The significant increase in
D-arabitol titer in contrast to the relatively stable glycerol accumulation indicates that the combinatorial
mutagenesis directed the enhanced metabolic flux specifically toward the target product.

To rigorously assess the metabolic advantages of the mutant, we compared the fermentation kinetics of
wild-type K955 and mutant A37 in shake flasks (Fig.2d; Fig.2e). Although the overall glucose-consumption
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profiles were similar, A37 clearly exhibited higher metabolic flux, supporting faster cell proliferation. A37
reached a substantially higher cell density than K955, with the final ODsoo being approximately 1.4-fold greater
than that of the parent strain, indicating that the mutations effectively alleviated growth constraints and enabled
more efficient product synthesis. Driven by the increased biomass and enhanced metabolic activity, A37
attained a final D-arabitol titer of 108.69 g/L, significantly surpassing that of K955. Strain A37 maintained
stable production performance over 10 successive subcultures (Fig.S8), and has been deposited in the
Guangdong Microbial Culture Collection Center (GDMCC No. 65731). Recent studies have demonstrated that
such accelerated evolution through ion implantation can effectively reprogram metabolic networks to enhance
osmotic tolerance and metabolite production. In our study, the integration of this technique with DES treatment
likely created a synergistic effect, enabling mutant A37 to bypass the natural substrate inhibition common in
wild-type strains. This is consistent with the findings of Zhang(Zhang et al., 2024) and Zheng(Zheng et al.,
2020), who reported that random mutagenesis, particularly when combined with transcriptomic guidance, can
successfully elevate polyol biosynthesis by rebalancing intracellular redox states and precursor availability.
Collectively, these results highlight the effectiveness of the combinatorial mutagenesis strategy that integrates
physical mutagenesis, chemical mutagenesis, and INT-based high-throughput screening in reprogramming the
metabolism of the wild-type strain and isolating high-performance candidates with clear industrial application
potential.

3.4 Transcriptomics reveals metabolic reprogramming in mutant strain A37

To elucidate the molecular mechanism underlying the high D-arabitol titer of strain A37, comparative
transcriptomic analysis (RNA-Seq) was performed for the wild-type strain K955 and the mutant A37. Principal
Component Analysis (PCA) revealed clear separation between the two sample groups (Fig.S9) and sequencing
quality metrics were excellent (Table.S1), indicating substantial transcriptional reprogramming induced by
mutagenesis. Differential gene-expression analysis identified 656 upregulated genes and 366 downregulated
genes in A37 relative to K955 (P < 0.05; Fig.S10, reflecting extensive remodeling of the global metabolic
network.

GO and KEGG enrichment analyses revealed two critical metabolic shifts in A37 (Fig.3a&Fig.S11). First,
the mutant strain substantially enhanced protein synthesis capacity and genetic fidelity, enabling effective
adaptation to mutagenesis-induced stress and establishing a robust material foundation to sustain the 1.4-fold
increase in biomass and high-intensity metabolism. Second, a decisive reallocation of carbon metabolic flux
was evident: expression of key glycolytic enzymes in the Embden-Meyerhof-Parnas Pathway (EMP) and the
PPP was upregulated in A37, whereas genes encoding catabolic enzymes for complex carbon sources
(a-glucans, disaccharides, and fatty acids) were downregulated. This metabolic reprogramming reflects a
cellular preference for rapid glucose catabolism through central carbon metabolism rather than diversion toward
storage-compound biosynthesis. Biochemical assays corroborated this inference. Intracellular ATP levels in
A37 were 67% higher than those in the wild type (Fig.3b). This elevated energy state, consistent with EMP
pathway upregulation, provided sufficient thermodynamic driving force for biosynthesis while maintaining
metabolic flux below the threshold for glycolytic feedback inhibition, thereby sustaining efficient metabolic
equilibrium. Notably, concurrent upregulation of genes encoding key EMP and PPP enzymes, including
glucose-6-phosphate dehydrogenase (zwf), 6-phosphogluconate dehydrogenase (gnd), and
ribulose-5-phosphate 3-epimerase (rpe), was observed (Fig.3c). The PPP serves the dual function of supplying
biosynthetic precursor (D-ribulose-5-phosphate) and regenerating reducing power (NADPH). Consistent with
the transcriptomic data, biochemical assays demonstrated that intracellular NADPH levels in A37 were
significantly elevated relative to the wild type (Fig.3b). This expanded NADPH pool served two
complementary functions: first, it provided essential reducing equivalents for the D-arabitol biosynthetic
reactions, driving metabolic flux toward product accumulation; second, it augmented cellular redox buffering
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capacity. Although the vigorous metabolic activity of A37 inevitably generated elevated intracellular ROS
levels (Fig.3b), the high NADPH availability enhanced the cell's antioxidant capacity, enabling preservation of
redox homeostasis and prevention of oxidative damage under heightened ROS stress. Furthermore, we propose
that this moderately elevated ROS functions not merely as a metabolic byproduct but as an endogenous
signaling molecule. In synergy with osmotic stress, it further amplifies D-arabitol biosynthesis as a protective
compatible solute, a mechanism analogous to ROS-mediated metabolite-accumulation strategies reported in
other stress-tolerant fungi(Shi et al., 2017).
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In summary, the high-production phenotype of A37 reflects the establishment of a novel metabolic
homeostasis characterized by strategic reallocation of cellular resources from maintenance metabolism toward
growth and product synthesis through comprehensive metabolic reprogramming. This phenotype achieves
synergistic coordination among precursor availability, which reduces power regeneration and strengthens
oxidative stress defense by reinforcing PPP flux.

