Published on 10 December 2024. Downloaded on 3/17/2026 9:07:52 PM.

Green Chemistry

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

{ M) Check for updates ‘

Cite this: Green Chem., 2025, 27,
1113

Received 31st October 2024,
Accepted 9th December 2024

DOI: 10.1039/d4gc05521g

rsc.li/greenchem

Green foundation

Efficient production of citric acid from
lighocellulose hydrolysate by metabolically
engineered Yarrowia lipolyticat

Minrui Lu,1*® Yuanyuan Sha,*® Yuwei Zhang,®® Mianshen Ge,®® Zhaoxian Xu®® and
Mingjie Jin () *aP

Lignocellulosic biomass is a reliable renewable feedstock for citric acid fermentation. Low product titer is
the bottleneck in the large scale production of cellulosic citric acid by Yarrowia lipolytica. Herein, multiple
genetic engineering strategies were explored to construct an engineered Y. lipolytica strain that can
efficiently produce citric acid with a high titer and yield. Genes related to TCA cycles were overexpressed
to increase citric acid production. Subsequently, genes in the downstream lipid synthesis pathway were
deleted to decrease citric acid consumption. The mitochondrial transporter of isocitric acid was also
deleted to minimize by-product secretion. Next, six glucose transporter genes, a hexose kinase gene, and
a heterologous 6-phosphofructo-1-kinase gene were tested to enhance the efficiency of citric acid pro-
duction. Consequently, the optimized engineered strain produced 88.2 g L™t and 73.6 g L™ citric acid
from a pure sugar medium and 30% solid loading hydrolysate, respectively. Finally, in a 3 L bioreactor,
83.6 g L™* citric acid was produced from 35% solid loading of corn stover hydrolysate via fed-batch fer-
mentation. In this work, an efficient robust yeast cell method was developed for the production of citric
acid in a sustainable manner.

1. This work advances green chemistry by engineering Yarrowia lipolytica to produce citric acid from lignocellulosic
biomass without detoxification, thus promoting sustainable biomanufacturing.

2. The DLCA(sa) pretreatment-based cellulosic citric acid biorefinery system does not require detoxification or supplemen-
tation of nitrogen sources, simplifying the production process as well as saving the overall cost. This system is more sus-
tainable and eco-friendly than the commercial starch-based citric acid production process. This work sheds light on bio-
synthesizing organic acid from lignocellulose using a yeast cell factory.

3. Further work will be dedicated to scaling up the biorefinery process for citric acid production, making cellulosic citric
acid become commercially viable.

1. Introduction

2.8 million tons per year, and demand is still increasing at a
rate of 5% every year.” Initially, citric acid was produced com-

Citric acid, a valuable commercial bioproduct, has widespread
applications in the food and pharmaceutical industries,
polymer production and environmental protection.”” In 2022,
the global market volume of citric acid reached approximately
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mercially from lemon juice; however, many microorganisms
have since been identified that can produce significant quan-
tities of citric acid.” At present, industrial citric acid pro-
duction mainly occurs through the fermentation of Aspergillus
niger, with a production cost approximately 50% lower than
that of chemical synthesis.”® However, the process of citric
acid fermentation by A. niger has many drawbacks. For
example, commercial citric acid production by A. niger mainly
uses molasses or sucrose as the carbon source, in which exces-
sive trace elements have a great influence on the citric acid
production. The elimination of these trace elements generates
significant amounts of solid and liquid waste, posing environ-
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mental hazards and increasing disposal costs.” Furthermore,
the spores released by A. niger during the fermentation process
are potent allergens that can cause pulmonary aspergilloma.®

