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1. Introduction

Construction and optimization of efficient
glucose—xylose co-fermenting yeast Yarrowia
lipolytica for green and sustainable succinic acid
production from lignocellulosic biomass+t

Mianshen Ge,1*® Yuanyuan Sha,*° Minrui Lu,®® Yuwei Zhang,®® Zhaoxian Xu,?®
Sitong Chen,?® Ying Ding®® and Mingjie Jin () *°

Xylose is the second most abundant carbohydrate present in nature, while its inefficient utilization
severely restricts the economic viability of lignocellulosic biomass-based biorefinery. Herein, metabolic
engineering strategies involving xylose metabolism and the succinic acid (SA) synthetic pathway were
developed in Yarrowia lipolytica for the production of SA from lignocellulosic hydrolysate. First, the Yisdh5
gene (succinate dehydrogenase subunit 5) was inactivated in Y. lipolytica BZ, which can grow on xylose as
the sole carbon source, thereby obtaining a strain capable of synthesizing SA from xylose. Subsequently,
the glucose—xylose assimilating rate and SA titers were further optimized by blocking the by-product
pathway and enhancing the SA synthetic pathways. Then, with the overexpression of the
crucial mitochondrial dicarboxylic acid transporter Y(Dic, the obtained SA producer Y. lipolytica
BDic5 showed excellent xylose assimilation performance, which could utilize all the glucose and xylose in
either pure culture or hydrolysate fermentation. Remarkably, BDic5 exhibited robust growth in 30% solid-
loading of corn stover hydrolysate without hydrolysate detoxification or dilution, and the fermentation
process did not require neutral pH maintenance. Finally, up to 10542 g L' SA was produced
from undetoxified lignocellulosic hydrolysate using the fed-batch strategy in a 3 L bioreactor, which
was the highest SA titer achieved from lignocellulosic feedstock to date. Following downstream
purification of the acidic fermentation broth, 61.75% of the total SA with purity of 92.81% was
recovered. These promising results indicated that the recombinant strain exhibited great potential for bio-
conversion of lignocellulosic biomass into bio-SA, which demonstrated great prospects for industrial
production.

diol, poly-butylene succinate, alkyd resins, and plasticizers will
further support the SA market’s future expansion.’ Maleic

Succinic acid (SA) is among the top value-added platform
chemicals that have received increasing attention due to its
widespread application in the surfactant, biodegradable plas-
tics, food additives, and pharmaceutical markets."> Due to the
enormous application values of SA, the worldwide market of
SA exceeds 275 x 10° kg annually.® Furthermore, it is antici-
pated that more recent industrial applications for 1,4-butane-
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anhydride, derived from petrochemical feedstock, is the
primary substrate for SA in conventional chemical production.
Despite the high efficiency of chemical synthesis methods,
they still suffer from severe reaction conditions, intricate oper-
ation, and a high potential for environmental pollution.’
Microbial fermentation presents a promising technology for
the sustainable production of bio-based chemicals and fuels
due to numerous advantages, including high conversion rate,
ease of product separation, environmental friendliness, etc.
Biosynthesis has a broader range of raw materials and lower
costs than chemical processing.® Accordingly, researchers have
concentrated on the utilization of low-cost alternative carbon
sources to reduce production costs and achieve green and sus-
tainable production of SA, thus improving the competitiveness
of bio-based products.
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The development of low-cost and sustainable bio-based
SA production processes using lignocellulosic biomass as
raw materials is a major concern for its industrial
production. Lignocellulosic biomass is a renewable raw
material that is widely available and can be used to produce
a variety of bio-based products.”® The primary components
of lignocellulosic biomass are cellulose, hemicellulose, and
lignin, which make up roughly 32-52, 16-33, and 9-32
weight percent (wt%), respectively, in different plant
varieties.”'® Lignocellulose is pretreated to destroy its resist-
ant structure, and then, the released cellulose/hemicellulose
is hydrolyzed to microbial fermentable monomeric sugars by
enzymatic saccharification."” One of the main challenges
faced in subsequent microbial fermentation is that most
microbial strains cannot efficiently metabolize ligno-
cellulose degradation products.'> Lignocellulose-derived
xylose, accounting for 30-40% of carbohydrates in ligno-
cellulosic hydrolysate, frequently poses challenges to fer-
menting microbes when utilizing it as a carbon source.” In
addition, inhibitors in lignocellulosic hydrolysates usually
prevent microbe strains from fermenting xylose to produce
desired chemicals."* Therefore, given the characteristics of
lignocellulosic hydrolysate, efficient co-metabolism of
glucose and xylose by engineered microorganisms in the
presence of high concentrations of inhibitors is of great sig-
nificance for sustainable and economical bio-chemical
production.*®

SA is an intermediate of the tricarboxylic acid cycle, and
naturally present producers of SA are regarded as promising
candidates for industrial SA.'® A variety of microorganisms,
including Actinobacillus succinogenes, Anaerobiospirillum suc-
ciniciproducens, Basfia succiniciproducens, etc., have been
reported to produce SA naturally.'” However, the industrial
applications of these bacterial hosts are limited due to their
potential pathogenicity, poor cell growth, and stress toler-
ance. In particular, the above-mentioned bacteria isolated
from bovine rumen have multiple auxotrophies, and complex
component media must be set up to promote their growth.*®
An alternative strategy is to use genetically modified indus-
trial microorganisms that do not naturally produce large
amounts of SA, such as Escherichia coli, Corynebacterium glu-
tamicum, etc. Through combined mutagenesis and sub-
sequent optimization, Gao et al. constructed an engineered
E. coli strain, FMME-N-30, which could obtain 119.0 g L™*
succinate from glucose."® Li et al. introduced the isomerase
pathway and the Weimberg pathway into C. glutamicum to
obtain a recombinant strain that could simultaneously use
glucose and xylose to produce succinate.”® However, due to
the toxicity of various inhibitors in the hydrolysates, the util-
ization of lignocellulosic hydrolysates by bacteria requires
the adoption of high-density fermentation strategies or dilut-
ing the hydrolysates with the medium before inoculation.
Additionally, the pH during bacterial fermentation needs to
be maintained at neutral, which greatly increases the pro-
duction and downstream purification costs. In contrast to
using bacteria, numerous studies have shown that yeast