3.5 Optimization of fermentation conditions and scale-up validation of strain A37

To maximize the production potential of A37, shake-flask fermentation conditions were systematically
optimized to establish key process parameters for subsequent industrial scale-up. Results revealed that the
optimal substrate concentration for A37 was 400 g/L (Fig.4a), 50 g/L higher than the wild-type strain. Under
these conditions, we first investigated the effects of temperature and initial pH. The results showed that strain
A37 achieved maximum cell growth and D-arabitol production at 30°C (Fig.4b), representing the optimal
balance between rapid cell proliferation and efficient product accumulation. Evaluation of pH effects revealed
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that A37 exhibited peak production at pH 4 (Fig.4c). To optimize the nitrogen source, yeast extracts from
different suppliers—Aladdin (China; Cat# Y110517), OXOID (UK; Cat# LP0021), and Angel Yeast (China;
Cat# FM888)—were evaluated. Nitrogen-source screening identified Yeast extract (Aladdin, China) as the
optimal source, with maximum D-arabitol production at a final concentration of 10 g/L (Fig.4d). This variation
stems from the distinct yeast strains and hydrolysis processes employed by manufacturers, which lead to
substantial differences in product composition such as amino acid profiles, vitamins, cofactors, nucleotides, and
minerals. Furthermore, the ratio of proteins that is degraded into small peptides versus free amino acids may
vary. These differences in micro-components likely regulate the oxidative stress response and osmotic balance
within the pentose phosphate pathway (PPP), leading to significant fluctuations in D-arabitol production.
Assessment of inorganic salt supplementation demonstrated that most inorganic salts did not enhance the titer
(Fig.4e). Consolidating these single-factor optimization results, the optimal shake-flask fermentation
parameters for strain A37 were determined as follows: 30°C, initial pH 4.0, 10 g/L Yeast extract (Aladdin, China)
as the nitrogen source, and no additional inorganic salts.
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Fig. 4 Optimization of fermentation conditions for A37. (a). Substrate concentration. (b)Temperature. (c). pH; (d).
Nitrogen source. (e). Inorganic salts. Unless otherwise specified, the default fermentation conditions were: initial glucose
350 g/L, temperature 30°C, initial pH 4.0, 10 g/L yeast extract (Aladdin), and no additional inorganic salts.

We conducted fed-batch fermentation in a 3L bioreactor to evaluate large-scale production performance of
A37 under controlled conditions (Fig.5). The fermentation process exhibited three distinct phases, characterized
by different metabolic priorities.
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Fig. 5 Time courses of D-arabitol production, D-glucose consumption, and biomass production during fed-batch
fermentation of A37.

Phase I (0-30 h): Rapid cell growth. During this phase, the carbon source was rapidly consumed and
mainly allocated to biomass accumulation. The ODsoo reached 108.75, whereas the D-arabitol synthesis rate
remained low, with a volumetric productivity of 0.7 g/(L-h). This indicated that cell growth dominated and
product synthesis was not yet the primary metabolic objective.

Phase II (30-135 h): Product-synthesis phase. When residual glucose concentration declined below 85 g/L,
the feeding program was initiated to maintain glucose concentration at approximately 230 g/L. Cell growth
decelerated during this phase, with ODsoo increasing to 190.36, while D-arabitol accumulated significantly to
129.54 g/L at a volumetric productivity of 0.96 g/(L-h). The metabolic flux was clearly directed toward
D-arabitol biosynthesis.