Compared to filamentous fungi, yeasts exhibit greater toler-
ance to metal ions and high substrate concentrations, are
easier to cultivate, have higher fermentation rates, and have
therefore been used as an alternative host strain for citric acid
fermentation. Yarrowia lipolytica, a generally recognized as
safe (GRAS) oleaginous yeast, stands out as a promising option
for industrial citric acid production. Y. [lipolytica exhibits
higher tolerance to metal ions, lower oxygen requirements, a
broader substrate spectrum, more genetic modification tools
and easier-to-scale-up cultivation processes.” These advantages
make Y. lipolytica an excellent model for obtaining many tricar-
boxylic acid (TCA) intermediate products such as citric acid,
isocitric acid, a-ketoglutarate, and succinic acid.'®'" Many
efforts have been devoted to metabolically engineering
Y. lipolytica for enhanced production of citric acid. For
example, Fu et al. overexpressed a heterologous pyruvate car-
boxylase-encoding PYC gene in Y. [lipolytica, resulting in a
recombinant strain that produced 70.2 g L™ citric acid with a
yield of 0.76 g g~ " glucose.” Yuzbasheva identified the major
mitochondrial citrate transporter gene YIYHM2 and co-
expressed it with adenosine monophosphate deaminase gene
YIAMPD. This co-expression resulted in 49.7 g L™ and 97.1 g
L™ citric acid in the test tube and fed-batch bioreactor,
respectively.? These results demonstrated the promising appli-
cation of Y. lipolytica in industrial citric acid production.
However, these high yields of citric acid have primarily relied
on glucose as a carbon source. In industrial-scale fermenta-
tion, the dependence on glucose as a carbon source not only
increases production costs but also exacerbates food scarcity
issues. Therefore, it is imperative to explore a sustainable citric
acid production process using economically viable alternative
feedstocks.

Since Y. lipolytica can grow under multiple conditions,
many low-cost carbon sources have been employed to decrease
the cost of citric acid production. Urak et al. used diluted and
fortified carrot juice as a substrate, achieving a citric acid pro-
duction of 80.5 g L™'.'* Rzechonec et al cultivated a
Y. lipolytica strain with the overexpression of glycerol assimila-
tion genes on crude glycerol, yielding 75.9 g L™ citric acid.'®
The strain Y. lipolytica SWJ-1b achieved 84 g L™ citric acid
from inulin.'® Lignocellulosic biomass, including waste paper,
industrial waste, and agricultural and forestry waste, is the
most abundant renewable energy on the planet, and it has
been an appealing feedstock in the fermentation industry due
to its renewable, cheap, and carbon-neutral characteristics.
The biorefinery of lignocellulosic biomass by Y. lipolytica has
been demonstrated for sustainable production of lipids, limo-
nene, p-farnesene, and o-pinene.’”° Although efficient pro-
duction of citric acid has been achieved using the above low-
value feedstocks, the potential of lignocellulosic biomass as a
carbon source for citric acid production in Y. lipolytica has
been less explored. Liu et al. used the hydrolysate of straw cell-
ulose as substrate, achieving a citric acid titer of 42.4 g L' in a

M4 | Green Chem., 2025, 27, T3-1124

View Article Online

Green Chemistry

three-cycle fed-batch cultivation.”® Gao et al cultivated
Y. lipolytica in a corn stover hydrolysate containing glucose
and glycerol as substrate, obtaining 63.8 g L™" citric acid with
ayield of 0.66 g g~*.>* However, the low titers of citric acid fall
short of the requirements of industrial production, thereby
hindering the industrialization process of biorefining ligno-
cellulosic hydrolysate for citric acid production.

In this study, we metabolically engineered Y. lipolytica to
improve its citric acid titer and yield and demonstrated its
economic viability in producing citric acid from lignocellulosic
hydrolysate. Our research employed a push-and-pull strategy to
enhance citric acid production. We first evaluated the effects
of single and combinatorial overexpression of genes related to
the TCA cycle and citric acid transporters on citric acid pro-
duction and ultimately selected a superior gene combination
for improved citric acid production. Next, we weakened the cat-
abolism pathway of citric acid by deleting genes involved in
the lipid synthesis pathway. To eliminate the formation of the
by-product isocitric acid, we also deleted its mitochondrial
transporter. We further overexpressed genes encoding the
glucose transporter, hexokinase, and mutant 6-phosphofructo-
1-kinase to enhance substrate consumption rates and relieve
product inhibition in glycolytic pathways. Through these
efforts, we successfully engineered a robust Y. lipolytica
capable of producing citric acid with a high yield and reduced
by-product formation. In a 3-L bioreactor, this strain achieved
a citric acid titer of 83.6 g L™ in lignocellulosic hydrolysate.
This study elucidated the feasibility of utilizing low-cost feed-
stock lignocellulosic hydrolysate for citric acid production by
engineered Y. lipolytica.