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

could produce more than 100 g L™" of organic acids, includ-
ing succinic acid and malic acid, without requiring neutral
pH maintenance owing to its acid-tolerance property.>'>*> For
lignocellulosic biorefinery, the yeast Y. lipolytica Hi-SA2-
Y1Gsh2 was reported to achieve a high SA titer of 45.34 g L™*
from lignocellulosic hydrolysate without pH control.”?
Hence, yeast is considered a preferred candidate for indus-
trial production due to its safety and robustness, especially
when considering the intricate features of lignocellulosic
biorefinery."°

Yarrowia lipolytica, an unconventional yeast generally
recognized as safe, has attracted increasing interest due to
its unique characteristics, including ease of genetic manipu-
lation, broad substrate adaptability, and potential appli-
cations in the biosynthesis of different bio-chemicals.?** In
recent years, various carbon sources have been used in
genetically modified Y. [lipolytica to enhance SA
production.**?*%?” Among them, Y. lipolytica PGC01003
achieved the highest ever SA titer of 209.7 ¢ L™" using crude
glycerol as the sole carbon source with an in situ fibrous bed
bioreactor derived from sugarcane bagasse. In addition, the
genetic pathway-optimized Y. [lipolytica strain PGC62-
SYF-Mae could obtain an SA titer exceeding 100 g L™! with
glucose as the sole carbon source.”® When considering
xylose as the carbon source, even though it has been
reported that the engineered Y. lipolytica without xylose
metabolic pathway could also utilize a small amount of
xylose in the presence of glucose, it remained unclear
whether xylose could be successfully converted into SA.**2°
Researchers have also introduced xylose metabolism path-
ways in Y. lipolytica to generate recombinant strains
PSA02004PP, which can only produce SA at a maximum titer
of 22.3 g L™ with a low yield of 0.15 g g™" using xylose as the
sole carbon resource. Besides, a low SA titer of 5.6 g L™" was
detected when sugarcane bagasse-derived hydrolysate was
employed.®® Until now, despite many efforts that have been
made to produce SA from xylose, these engineered
Y. lipolytica yeasts are still unable to produce sufficient bio-
SA to meet industrial demands employing lignocellulose as a
carbon source.

Herein, an engineered Y. lipolytica yeast capable of bio-
synthesizing SA using xylose as the sole carbon source was
first constructed (Fig. 1). Afterward, tailored strategies were
developed for simulating the proportion of glucose and
xylose components contained in lignocellulosic hydrolysate,
which allowed the engineered strain to completely co-
ferment high-concentration mixed sugars. Finally, an
efficient fermentation process was developed for SA pro-
duction from undetoxified corn stover (CS) hydrolysate. In
general, this study demonstrated that glucose and xylose in
actual lignocellulosic hydrolysate could be completely con-
sumed by engineered Y. [lipolytica to produce SA, and the
developed process proposed based on this robust strain
could reduce the overall production cost, offering a green
and sustainable alternative for large-scale industrial pro-
duction of bio-SA.
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Fig. 1 Schematic diagram of the construction of an efficient SA synthesis pathway in Y. lipolytica. The genes marked in blue and red indicate over-
expression and inactivation of related pathways, respectively. Sdh5, succinate dehydrogenase subunit 5; Ach, acetyl-CoA hydrolase; Pck, phosphoe-
nolpyruvate carboxykinase; Scs, succinyl-CoA synthase; Dic, dicarboxylate transporter; Yht, yarrowia hexose transporter; Hxk, hexokinase; Glk,

glucokinase.

2. Materials and methods
2.1 Strains, media, and culture conditions

The xylose-utilization strain Y. lipolytica BZ used in this study
originated from Y. lipolytica Polf-AKu70 (disruption of the
Ku70 gene) with overexpression of endogenous xylulokinase
(XK), and heterologous expression of p-xylose reductase (XR)
and p-xylitol dehydrogenase (XDH) from Scheffersomyces sti-
pites. Each gene mentioned above was flanked with promoter
Prerin and the terminator Txpg, and these three fragments were
then inserted into restriction sites of Mss I and EcoR 1 of
plasmid 26s rDNA-HUH. The verified correct plasmid was line-
arized and integrated into the genome of Y. lipolytica Polf-
AKu70 to generate Y. lipolytica BZ for further genetic modifi-
cation. All the strains and plasmids constructed in this study
are listed in Table 1. Escherichia coli Top 10 was cultured at
37 °C in Luria-Bertani media (5 g L™" yeast extract, 10 g L™"
tryptone, 10 ¢ L' NaCl) supplemented with ampicillin (50 mg
L") or kanamycin (10 mg L") as needed for plasmid construc-
tion and propagation. All the Y. lipolytica strains were cultured
at 30 °C with shaking at 220 rpm. YPG20 medium (10 g L™"
yeast extract, 20 g L™" tryptone, 20 g L™" glycerol) was used for
the routine culture of Y. lipolytica after the URA3 selection
marker had been recycled. YPGX medium (10 g L™' yeast
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extract, 20 g L' tryptone, 10 g L™" glycerol, 20 g L™" xylose)
was used for the routine culture of engineered Y. lipolytica.
YNBG plates (20 g L™ glycerol, 1.7 g L™" YNB without amino
acids, 5 ¢ L™" NH,SOy,, 22 g L™" agar) were used for screening
transformants. The URA3 marker was removed by counter-
selection on YPG plates supplemented with 1.2 g L™" 5-fluor-
oorotic acid (5-FOA).*" For SA fermentation, the modified YPD
medium (10 g L™" yeast extract, 20 g L™" tryptone, 40-80 g L™
glucose), YPX medium (10 g L™" yeast extract, 20 g L™" tryp-
tone, 20-40 g L™ xylose), or YPDX medium (10 g L™" yeast
extract, 20 g L' tryptone, 40-80 g L™" glucose, 20-40 g L™
xylose) was used.