Phase III (135-172 h): Accelerated product synthesis. Following the cessation of glucose feeding, a clear
metabolic decoupling between cell growth and product synthesis emerged. Cell growth ceased, leading to
accumulation of intracellular ATP and NAD(P)H reserves. The redirected metabolic flux reallocated PPP
intermediates, such as ribulose-5-phosphate and xylulose-5-phosphate, away from growth-associated
biosynthetic pathways (like nucleotide and amino acid synthesis) toward D-arabitol synthesis. Supported by the
sustained intracellular ATP and NAD(P)H levels, this metabolic reconfiguration enabled massive product
accumulation, achieving a volumetric productivity of 1.28 g/(L-h) and a final D-arabitol concentration of 220.85
g/L.

Comparative analysis with previous studies on D-arabitol production by osmotolerant yeasts revealed that
this work achieved significant advances in both final concentration and volumetric productivity (Table.1). The
D-arabitol concentration represents the highest reported in the literature for glucose-based fermentation,
demonstrating the effectiveness of the strain-development strategy based on W. anomalus K955 and confirming
the substantial industrial potential of mutant A37 for D-arabitol production.
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Table.1 Production of D-arabitol by different microorganisms

Volumetric
D-arabitol
Strain Substrate @L) productivity References
(g/(L-h))
Metschnikowia reukaufii AJ14787 Glucose 206.00 1.690 Nozaki et al., 2003
Zygosaccharomyces rouxiii NRRL 27624 Glucose 83.40 0.348 Saha et al., 2007
Kodamaea ohmeri NH-9 Glucose 81.20 1.128 Zhu et al., 2010
Debaryomyces hansenii NRRL Y-7483 Glycerol 40.00 0.330 Koganti and Ju, 2013
Zygosaccharomyces rouxiiii JIM-C46 Glucose 93.48 1.143 Qietal., 2015
Rhodosporidium toruloides IFO0880 Xylose 49.00 0.200 Jagtap and Rao, 2018
Candida parapsilosis A6 Glucose 54.96 0.760 Zheng et al., 2020
Wickerhamomyces anomalus WC 1501 Glycerol 18.00 0.130 Amaretti et al., 2020
Yarrowia lipolytica ARA9 Glycerol 118.50 1.100 Yang et al., 2021
Metschnikowia reukaufii CICC 31858 Glucose 80.43 0.560 Huang et al., 2022
Wickerhamomyces anomalus WC 1501 Glycerol 265.00 0.820 Raimondi et al., 2022
Zygosaccharomyces rouxiii ZR-5A Glucose 149.10 1.040 Lietal., 2023
Zygosaccharomyces siamensis kiyl Glucose 101.40 0.696 Iwata et al., 2023
Zygosaccharomyces rouxiii ZR-M3 Glucose 152.80 0.800 Zhang et al., 2024
Zygosaccharomyces rouxiii Gz-5 Glucose 133.00 0.396 Iwata et al., 2024
Zygosaccharomyces rouxiii ST109 Glucose 137.60 0.640 Lietal., 2024
Wickerhamomyces anomalus A37 Glucose 220.85 1.280 This study

4 Discussion

This study addressed critical bottlenecks in the industrial production of D-arabitol, a high-value bio-based
chemical, specifically with regard to strain-performance limitations. Through a systematic approach integrating
combinatorial mutagenesis, HTS, and transcriptomic analysis, a superior engineered strain, W. anomalus A37,
was successfully developed and characterized.

Microbial biosynthesis of D-arabitol is fundamentally constrained by osmotic tolerance and metabolic flux
allocation(Kordowska-Wiater, 2015; Ravikumar et al., 2022). Current industrial production relies primarily on
natural strains of Metschnikowia and Zygosaccharomyces species, yet significant room exists for yield and
tolerance improvements. While rational genetic engineering enables targeted optimization, random mutagenesis
frequently achieves global metabolic rebalancing that is difficult to predict through rational design alone,
particularly in non-model yeasts with complex metabolic networks. In this work, we implemented a
combinatorial mutagenesis strategy employing low-energy N* ion implantation and DES, coupled with
INT-based HTS. Since D-arabitol synthesis is strongly dependent on reduced power availability, this screening
strategy effectively enriched for mutants with enhanced NAD(P)H regeneration capacity. This targeted
approach successfully isolated W. anomalus strain A37, which achieved 108.69 g/L of D-arabitol in shake flasks,
a 22.3% improvement over the wild-type K955.
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To validate industrial feasibility, we conducted fed-batch fermentation of A37 in a 3L bioreactor, achieving
a final D-arabitol titer of 220.85 g/L with volumetric productivity of 1.28 g/(L-h). Using glucose as the carbon
source, this titer represents the highest reported in the literature to date. While W. anomalus strains have
reportedly achieved 265 g/L using glycerol as a substrate(Raimondi et al., 2022), the glucose-based titer of
220.85 g/L has a more economical substrate and demonstrates exceptional competitiveness. Critically,
volumetric productivity, a decisive metric for industrial economic viability, reached 1.28 g/(L-h), exceeding
many reported high-performance strains, including the above-mentioned glycerol-fermenting W. anomalus
strains (0.82 g/(L-h)) (Raimondi et al., 2022) and glucose-fermenting Yarrowia lipolytica ARA9 (1.10
g/(L-h))(Yang et al., 2021). Achieving simultaneously high volumetric productivity and elevated product
concentration demonstrates the exceptional efficacy of the combinatorial mutagenesis strategy in generating
metabolically efficient strains.