2. Materials and methods
2.1 Strains and culture medium

The xylose-utilizing Y. lipolytica BZ1 was used as a host strain
and modified to produce citric acid. This strain was con-
structed by disrupting the KU70 gene in Y. lipolytica polf and
overexpressing Scheffersomyces stipitis p-xylose reductase gene
(XR) and p-xylitol dehydrogenase gene (XDH), and Y. lipolytica
xylulokinase gene (XK). Escherichia coli DH5a was used for
plasmid construction and amplification. Routine cultivation of
E. coli DH5a was performed in Luria-Bertani (LB) medium
(NaCl 10 g L™, peptone 10 g L™, yeast extract 10 g L™") sup-
plemented with ampicillin or kanamycin at 37 °C and 220 rpm
overnight. Y. lipolytica was cultured in a YPD20 medium
(glucose 20 g L', peptone 10 g L™, yeast extract 10 g L") at
30 °C and 250 rpm overnight. 2*YPD medium (glucose 40 g
L™, peptone 20 g L', yeast extract 20 g L") was used for the
transformation of Y. lipolytica. Plates of the YNB medium
without URA (YNB 1.7 g L™}, NH,Cl 5 g L ™", glucose 5 g L ™",
20 g L™" agar) were used for screening of recombinant strains.
Citric acid fermentation medium: glucose 100 g L™, xylose
50 g L', KH,PO, 1.7 g L™, Na,HPO, 12 g L™, MgS0O,-7H,0
1.25 g L', yeast extract 1.26 g L™, peptone 2.52 g L™, Vitamin
B6 6 mg L.

This journal is © The Royal Society of Chemistry 2025
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2.2 DLCA(sa) hydrolysate preparation

Corn stover was kindly provided by China Oil & Foodstuffs
Corporation, and its main components were 31 wt% glucan
and 20 wt% xylan. DLCA(sa) pretreatment was performed with
sulfuric acid as the pretreatment reagent using the method
reported previously.>® Briefly, the corn stover was treated with
sulfuric acid at a dose of 0.075 g sulfuric acid per g dry
biomass and then pelleted by a pellet machine. The obtained
DLC(sa) pellets were then autoclaved at 121 °C for 30 min to
promote biomass deconstruction, achieving the DLCA(sa) corn
stover. The enzymatic hydrolysis of the DLCA(sa) corn stover
was performed with CTec3 HS at a dosage of 20 mg protein per
g glucan at solid loadings of 25%, 30% and 35% (w/w). After
the hydrolysis process for 72 h, the obtained hydrolysate was
centrifuged at 8000 rpm, 10 min, to obtain the supernatant
and then supplemented with citric acid fermentation medium
components (without peptone and yeast extract) and neutral-
ized with NaOH to pH 6.

2.3 Plasmids and recombinant strain construction

All DNA sequencing and oligonucleotide primer syntheses
were conducted by Beijing Tsingke Biotech Co., Ltd.
Recombinant DNA manipulations and Gibson assembly were
used for plasmid construction according to the previously
described standard procedures and protocol of the
ClonExpress MultiS One-Step Cloning Kit (Vazyme), respect-
ively.”* The heterologous genes (ssXR, ssXDH, pfkA) were
codon-optimized and synthesized by Beijing Tsingke Biotech
Co., Ltd. The endogenous genes (ICL, YHM2, AMPD, Yht1-6,
Hxt1) were amplified from the BZ1 genome by PCR
amplification.

For the overexpression genes ICL, YHM2 and AMPD, the pro-
moter Prgry, Overexpression genes and the terminator Typr
were PCR-amplified from the genome of strain poif. These
three fragments were then inserted into restriction sites of
Mssl and EcoRI of plasmid pUC-HUH-rDNA. For the over-
expression genes Yht1-6 and Hxt1, the promoter Prgp,, Over-
expression genes and the terminator T,,.; were PCR-amplified
from the genome of strain polf. These three fragments were
then inserted into restriction sites of MssI and EcoRI of
plasmid pUC-HUH-A2. All the gene deletions were performed
by homologous recombination. For the knockout genes like
DGA1, the upstream and downstream 1 kb of DGA1 were
selected as homologous arms and PCR-amplified from the
genome of strain polf. These two fragments and the origin
fragments and ampicillin resistance were overlapped and
inserted into restriction sites of NotI and EcoRI of plasmid
pUC-HUH-rDNA. The plasmids and engineered Y. lipolytica
strains in this study are summarized in Table 1. The primers
used for plasmid construction in this study are summarized in
Table S1.1 All the integration or deletion plasmids are linear-
ized for yeast transformation. The transformation of
Y. lipolytica cells was performed according to the protocol of
Frozen-EZ Yeast transformation II kit (Zymo Research
Corporation), with plating on YNB plates without uracil sup-
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plementation and cultivated at 30 °C for 3 days. The colonies
picked from the plates were subsequently verified by diagnos-
tic PCR to confirm the integration or deletion of target genes
on the Y. lipolytica genome. The recycling of the URA3 selec-
tion marker was performed by counter-selecting on a YPG
plate containing 1.2 g L™ 5-FOA.>