2.2 Raw materials and pretreatment

The CS used in this study was purchased from a farm in
Lianyungang, Jiangsu, China, and its main components were
30.33 wt% glucan and 19.36 wt% xylan. For the pretreatment
of CS, an original pretreatment approach developed in our lab-
oratory named DLCA(sa) (Densifying Lignocellulosic biomass
with Sulfuric Acid followed by a regular steam Autoclave) was
adopted. Pretreatment reagent dosage, process conditions,
and subsequent enzymatic saccharification were applied as
described in previous studies.’>** Briefly, CS was mixed with
sulfuric acid (0.075 g sulfuric acid per g dry biomass) and

This journal is © The Royal Society of Chemistry 2025
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Table 1 Strains and plasmids used in this study

Strains and plasmids Descriptions Sources
Strains

E. coli Top 10 A host strain used for the amplification of constructed plasmids Lab stock
BZ MatA, xpr2-322, axp-2, leu2-270, ura3-302, Aku70::hisG, YIXk, SsXr, SsXdh Lab stock
BS3302 BZ AYISdh5::hisG-URA3-hisG This study
BAS4332 BS3302 AYIAch1::hisG-URA3-hisG This study
BPS2a10“ BAS4332 A26S rDNA::Pyppin-ScPck-Teye, Prupin-YIScs2-Txpro This study
BPS2b10° BAS4332 A26S rDNA::Prypin-ScPck-Teye, Prrin-Y1Scs2-Txprs This study
BPS2b14“ BAS4332 A26S rDNA::Prgpin-ScPck-Teye, Prerin-YIScS2-Txpro This study
BDic5 BPS2b14 AintE3::Prgp;-YIDic-Toye This study
BMael1l BPS2b14 AintE3::Prgpin-YIMae-Toye This study
BDM14 BPS2b14 AintE3::Prypin-YIDic-Teye, Prrin-YIMae-Txpgo This study
YLGZ1-6 BDic5 AA2::Prypin-YIYAt1-6-Toye This study
Plasmids

pUC-HUH hisG-URA3-hisG (HUH) in pUC57 Lab stock
26s rDNA-HUH hisG-URA3-hisG (HUH) in p-26s rDNA Lab stock
pUC-intE3-HUH IntE3 upstream and downstream homology arms inserted into pUC-HUH This study
pUC-HUH-ASdh5 YISdh5 upstream and downstream homology arms inserted into pUC-HUH This study
pUC-HUH-AAch1 YlAch1 upstream and downstream homology arms inserted into pUC-HUH This study
26s rDNA-Pck-Scs Prppin-ScPck-Teye and Prgpin-YIScs-Txpr, cassettes in rDNA-HUH This study
pUC-HUH-Dic Prgpin-YIDic-Tcyc cassette in pUC-intE3-HUH This study
pUC-HUH-Mae Prppin-YIMae-Teyc cassette in pUC-intE3-HUH This study
pUC-HUH-Dic-Mae Prepin-YIDic-Teyc and Prgp;,-YIMae-Txpr, cassettes in pUC-intE3-HUH This study
pUC-HUH-Yht1-6 Pripin-YIYht1-6-Tcyc cassette in pUC-intE3-HUH This study

“Randomly selected transformant with chromosomal iterative integration of related genes.

water (0.5 g water per g dry biomass), and then pelleted using
a flat die pellet machine. Afterward, the obtained pellets were
immediately autoclaved at 121 °C for 30 min to achieve DLCA
(sa)-pretreated CS. Subsequently, the DLCA(sa)-CS was neutral-
ized to a pH of 5.0 and hydrolyzed for 72 h with cellulase
CTec3 HS at a dosage of 20 mg protein per g glucan using
shake flasks at solid loadings of 20%, 25%, 30%, and 35%
(w/w), respectively. For DLCA(ch)-pretreated CS, the whole
process was similar to that for DLCA(sa) except that calcium
hydroxide (0.15 g g~ dry biomass) was used and the sub-
sequent autoclaving time was extended to 60 min. The enzy-
matic saccharified liquid was harvested after centrifugation;
details of the hydrolysate are listed in Table S1.

2.3 DNA manipulation

The synthesis of all primers and verification of DNA sequencing
in this study were performed by Tsingke Biotechnology Co. Ltd
(Nanjing, China). For deleting target genes YISdh5 and YIAchi,
the plasmid consisting of a 2000 bp upper homologous arm,
hisG-URA3-hisG (HUH) cassette, and 2000 bp down homologous
arm was used to disrupt the related genes using the URA-Blaster
protocol,** and the DNA fragments flanking both sides of the
deletion site were amplified using the designed primers
(Table S21) for DNA sequencing verification. The integrative
expression plasmid pUC-HUH, combined with different inte-
gration sites reported previously,®® was used for overexpression of
the endogenous genes including YIScs, YIDic, and YIMae (ampli-
fied from the genomic DNA of Y. lipolytica), and the heterologous
gene ScPck (amplified from the genomic DNA of S. cerevisiae)
under the control of promoter Prgm, and terminator Tcyc or
Txprz- All plasmids were obtained from the vector backbone and
the corresponding fragment by one-step cloning employing the

This journal is © The Royal Society of Chemistry 2025

ClonExpress II One Step Cloning Kit (Vazyme, Nanjing, China).
The constructed plasmids were linearized and transformed into
Y. lipolytica competent cells using the Frozen-EZ Yeast
Transformation II Kit (Zymo Research, Orange, CA) as previously
described.*! The positive transformations were selected on YNBG
plates, and the diagnostic PCR using the genomic DNA of the
clones as a template was carried out for identification. All PCR
reactions were performed using PrimerSTAR Max DNA
Polymerase (TaKaRa, Beijing, China) or KOD-plus-Neo DNA poly-
merase (Toyobo, Osaka, Japan). By counter-selecting on YPG
plates containing 1.2 g L™ 5-FOA, the URA3 selection marker
was recycled to engineer subsequent strains.