Systematic transcriptomic analysis revealed that A37 underwent comprehensive global metabolic
reprogramming, characterized by intensified carbon flux through PPP and enhanced ribosome biogenesis.
Notably, synergistic upregulation of key PPP genes zwf, gnd, and rpe was central to this metabolic remodeling.
PPP serves dual critical functions: it is the primary source of the precursor D-ribulose-5-phosphate for D-arabitol
synthesis and the cellular hub for NAD(P)H generation( Stincone et al., 2015; Jagtap and Rao, 2018; Ge et al.,
2020). Enhanced zwf'and gnd expression intensified oxidative PPP flux, supplying abundant NADPH cofactors
for the reductive reaction catalyzed by aldose reductase(Ingram and Wood, 1965). Concurrently, rpe
upregulation facilitated non-oxidative PPP isomerization reactions, maintaining optimal precursor
equilibrium(Ingram and Wood, 1965). This metabolic homeostasis, featuring both high precursor availability
and abundant reducing power, constitutes the molecular foundation for the high D-arabitol production of A37.
Notably, this metabolic network remodeling induced by combinatorial mutagenesis parallels the effects of
rationally overexpressing rate-limiting PPP enzymes(Povelainen and Miasnikov, 2006), demonstrating that
non-transgenic approaches can achieve adaptive evolution equivalent to that produced by targeted metabolic
engineering.

Beyond carbon-metabolism remodeling, A37 exhibited comprehensive upregulation of genes governing
ribosome biogenesis and translation. Ribosomal protein abundance directly determines cellular translational
capacity and growth rate(Metzl-Raz et al., 2017; Bjorkeroth et al., 2020). Enhanced protein synthesis capability
in A37 enabled rapid biosynthesis and sustained high-level expression of metabolic enzymes even under the
elevated osmotic pressure characteristic of the late fermentation stage, thereby maintaining vigorous metabolic
flux. The robust ribosomal infrastructure and elevated translational capacity enable A37 to preserve vigorous
metabolic activity and cellular maintenance mechanisms even during the late stationary phase, accounting for
the prolonged product-synthesis phase observed in the fed-batch fermentation profile.

Although strain A37 demonstrated exceptional performance in the 3L bioreactor, several engineering
challenges must be addressed for industrial scale-up. First, oxygen-transfer efficiency (OTE) represents a
primary bottleneck. In large-scale fermenters, maintaining a consistent 25% dissolved oxygen (DO) level
becomes energetically demanding due to increased hydrostatic pressure and mixing dead zones. A decline in the
oxygen-transfer rate (OTR) could potentially shift the metabolic flux of A37 from the PPP pathway toward
ethanol or glycerol synthesis. Second, heat dissipation is critical during high-intensity fermentation. D-arabitol
biosynthesis is an exothermic process; the limited specific surface area of industrial-scale tanks may lead to
inadequate cooling and localized overheating, which risks strain inactivation or increased byproduct formation.
Furthermore, the precision of the concentrated feeding strategy presents a significant challenge. At scale, the
uneven mixing of the highly viscous 900 g/L glucose feed can create transient localized sugar gradients,
disrupting metabolic homeostasis. Lastly, the costs associated with maintaining sterility during prolonged,
large-scale continuous feeding operations would increase exponentially. In summary, this work not only
developed a high-performance strain with industrial application potential but, more significantly, established an
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efficient paradigm for strain engineering. By integrating combinatorial mutagenesis with transcriptomic
analysis, this framework enables rapid generation of superior strains while providing mechanistic insights into
their metabolic basis. This integrated strategy offers significant reference value for developing optimized strains
for diverse microbial manufacturing processes.
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