2.4 Culture conditions in a shake flask

A single colony was selected from a plating medium and culti-
vated in a test tube with 5 mL of YPD medium at 30 °C for
12 h. Then, a portion of the microbial medium in the test tube
was transferred to a flask with 25 mL YPD medium as seed
culture. The broth in the flask was cultivated at 30 °C for 12 h
and centrifuged, and the obtained pellet was inoculated in a
fermentation medium with an initial ODggo of 2.0. The culture
pH was controlled at 6.0 by adding 40 mM NaOH every 12 h.
Fermentation was performed at 30 °C and 200 rpm for 168 h.
Samples were taken every 24 h for the measurement of cell
density, sugar concentration and citric acid concentration.

2.5 Citric acid fermentation in 3 L bioreactors

Strain BZ-IY3A12S was selected as the fermentation strain, and
the solid loading of DLCA(sa)-pretreated corn stover was 30%.
The medium components were the same as those in the shake
flask fermentation, without the addition of peptone and yeast
extract. The medium pH was monitored by an automatic
system and controlled at 6 by automatically feeding 1 M
NaOH. A stirring speed of 800 rpm, airflow rate of 1 vvm,
temperature of 30 °C and dissolved oxygen at 50% were main-
tained. In the batch fermentation, the fermentation volume
was 1.2 L. In the fed-batch fermentation, the initial fermenta-
tion volume was 1.2 L, then 30 mL concentrated hydrolysate of
30% solid loading (405.2 g L™" glucose and 239.2 g L™" xylose)
was added when the glucose was used up. Samples were with-
drawn every 12 h for the analysis of residual glucose, xylose
and citric acid.

2.6 Analytical methods

The concentrations of sugar and citric acid in the fermentation
broth were quantified by HPLC equipped with a Bio-rad
Aminex HPX-87H column and a refractive index detector. A
15.0 pL injection volume was used in a mobile phase com-
posed of 0.005 M sulfuric acid with a flow rate of 0.6 mL
min~". The column temperature was maintained at 30 °C. Cell
growth of Y. lipolytica was determined by measuring the ODgqq
value of fermentation broth.

Lipid production was measured using a previously
described procedure. Briefly, 50 pL culture broth was centri-
fuged and the supernatant was discarded. The pellet was
washed and resuspended by ddH,O (double distilled water)
and then mixed with 1 mL sulfuric acid. The mixture was
heated at 100 °C for 10 min and then cooled for 10 min. Then,
2.5 mL vanillin-phosphoric acid was added to react at 37 °C
for 15 min and cooled for 10 min. The absorbance was deter-
mined at 530 nm against the reference samples prepared with
50 pL deionized water.

Green Chem., 2025, 27, 13-1124 | 1115
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Strains or plasmids Characteristics Ref.

Strain

Y. lipolytica

Poilf matA, ura3-302, leu2-270, xpr2-322, axp2-delta NU49, XPR2::SUC2

Po1fAKu70 Po1f, AKu70 This study
BZ Po1fAKu70, integration of ssXR-ssXDH-yIXK cassette This study
BZ-1 BZ, integration of ICL1 cassette This study
BZ-A BZ, integration of AMPD cassette This study
BZ-Y BZ, integration of YHMP cassette This study
BZ-C1 BZ, integration of CIT1 cassette This study
BZ-C2 BZ, integration of CIT2 cassette This study
BZ-AY BZ, integration of AMPD-YHMP cassette This study
BZ-IY BZ, integration of ICL-YHMP cassette This study
BZ-IAY BZ, integration of ICL-AMPD-YHMP cassette This study
BZ-AD1 BZ, ADGA1 This study
BZ-AD2 BZ, ADGA2 This study
BZ-AA BZ, AACL This study
BZ-A12 BZ-A1, ADGA2 This study
BZ-A1A BZ-A1, AACL This study
BZ-A2A BZ-A2, AACL This study
BZ-IYA1 BZ-A1, integration of ICL-YHMP cassette This study
BZ-IYA2 BZ-A2, integration of ICL-YHMP cassette This study
BZ-IYAA BZ-A4, integration of ICL-YHMP cassette This study
BZ-IYA12 BZ-A12, integration of ICL-YHMP cassette This study
BZ-IYA1A BZ-A1A, integration of ICL-YHMP cassette This study
BZ-IYA2A BZ-A2A, integration of ICL-YHMP cassette This study
BZ-IYA12S BZ-IYA12, AylSCF This study
BZ-A12Y1-6 BZ-A12, integration of Yht1-6 cassettes, respectively This study
BZ-A12Hxk1 BZ-A12, integration of Hxk1 cassette This study
BZ-IYA12SY3 BZ-IYA12S, integration of Yht3 cassette This study
Plasmid