2.4 Testing sugar consumption of engineered strains in
shake flasks

All the engineered yeast was fermented separately in shake
flasks using YPD, YPX, or YPDX to test its capacity for sugar
utilization. First, the engineered strains preserved in glycerol
tubes at —80 °C were incubated overnight in test tubes with
5 mL of YPG to restore their growth activity. Then, a portion of
the microbial solution in the test tube was transferred into
50 mL shake flasks containing 10 mL of YPGX medium as
seed culture. Finally, yeast cells from the seed culture were har-
vested by centrifugation and inoculated into 250 mL shaking
flasks that contained 50 mL of testing medium with an initial
ODggo of 1.0 to initiate SA fermentation. Samples were
extracted every 24 h (sampling intervals were shortened when
necessary) during fermentation to determine cell growth,
glucose and xylose consumption, and SA titer. It should be
emphasized that the pH of the fermentation carried out in the
shake flasks was not adjusted, and all the experiments were
conducted in triplicate.

Green Chem., 2025, 27, 450-463 | 453
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2.5 Batch and fed-batch fermentation with DLCA(sa)-
pretreated CS as feedstock

To test the fermentation performances of Y. lipolytica strains
on real lignocellulosic hydrolysate, DLCA(sa)-CS was used as
feedstock. Y. lipolytica BDic5 was cultured in YPGX medium as
the fermentation seed, and cells were harvested and inoculated
into hydrolysate containing 10 g L™" yeast extract and 20 g L™"
tryptone with an ODgg, value of 10.0 to initiate fermentation in
shake flasks. The required pH was manually adjusted every
24 h under sterile conditions using 10 M NaOH. For hydroly-
sate fermentation, all the experiments were performed in
duplicate.

To achieve higher SA titers, fed-batch fermentation was
carried out in a 3 L bioreactor (Bailun Bio, Shanghai, China).
Y. lipolytica BDic5 was incubated overnight in the test tube
with 5 mL of YPGX medium to restore growth activity. 1 mL of
the culture was inoculated into 50 mL of YPGX medium in
250 mL shake flasks, and the cells were harvested and inocu-
lated into DLCA(sa)-CS hydrolysate as seed culture at 30 °C
and 220 rpm for 48-60 h. The seed culture was then inoculated
into the bioreactor to start fed-batch fermentation. The fer-
mentation was carried out at 30 °C, 800 rpm, and 1 vvm. By
observing the online monitoring pH sensor, the pH of the fer-
mentation system was manually adjusted to 6.5 with 10 M
NaOH solution every 24 h. Antifoam agent Antifoam 204
(Sigma-Aldrich, A6426) was added to the bioreactor as
required. When the residual xylose in the bioreactor dropped
below 10 g L™, approximately 100-120 mL of concentrated
hydrolysate (hydrolysate after rotary steaming, which con-
tained 505.6 g L™' glucose and 284.1 g L™" xylose) was
supplemented.

2.6 SA recovery

The modified direct crystallization method was employed for
SA recovery from the fermentation broth.*® Briefly, the broth
was first centrifuged at 8000 rpm for 10 min to remove yeast
cells and insoluble impurities. Afterward, the obtained super-
natant was mixed directly with 8% (w/v) activated carbon and
placed in a shaker at 250 rpm for 2 h for decolorization. In
order to ensure complete decolorization, this step was per-
formed in duplicate. The clarified filtrate was harvested by
vacuum filtration, and the pH of that was adjusted to 2.0 using
35% (v/v) dilute hydrochloric acid. Subsequently, the decolor-
ized filtrate was subjected to vacuum distillation and concen-
trated until crystals could be observed. Then, the concentrated
filtrate was stored at 2-4 °C (>5 h) for SA crystallization.
Finally, the SA crystals were collected after vacuum filtration,
and the resulting filtrate was further subjected to the above
steps for recovering residual SA.

2.7 Quantitative analysis

An HPLC system (Agilent, 1260 Infinity II, USA), equipped with
an Aminex HPX-87H column and a refractive index detector,
was used to measure the concentrations of SA, residual
sugars, and by-products after the sample supernatant had

454 | Green Chem., 2025, 27, 450-463
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been appropriately diluted and filtered through a 0.45 pm
syringe filter. The optical density of the fermentation broth at
600 nm (ODg(o) was measured using a TU-1810 spectrophoto-
meter (PERSEE, Beijing, China) to track the cell growth of
Y. lipolytica. Samples were eluted with 5 mM H,SO, with a
flow rate of 0.6 mL min~" and the column temperature was set
at 65 °C.

3. Results and discussion

3.1 Establishment of the xylose metabolic pathway for SA
production in Y. lipolytica

Succinic acid, as an intermediate of the tricarboxylic acid
(TCA) cycle in cells, is catalytically depleted by the succinate
dehydrogenase (SDH) complex in mitochondria. The SDH
complex consists of five subunits, of which a soluble mito-
chondrial protein encoded by the subunits YISdh5 is essential
for SDH-dependent respiration.”” Therefore, the URA-Blaster
method was used to knock out the Sdh5 gene in Y. lipolytica
BZ, and the resulting mutant BS3302 was employed for further
testing. The BS3302 strain with deletion of the YISdh5 gene
was able to grow on xylose as the sole carbon source, and suc-
cinic acid production could be detected in the fermentation
broth. After being cultivated on YPX20 medium, the recombi-
nant strain BS3302 quickly consumed 5.08 g of xylose at 24 h,
resulting in a very low SA titer of 0.62 g L™" (Fig. 2a). However,
a large amount of the by-product acetic acid (1.70 g L") was
detected in the supernatant, and the combined production of
these two organic acids contributed to a rapid decrease in the
pH of the whole fermentation system. Acetic acid is a common
by-product produced during microbial fermentation, and its
excessive accumulation may contribute to the loss of carbon
sources and potentially prevent microbial growth.*® The
maximum ODgq, value obtained was 8.56 at 24 h, followed by a
rapid decline to 3.83 at 96 h, which indicated that the excess
acetic acid produced during the fermentation severely inhib-
ited the growth of BS3302. The introduction of the xylose
pathway resulted in 1.07 g L™' SA with a yield of 0.19 g g™
However, the acetic acid titer reached 2.55 g L™" at the end of
fermentation, which was significantly higher than that of the
target product SA, proving that more carbon flux flowed into
the biosynthesis of acetic acid due to the imbalance between
glycolysis and the TCA cycle. Fig. 2b shows the time course
profiles for glucose assimilation. The strain quickly ingested
glucose and reached peak cell biomass (ODggo = 7.01) within
48 h, which is consistent with xylose metabolism data. At the
same time, the fermentation process also produced a large
amount of acetic acid, which caused the cell biomass of the
strain to drop rapidly when it reached its peak. The recombi-
nant strain was able to produce 1.11 g L™" SA from glucose
with 0.26 g g~" yield. After incubation with glucose or xylose as
the sole carbon source, co-fermentation experiments using
glucose and xylose were performed (Fig. 2¢). Similarly, consist-
ent with its use of glucose as the sole carbon source, the strain
rapidly consumed glucose and produced large amounts of

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Fermentation performance of Y. lipolytica BS3302 (a, b, c) and BAS4332 (d, e, f) strains in media with different carbon sources.

acetic acid within 48 h, which severely inhibited the cell
growth. The co-fermentation of glucose and xylose resulted in
the maximum ODgg, value of 7.15 at 48 h, and only an SA titer
of 1.09 g L™" was detected at 96 h. At the end of fermentation,
the production of acetic acid reached 3.75 g L™", which was 3.4
times that of SA, suggesting that elimination of the by-product
metabolic flux was essential for enhancing SA accumulation.
As described in the previous study, acetic acid accumulation
was detrimental to SA production and cell growth in Sdh5-
deleted Y. lipolytica, while these negative effects could be sub-
stantially mitigated by knocking out the vital gene YiAch,

This journal is © The Royal Society of Chemistry 2025

which encodes acetyl-CoA hydrolase.*® On the basis of BS3302,
the YlAch gene was further knocked out to generate BAS4332,
which was then cultivated in different fermentation media. As
anticipated, the recombinant strain BAS4332 grew robustly
when it was cultivated on 20 g L™" xylose since there was a sig-
nificant decrease in the acetic acid level (241 mg L™'). As
shown in Fig. 2d, the xylose (22.21 g L") was completely uti-
lized within 72 h, resulting in an SA titer of 6.9 ¢ L' with a
yield of 0.31 g ¢”*. The maximum ODgg, obtained was 26.78 at
48 h, which then decreased slightly at 72 h due to the xylose
being completely consumed. The xylose assimilation perform-
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ance, SA yield, and cell growth of strain BAS4332 were greatly
enhanced compared with that of BS3302. This phenomenon
suggested that the elimination of the acetic acid pathway was
essential for SA biosynthesis from xylose. When glucose was
used as the sole carbon source (Fig. 2e), BAS4332 completely
exhausted 40 g L™" glucose within 120 h, yielding a maximum
cell ODgoo and SA titer of 24.97 and 15.3 g L™", respectively.
During the co-fermentation with 40 g L™" glucose and 20 g L™*
xylose, glucose was completely metabolized within 120 h,
while 10.13 g L™" of xylose was consumed at the end of fer-
mentation (Fig. 2f). Benefiting from the removal of the acetic
acid overflow and the recovery of strain growth, Y. lipolytica
BAS4332 successfully achieved xylose co-fermenting after large
amounts of glucose were consumed. The co-fermentation of
glucose and xylose resulted in the maximum ODg, value of
27.05 with an SA titer of 18.78 g L™" at 168 h. Under this con-
dition, the overall yield of BAS4332 using glucose and xylose as
carbon resources reached 0.38 g g~'. Although the actual
cumulative concentrations of glucose and xylose exceeded 60 g
L7, there was no lag phase in the initial fermentation stage.
Further increasing the concentration of mixed sugars would
cause a metabolic burden on the strain, thus the process
showed a significant lag phase during the first 24 h of fermen-
tation (Fig. S1f). The co-fermentation of glucose and xylose
mixture resulted in the SA titer of 23.33 (60 g L™" glucose and
30 g L' xylose) and 27.14 g 7" (80 g L ™" glucose and 40 g L ™"
xylose), respectively. However, although the cell growth of
strain BAS4332 was partly recovered when acetic acid overflow
was reduced, low SA yield and residual sugar (especially xylose)
after fermentation remained resolved. In order to clearly
understand the ability of the strain to assimilate xylose in the
presence of glucose, subsequent experiments will need to be
conducted using mixed sugars.

3.2 Optimizing metabolic pathways to enhance SA
biosynthesis

As previously described, the YISdh and YIAch double-deficient
Y. lipolytica strain produced by-products at the end of fermen-
tation, demonstrating the presence of metabolic flux inhi-
bition from acetyl-CoA.*® To address this issue and further
direct the carbon flow to SA, the key genes ScPck (encoding
phosphoenolpyruvate carboxylase from S. cerevisiae) and
YiScs2 (encoding succinyl-CoA synthase subunit 2) were over-
expressed. The expression cassettes of the two genes were ran-
domly integrated into multiple cloning (26s rDNA) sites in the
genome of Y. lipolytica by homologous recombination.