pUC-E3-HUH Cloning vector

pUC-rDNA-HUH Cloning vector This study
pUC-A2-HUH Cloning vector This study
puUC-X pUC-rDNA-HUH derivative expressing ssXR, ssXDH and yIXK This study
pUC-I pUC-rDNA-HUH derivative expressing ICL This study
pUC-A pUC-rDNA-HUH derivative expressing AMPD This study
puC-Y PUC-TDNA-HUH derivative expressing YHMP This study
puc-C pUC-rDNA-HUH derivative expressing CIT1 This study
pUC-TY pUC-rDNA-HUH derivative expressing ICL, YHMP This study
pUC-AY pUC-rDNA-HUH derivative expressing AMPD, YHMP This study
pUC-1AY pUC-rDNA-HUH derivative expressing synthetic ICL, AMPD, YHMP This study
pUC-ADGA1-HUH pUC-HUH insert in the homologous arm of DGA1 for gene knockout This study
pUC-ADGA2-HUH PUC-HUH insert in the homologous arm of DGA2 for gene knockout This study
pUC-AACL-HUH pUC-HUH insert in the homologous arm of ACL for gene knockout This study
pUC-AylISCF-HUH PUC-HUH insert in the homologous arm of yISCF for gene knockout This study
pUC-yht1-6 pUC-rDNA-HUH derivative expressing yht1-6 genes This study
pUC-Hxk1 pUC-rDNA-HUH derivative expressing Hxk1 genes This study
pUC-PFK pUC-rDNA-HUH derivative expressing pfkA genes This study

3. Results and discussion

3.1 Rewiring the carbon flux of the TCA cycle toward citric
acid

As an oleaginous microorganism, Y. lipolytica possesses a vig-
orous TCA cycle flux, which confers it an ideal chassis strain
for citric acid production. Under nitrogen depletion con-
ditions, adenosine monophosphate deaminase (AMPD) inhi-
bits the activity of isocitrate dehydrogenase (ICDH), leading to
the accumulation of citric acid and isocitric acid.?® Then, the
accumulated citric acid was transported from the mitochon-
dria to the cytoplasm by the mitochondrial citrate carrier
(YIYhm2). In addition, iso-citrate lyase (ICL) catalyzes isocitric
acid into acetyl-CoA and oxaloacetate, which then react to form

M6 | Green Chem., 2025, 27, M3-1124

citric acid.”” Approaches of overexpressing AMPD, YHM2, and
ICL genes have been confirmed to be effective in enhancing
citric acid accumulation.'*'® Therefore, the endogenous genes
AMPD, YHM?2 and ICL were individually and/or combinatorial
overexpressed in a xylose-utilizing strain BZ to rewire the
carbon flux of the TCA cycle towards citric acid synthesis and
decrease the formation of isocitric acid (Fig. 1A).

The AMPD, YHM?2, and ICL genes were first individually
integrated into the 16s rDNA locus of Y. lipolytica in multiple
copies. Since the overexpressed genes were randomly inserted
into the chromosome with various copy numbers, transfor-
mants may exhibit distinct metabolic characteristics. Thus, 8
transformants were randomly selected for each overexpressed
gene to evaluate their fermentation profiles, focusing on those

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Overexpression of AMPD, YHM2, ICL genes for the overproduction of citric acid. (A) Schematic representation of rewiring TCA cycle of
Y. lipolytica. AMPD, adenosine monophosphate deaminase; YHM2, mitochondrial citrate transporter; ICL, iso-citrate lyase. Overexpressed genes are
indicated in blue. (B) Effect of overexpression of TCA-related genes on the titer and yield of citric acid. Data represent the mean + SD of three bio-
logical replicates. (C) Effect of overexpressing TCA-related genes on the sugar consumption rate and ODggo. Data represent the means + SD of three

biological replicates.