Due to the random integration of functional genes into
yeast chromosomes, the resulting transformants obtained may
have different gene copy numbers, thus exhibiting distinct
metabolic characteristics. The sugar consumption and SA pro-
duction of randomly selected transformants (genes integration
has been verified by PCR) at 144 h fermentation are depicted
in Fig. 3a. Combined with the experimental results, strains
BPS2b10 (which exhibited the highest SA titer with a slightly
lower conversion yield), BPS2b14 (characterized by a relatively
lower SA titer but the highest conversion yield), and BPS2a10
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(with an SA titer similar to that of BPS2b14 but a higher con-
version yield compared to BPS2b10) have attracted attention.
In the co-fermentation experiment with 80 g L™ glucose and
40 g L™ xylose, the fermentation conditions of three strains
with glucose depletion as the time node are shown in Fig. 3b-
d. During the fermentation, the highest value (30.8) of cell
ODg Was achieved in BPS2a10 at 120 h, followed by BPS2b10
(30.68) at 120 h and BPS2b14 (30.22) at 144 h. In shake flask
experiments, approximately 81.96, 84.67, and 86.05 g L™' of
glucose was consumed by BPS2a10, BPS2b10, and BPS2b14,
respectively. BPS2b10 exhibited the highest xylose consump-
tion (13.55 g L"), followed by BPS2a10 (10.78 g L"), which
was relatively higher than that of BPS2b14 (8.64 g L™').
Although strain BPS2b14 had a comparatively lower xylose con-
sumption, its SA titer (48.8 g L™') and overall conversion yield
(0.52 g g~') were the highest among the three strains (Table 2).
Hence, the strain BPS2b14 was selected for further genetic
modification.

3.3 Transporter engineering enhances sugar assimilation
and SA release

In the presence of glucose, the xylose assimilation was sub-
jected to carbon catabolite repression, and the xylose uptake
was permitted only after glucose was largely assimilated.*® One
of the most important processes in sugar metabolism is the
phosphorylation of hexoses, which is accomplished by specific
kinases in the hexokinase gene family, primarily glucokinase
and hexokinase.’ Previous studies have shown that deletion
of the Hxk (hexokinase) gene in Saccharomyces cerevisiae
reduced the maximum rate of glucose consumption, yet over-
expression of the Hxk in Y. lipolytica increased biomass yield.*®
Therefore, attempts were made to overexpress hexose phos-
phorylation-related proteins to obtain strains with rapid
glucose metabolism ability. However, overexpression of YIGlk
(YALIOE15488g) and YIHxk (YALIOB22308g) genes in BPS2b14
showed virtually no effect on Sdh-negative Y. lipolytica (data
not shown).

From the perspective of final product transport, timely
secretion of the product minimized cytotoxicity caused by the
accumulation of compounds in cells, and also avoided nega-
tive feedback inhibition to a certain extent, thereby further
improving the production efficiency of target products.*'
According to Jiang et al,*® overexpression of mitochondrial
dicarboxylic acid transporter YiDic1 (YALIOB03344g) or C4-
dicarboxylic acid transporter YIMae (YALIOE24167g) in Sdh-
negative Y. lipolytica could efficiently improve the SA titer.
Encouragingly, the YIDic overexpressing strain BDic5 exhibited
significantly improved sugar assimilation capacity (Fig. 4a).
When inoculated in YPD80X40 medium, the recombinant
strain BDic5 could consume glucose rapidly within approxi-
mately 72 h, concomitant with the complete depletion of
xylose in 120 h. The sugar consumption rate of BDic5 was
greatly accelerated compared with that of parent strain
BPS2b14, and no residual xylose was detected after fermenta-
tion. Finally, it resulted in a maximum cell ODgg, of 67.03 at
96 h, an SA titer of 50.48 g L™ with an overall yield of 0.42 g g~ ".

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Comparison of sugar consumption and SA production of randomly selected transformants (a), and long-term shaking flask fermentation of
preponderant strains BPS2a10 (b), BPS2b10 (c), and BPS2b14 (d). The initial concentrations of glucose and xylose were approximately 80 and 40 g
L%, respectively. The red star symbol represents the transformants with comparatively enhanced fermentation performance.

Furthermore, the fermentation performance of BDic5 was
tested by fed-batch fermentation in shake flasks, which
yielded 102.44 and 73.89 g L' SA from the glucose-xylose
mixture or pure xylose, respectively (Fig. S21). In addition, the

This journal is © The Royal Society of Chemistry 2025

strain BMae3 (overexpressing Y/Mae in BPS2b14) also exhibited
a higher glucose utilization rate. It could consume 80 g L™
glucose in approximately 96 h, while xylose failed to be com-
pletely utilized even after extending the fermentation time to
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Table 2 SA fermentation profiles of Y. lipolytica BPS2a10, BPS2b10, and

BPS2b14
Glucose Xylose Overall
consumed consumed SA titers SA yield®
Strains L™ L™ L™ gg™
BPS2a10 81.96 10.78 44.31 0.48
BPS2b10 84.67 13.55 44.34 0.45
BPS2b14 86.05 8.64 48.8 0.52

View Article Online
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“Overall SA yield = SA titer/(glucose consumed + xylose consumed).

168 h (Fig. 4b). In contrast, overexpression of the key gene
YIDic significantly increased the sugar assimilation capacity of
Y. lipolytica BDic5, particularly in xylose uptake. It could be
inferred that overexpression of the mitochondrial dicarboxylic
acid transporter responsible for transporting SA from mito-
chondria to cytoplasm could effectively alleviate the toxicity of
SA to cells and alleviate the metabolic pressure of yeast to a
certain extent, thereby promoting the bioconversion of sugars
to SA. However, no apparent effect of co-expression of the two
genes (YIDic and YIMae) on the improvement of sugar assimila-
tion and SA biosynthesis was observed (Fig. 4c). Notably,
although the sugar-SA conversion yield of BDic5 decreased
compared to that of BPS2b14, its sugar assimilation ability was
significantly improved. Moreover, there was no fermentation
lag phase exhibited at higher sugar concentration, which was
beneficial for the economy of lignocellulosic biorefinery. To
further increase the rate of glucose assimilation, an attempt
was made to overexpress glucose transporters in engineered
strains. However, overexpression of glucose transporters
(YIyht1-6) from Y. lipolytica in BDic5 failed to enhance the
glucose assimilation rate (Fig. S37).