with enhanced sugar consumption rate and citric acid titer. As
shown in Fig. 1B, all the overexpression strains showed higher
citric acid titer and sugar conversion yield than the original
strain BZ, as expected. Overexpression of YHM2 (BZ-Y) resulted
in the highest citric acid accumulation of 62.4 g L™, with a
yield of 0.49 g ¢~'. AMPD overexpression strain BZ-A produced
lower citric acid of 58.6 ¢ L™ but a similar yield (0.50 g g™).
The ICL overexpression strain BZ-I produced 48.8 g L™" of citric
acid, and the yield was 0.48 g ¢~ '. In addition, the sugar con-
sumption and ODggo were not significantly affected by overex-
pressing these genes (Fig. 1C). Strains BZ-Y exhibited superior
sugar consumption, consuming 100 g L™' glucose and 21.5 g
L™" xylose at 168 h. Strain BZ-A and strain BZ also consumed
glucose, but the xylose consumption was relatively lower than
that in BZ-Y. All the strains showed a similar ODgy, in the
range of 38.2 to 43.7. The concentration of isocitric acid was
also tested (Fig. S1t). Strain BZ-I showed a significantly
decreased isocitric acid titer up to 62.8% compared to the
control strain, followed by BZ-Y with a 33.1% decrease in isoci-
tric acid titer. The BZ-Y only showed a slight decrease in isoci-
tric acid production.

Given the positive effect of individual overexpression of
three genes on citric acid production, the combinational over-
expression of two or three genes was also tested. Based on the
highest citric acid titer achieved in strain BZ-Y, the gene AMPD
and ICL were subsequently overexpressed in BZ-Y, resulting in

This journal is © The Royal Society of Chemistry 2025

strain BZ-AY and BZ-1Y, respectively. Still, 6 transformants were
randomly chosen for each overexpressed gene, and transfor-
mants with improved sugar consumption rates and citric acid
titers were selected. As shown in Fig. 1B, strain BZ-IY obtained
a higher citric acid titer than strain BZ-AY (70.6 g L™ and
65.3 g L™, respectively). The yields of citric acid for the two
strains were comparable (0.58 g g for BZ-IY and 0.56 g g *
for BZ-AY). Both strain BZ-AY and strain BZ-IY consumed up to
100 g L™ glucose within 168 h, while strain BZ-IY consumed
more xylose (Fig. 1C). Then, we tried to overexpress the AMPD
gene in strain BZ-IY. However, the attempt to further raise the
production of citric acid failed, yielding only 65.8 g L™" citric
acid. This could be attributed to the excessive interference
with the TCA cycle. Therefore, the strain BZ-IY was selected for
the subsequent genetic modification.

3.2 Reducing fatty acid synthesis to improve citric acid
production

As an oleaginous yeast, Y. lipolytica naturally synthesizes lipids
as energy storage. However, the lipid synthesis pathway is the
downstream catabolism pathway of citric acid and disperses
carbon resources away from citric acid synthesis. The accumu-
lated citric acid is cleaved into acetyl-CoA and oxaloacetic acid
by ACL, which is then catalyzed to form acyl-CoA and stored as
triglycerides (TAG) under the catalysis of acyl-CoA diacylgly-
cerol acyltransferase 1 and 2 (Dgal, Dga2).*®° Therefore,

Green Chem., 2025, 27, 113-1124 | 117
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Fig. 2 Downregulation of the endogenous lipid synthesis pathway to reduce citric acid consumption. (A) Schematic representation of the diminish-
ing triacylglycerol synthesis pathway. ACL, ATP-citric acid lyase; DGA1, acyl-CoA diacylglycerol acyltransferase 1; DGA2, acyl-CoA diacylglycerol acyl-
transferase 2. Deleted genes are indicated in red. (B) Effects of deletion of different genes involved in the lipid synthesis pathway on citric acid and
yield and lipid content. Data represent the mean + SD of three biological replicates.

these three genes were knocked out to decrease lipid accumu-
lation and reduce citric acid consumption (Fig. 2A).

The lipid content in strain BZ-IY was 10.76% (wt/wt). We
first tested the effect of single-gene knockout on lipid content
and citric acid production. As shown in Fig. 2B, each single-
gene disruption showed a reduced accumulation of intracellu-
lar lipids. Among these, the effect of disrupting DGA1 and ACL
were significant. The lipid content of BZ-IYA1l decreased to
4.8% (wt/wt), and the lipid content of BZ-IYAA reduced to
3.2% (wt/wt), both resulting in more than 60% reduction in
the total lipid content. In contrast, deletion of DGA2 showed a
slight decline to 8.6% (wt/wt) in lipid content. Notably, only
strain BZ-IYA1 showed an improved citric acid yield of 0.75 g
g~' while BZ-IYA2 and BZ-IYAA strains exhibited decreased
titers, with yields remaining relatively unchanged. This may be
because the deletion of ACL reduced the supply of acetyl-CoA,
thereby affecting cell growth, which was indicated by the wea-
kened sugar consumption rate (Fig. S2}). In addition, DGA1
may appear to be the primary TAG-synthesizing gene, thus
leading to a lesser impact on lipid synthesis when only DGA2
is deleted.*™*?

Considering the above results, we iteratively disrupted
DGA2 and ACL1 genes in the strain BZ-IYA1, generating the
double-mutation strains BZ-IYA12 and BZ-IYA1A, respectively.
We also disrupted the DGA2 gene in strain BZ-IYAA to generate
strain BZ-IYA2A. All generated strains resulted in a reduced
lipid content (Fig. 2B). The most significant reduction in lipid
content was achieved by the strain BZ-IYA1A, which obtained
a lipid content of 3.54% (wt/wt). However, this engineered
strain showed a significantly decreased citric acid titer of
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20.5 g L' (Fig. 2B), as well as a slow sugar consumption
(Fig. S27), suggesting that simultaneous disruption of DGA1
and ACL1 may affect cell growth. As reported, the deletion of
DGA1 or ACL1 affected the formation of TAG, which may result
in the shortage of fatty acid for membrane biogenesis, the dis-
ruption of cellular TAG homeostasis and the inhibitory feed-
back on fatty acids biosynthesis.”®**"** Strains BZ-IYA12 and
BZ-IYA2A also exhibited reduced lipid contents of 3.98% (wt/
wt) and 4.55% (wt/wt), respectively, along with lower sugar con-
sumption compared to the control strain BZ-IY (Fig. S4t). This
led to a final citric acid titer of 70.5 ¢ L™" in BZ-IYA12, similar
to the 70.6 g L™" observed in strain BZ-IY. However, the citric
acid yield for BZ-IYA12 increased to 0.83 g g™, representing a
37.9% enhancement over the 0.58 g g * yield of strain BZ-IY
(Fig. 2B). These results proved that iteratively disrupting DGA1
and DGA2 to downregulate lipid synthesis is effective in miti-
gating citric acid consumption, thus increasing the yield from
the substrate to citric acid.

3.3 Abolishing the isocitric acid transporter to reduce by-
products

As the intermediates of the TCA cycle, the synthesis of citric
acid is often accompanied by the formation of isocitric acid.
The inhibited activity of isocitrate dehydrogenase (IDH) under
nitrogen depletion conditions disrupted the conversion of iso-
citric acid in the cycle. Both citric acid and isocitric acid
accumulate in the mitochondria and diffuse into the cyto-
plasm and culture medium, which improves the difficulty of
downstream separation and purification.*® Since the inner
membrane of mitochondria is impermeable to citric acid and
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isocitric acid, a transporter is required for isocitric acid
secretion. A native isocitric acid mitochondrial carrier YLSfc1l
in Y. lipolytica was demonstrated to be the main factor in isoci-
tric acid secretion.? Inactivation of yISFC1 gene may lead to a
decreased isocitric acid production and isocitric acid/citric
acid ratio.