3.4 Efficient SA production from undetoxified DLCA(sa)-
pretreated corn stover in shake flasks

Since the strain BDic5 possessed superior glucose and xylose
assimilation properties, it was further used for the production
of SA from lignocellulosic biomass. Differing from pure culture
fermentation, the implementation of BDic5 in the actual hydro-
lysate that contained various inhibitors to produce SA was full
of indeterminacy. First of all, BDic5 was inoculated into DLCA
(sa)-pretreated and DLCA(ch)-pretreated hydrolysates. It was
found that the former hydrolysate was able to be utilized for SA
biosynthesis while the latter significantly impeded the growth
of the strain (data not shown). Afterward, the pH and initial
inoculation levels were investigated to determine optimal con-
ditions for SA production. The experimental results showed
that the strain was almost completely inhibited under the con-
dition of pH 5.5, and a lag period of nearly 72 h was required
to recover the cell growth (Fig. 5a). At initial pH 6, the growth
of the strain was partially recovered, but a relatively long
growth lag period was still presented under this condition
(Fig. 5b). When the initial pH was increased to 6.5, the fermen-
tation performance of the strain almost recovered to that of
pure culture fermentation, and the glucose and xylose in the
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Fig. 4 Effect of overexpression of transporters on sugar assimilation
rate and SA production: mitochondrial dicarboxylic acid transporter
YIDic (a), C4-dicarboxylic acid transporter YiMae (b), and combined
overexpression of YlDic and YIMae (c).

system could be completely consumed within 72 h (Fig. 5c).
Then, the inoculation levels of Y. lipolytica BDic5 were carried
out under the optimized condition of pH 6.5. As shown in

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Exploration of optimum conditions for hydrolysate fermentation: optimization of different initial pH values (a, b, c) and inoculation levels (d).
Fermentation performance of strain BDic5 in hydrolysates with different solid loadings: 20% (e), 25% (f), 30% (g), and 35% (h). Statistical analysis was
conducted by Student's t-test (* P < 0.05, ** P < 0.01, N. S represents no significant difference). N. A represents data not available.
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Fig. 5d, when the initial inoculation ODg, value was 2 or 4, the
strain could only produce a low titer of SA after 72 h of fermen-
tation. Further increasing the initial ODgy, value to 6.0, the
glucose and xylose were still not utilized after 72 h of fermenta-
tion. However, when the initial inoculation level increased to
10, the strain could resume normal performance and uptake all
the sugars within 72 h. Further increasing the inoculum level
had little effect on the fermentation performance. In order to
reduce the lag phase of fermentation, an inoculation level of
10.0 was used for subsequent experiments. Finally, the fermen-
tation performance of BDic5 was tested in the hydrolysate with
different solid loadings under the optimum conditions (pH

6.5, initial inoculation ODgg, of 10.0).

View Article Online
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As shown in Fig. 5, the engineered strain BDic5 survived well
in 20-35% solid loading of corn stover hydrolysate and could
successfully convert sugar into SA. When incubated in the 25%
solid loading of corn stover hydrolysate, BDic5 was able to
consume all the sugars (67.2 g L' glucose and 39.08 g L™*
xylose) within 72 h to produce an SA titer of 46.07 g L' with
overall yield of 0.43 g g™* (Fig. 5¢). When the solid loading
increased to 25% and 30%, higher solid loadings of feedstock
produced more fermentable sugars for production of SA. From
the experimental results, it can be seen that a total of 133.68 g
L' (82.45 g L™" glucose and 51.23 g L™* xylose) and 169.14 g L™*
(101.34 g L" glucose and 67.8 g L™ xylose) of fermentable
sugars was produced under 25% and 30% solid loadings,
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Fig. 6 Fed-batch fermentation of Y. lipolytica BDic5 in a 3 L bioreactor with undetoxified DLCA(sa)-CS hydrolysate (a), and the modified procedures

for recovery of SA from acidic fermentation broth (b).
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respectively. At these sugar concentrations, the fermentation per-
formance of strain BDic5 was not inhibited. After fermentation,
BDic5 successfully consumed all the sugars contained in the
system to produce 60.62 and 80.24 g L' SA under 25% and 30%
solid loading, respectively (Fig. 5f and g). The conversion ratios
of sugar to SA were 0.45 and 0.47 g g, respectively. A further
increase in solid loading to 35% had a negative impact on both
cell growth and SA biosynthesis (Fig. 5h). Under such high solid
loading circumstances, the elevated initial sugar concentrations
and increased inhibitor contents exhibit significant inhibitory
effects, resulting in a more prolonged lag phase (48 h) and
decreased SA productivity. Nevertheless, despite such a harsh
environment, the strain still showed slow sugar assimilation and
SA production, indicating that the engineered strain constructed
in this paper has a strong ability to acclimate and tolerate
changes in the external environment of the hydrolysate. Overall,
the robust strain Y. lipolytica BDic5 exhibited non-weak perform-
ance in the hydrolysate when compared to pure culture fermen-
tation, indicating its promising potential for application in the
industrial production of bio-SA from lignocellulosic biomass.

3.5 Fed-batch fermentation with hydrolysate in the 3 L
bioreactor

Compared with the strain BS3302 with YISdh5 inactivation,
BDic5 significantly improved the sugar assimilation efficiency
in high concentrations of glucose-xylose mixture for efficient
SA production. By conducting a batch fermentation test using
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actual hydrolysate with different solid loading, the strain
showed excellent performance in lignocellulosic biorefinery.
Higher solid loading of feedstock means that more fermenta-
ble sugars can be produced to be utilized by microorganisms
for the production of desired products. Therefore, it is of great
significance to obtain the hydrolysate with the high substrate
solid loading for the production of SA without affecting the
actual fermentation performance of the engineered strain.
Hence, 30% solid loading DLCA(sa)-CS hydrolysate was
selected in fed-batch fermentation. To further improve SA pro-
duction by the strain BDic5 using undetoxified hydrolysates,
fed-batch fermentation using concentrated hydrolysate as a
carbon source was implemented in the 3 L bioreactor.
Through optimization, the fermentation conditions were set as
follows: stirring speed of 800 rpm, airflow rate of 1 vvm, and
pH (6.5) adjustment every 24 h.

As shown in Fig. 6a, since the seed culture of BDic5 was
carried out in the same hydrolysate, the adapted strain (the initial
ODg after inoculation was 4.93) could rapidly consume glucose
and xylose in the bioreactor and produce 57.85 g L' SA within
72 h. After 200 h of cultivation with two times feeding, all the
glucose (190.52 g L") and xylose (113.51 g L™") contained in the
medium were completely assimilated by strain BDic5, and the
final SA titer reached 105.42 g L', To our knowledge, this is the
highest fermentative SA production achieved from lignocellulosic
biomass so far (Table 3). The overall SA yield and average pro-
ductivity were 0.35 g g~ total sugars and 0.53 g L™ h™", respect-

Table 3 Production of SA from lignocellulosic biomass by various microorganisms

Succinic acid

Xylose

consumed Xylose Titer Yield Productivity

Strains Subtract Fermentation strategy (gL™ residue (gL™") (gg™") (gL 'h™") Ref.
C. glutamicum  Corn stover  Batch, high-density fermentation (ODgg = 30), 16.5 Yes 64.16 0.76  1.07 20
K5 detoxification of hydrolysate (washed by tap
water during CASA pretreatment), Mg,(OH),CO3
were used to prevent acidification
C. glutamicum  Corn stalk Batch, high-density fermentation (ODggo = 150),  30.1 No 98.6 0.87 4.29 42
CGS5 CGXIIB medium with diluted hydrolysate, neu-
tralization by 4MgCO;-Mg(OH),-5H,0
A. succinogenes ~ Corn stover  Batch, hydrolysate was diluted at 56% (v/v), the  55.4 No 42.8 074 1.27 43
130Z pH was maintained at 6.8 via Na,CO3
E. coli DC1515  Corn stalk Batch, hydrolysate (after detoxification) supplied N. A N. A 38.6 0.39 0.8 44
with yeast extract, MgCO; was added as the pH
buffer
E. coli SD121 Corn stalk Fed-batch, hydrolysates were diluted about 18-20¢ Yes 57.8 0.87  0.96 45
2-fold, the pH was maintained at 7.0 (aerobic
phase) and 6.7 (anaerobic phase)
Y. lipolytica Sugarcane Batch, hydrolysate supplied with 2% corn steep ~ 10.2 Yes 332 0.58 0.33 29
PSA02004 bagasse liquor, the pH was maintained at 6.0
Y. lipolytica Hi- Corncobs Fed-batch, 20%-50% (v/v) hydrolysates were 6.2 Yes 4534 071  1.42 23
SA2-Y1Gsh2 added to the culture medium, without pH
control
Y. lipolytica Corn stover ~ Batch, high solid loading hydrolysate supplied 67.8 No 80.24 0.47  0.56 This study
BDic5 with 1% yeast extract and 2% peptone, the pH
was adjusted to 6.5 every 24 h
Y. lipolytica Corn stover ~ Fed-batch, high solid loading hydrolysate 113.51 No 105.42 0.35  0.53 This study
BDic5 supplied with 1% yeast extract and 2% peptone,

the pH was adjusted to 6.5 every 24 h

“Estimates based on graphical data from related papers. N. A: data not available.

This journal is © The Royal Society of Chemistry 2025
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ively. Due to its great acidity and inhibitor tolerance, Y. lipolytica is
an excellent microbial host for the production of bio-SA. In con-
trast to bacteria, which need to maintain a neutral pH condition
throughout the process, the pH of Y. lipolytica fermentation is
only adjusted at intervals to create suitable conditions for meeting
the growth of yeast cells in harsh environments. Therefore, the
cost of alkali reagent and subsequent SA purification will be
further reduced. Moreover, the lignocellulosic hydrolysate with
high solid loading can be directly utilized by the engineered
strain BDic5 without further detoxification or additional dilution
with complex media (Table 3). These results further confirmed
that the engineered strain Y. lipolytica BDic5 has great potential
for green and sustainable bio-SA production from lignocellulosic
biomass. Even though more than 100 g L™ SA was produced
from lignocellulosic hydrolysate by Y. lipolytica BDic5, the yield
and productivity of SA remained relatively low. Hence, further
metabolic modification of the recombinant strain should be per-
formed to enhance SA production efficiency.

The fermentative bio-SA was extracted and purified from the
acidic broth (pH = 5.98) of the hydrolysate fermentation
(Fig. 6b). Following the modified direct crystallization method,
61.75% of the total SA with purity of 92.81% (Fig. S41) was recov-
ered from the fermentation broth. In general, the total SA recov-
ery obtained by direct crystallization methods was similar to the
result reported by Alexandri et al, which wused the
B. succiniciproducens fermentation broth.>® Otherwise, the purity
of the recovered SA was similar to that obtained from the acidic
broth of the fed-batch SA fermentation (93.5%) using glucose as
the substrate.”” This indicated that such a high purity of the SA
product was triggered by the lower production of inhibitors
during DLC pretreatment and the complete utilization of the
major sugars in the hydrolysate. However, the purification
process needs to be further optimized to improve SA recovery
from SA fermentation broth of hydrolysate.

4. Conclusion

In this study, an engineered Y. lipolytica strain with superior
glucose—xylose utilization efficiency was constructed to
produce SA from lignocellulosic biomass. Through blocking
by-products and channeling metabolic flow toward SA biosyn-
thesis, the strain BPS2b14 capable of producing SA from high
concentrations of the glucose—xylose mixture was initially con-
structed, yet the rate of sugar consumption remained low. By
further overexpressing mitochondrial dicarboxylic acid trans-
porter YIDic, an engineered strain BDic5 was obtained, which
could produce 105.42 g L' SA from DLCA(sa)-CS hydrolysate
in fed-batch fermentation. This is the highest SA titer achieved
from lignocellulosic feedstock to date, and there was no xylose
residue after fermentation. The lower broth pH value and
higher SA purity make the entire lignocellulosic biorefinery
more economical. This demonstrates that the strain con-
structed in this study contributes to the development of green
and sustainable bio-SA from lignocellulosic biomass.
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