To reduce the secretion of the by-product isocitric acid, the
YISFC1 gene was deleted in the strain BZ-IYA12, resulting in
the strain BZ-IYA12S (Fig. 3A). As shown in Fig. 3B, the titer of
by-product isocitric acid was decreased from 5.5 g L™" in strain
BZ-IYA12 to 2.6 g L™ in strain BZ-IYA12S as expected, indicat-
ing the validity of knocking out yISFC1 gene as reported.*
However, the citric acid production decreased from 70.4 g L™
in strain BZ-IYA12 to 64.8 ¢ L' in strain BZ-IYA12S. The citric
acid yield of BZ-IYA12S (0.81 g g ') remained similar to that of
BZ-IYA12 (0.83 g g ). The reduced titer of citric acid contribu-
ted to lower sugar consumption compared to the parent strain
BZ-IYA12. According to Fig. 3C and D, slightly lower glucose
consumption was observed in strain BZ-IYA12S (80 g L™") than
that of strain BZ-IYA12 (85 g L") within 168 h. The highest
value of ODg,, reached 33.1 and 28.1 in strains BZ-IYA12 and
BZ-IYA12S, respectively. These results indicated the deletion of
YISFC1 had a negative effect on cell growth.?® Xylose concen-
tration remained unchanged due to the carbon catabolite
repression. Despite the deletion of the isocitric acid transpor-
ter, which had no contribution to the increment of citric acid

Cytosol citric acid isocitric acid
YHM?2
YISFCI
Mitochondria
120 4 —#— Glucose Citricacid 1 50
BZ-1YA12 : ¢
—o— Xylose —— 0Dy,
100 4 40
80 4

— =
> =
" 1

Sugar concentration (g/L)
=

>

0 24 48 72 96 120 144 168
Time (h)

View Article Online

Paper

production, the reduced concentration of the by-product was
beneficial for the separation and purification process of citric
acid from the fermentation broth.

3.4 Boosting citric acid productivity by enhancing substrate
utilization efficiency

The above-mentioned metabolic engineering strategies suc-
cessfully improved the sugar conversion rate from 0.34 g g”* in
the original strain to 0.83 g g ' in the BZ-IYA12S strain,
whereas it comes at the cost of decreased glucose utilization
rate. This is unfavorable in the industrial application with
hydrolysate as a carbon source because Y. lipolytica preferen-
tially uptakes glucose over xylose in mixed sugar.’® A low
glucose utilization rate impedes xylose fermentation, resulting
in higher costs due to the extended fermentation period. To
promote glucose consumption, six native hexose transporter
genes, Yht1-6, and a native hexose kinase gene, Hxt1, were
overexpressed in strain BZ-A12S, respectively, resulting in
strain BZ-Y1-6A12S and strain BZ-HA12S (Fig. 4A).

The sugar utilization rate was recovered by strain overex-
pressing Yht1, Yht3, Yht5 and Yht6. The Yht1, Yht5 and Yht6
overexpressing strains exhibited higher sugar consumption
rates but with lower citric acid titer than the original strain BZ-
A12S (Fig. S37). As stated, this reduction may be due to the
redirection of carbon flux towards the pentose phosphate
pathway, resulting in mannitol and erythritol secretion.’”®
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Fig. 3 Deletion of isocitric acid transporter to reduce by-product secretion. (A) Schematic diagram of mitochondrial isocitric acid transporter.
YHM2, mitochondrial citrate transporter; yISFC1, isocitric acid mitochondrial carrier. (B) The comparison of citric acid and isocitric acid titer between
strains BZ-1YA12 and BZ-1YA12S. Data represent the means + SD of three biological replicates. Fermentation profiles of sugar consumption, ODggo.
and citric acid accumulation for strain BZ-IYA12 (C) and strain BZ-1YA12S (D). Data represent the means + SD of three biological replicates.
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Data represent the mean + SD of three biological replicates.

Only overexpressing Yht3 resulted in an enhanced sugar
uptake rate and higher citric acid titer. Consequently, gene
Yht3 was overexpressed in strain BZ-IYA12S, obtaining strain
BZ-IY3A12S. As shown in Fig. 4B, glucose was almost con-
sumed (up to 100 g L™") within 120 h and only 12 g L™" xylose
was left after 168 h fermentation of strain BZ-IY3A12S. A high
citric acid titer of 88.2 ¢ L™ was obtained, while the citric acid
yield was reduced to 0.68 g g™ .

6-Phosphofructo-1-kinase (PFK1) is one of the key regulat-
ory enzymes in eukaryotic microorganisms, catalyzing the first
irreversible reaction of glycolysis by phosphorylating fructose-
6-phosphate. PFK1 is tightly regulated within the glycolytic
pathway and has six allosteric ligands. Citrate is one of the
allosteric inhibitors. An intracellular overflow of citrate can
lead to the inhibition of PFK1 activity and cause deregulated
glycolysis. By constructing a modified pfkA gene in A. niger, a
highly active and citrate-resistant PFK1 enzyme was obtained,
increasing the citric acid production by up to 70% compared
to the parental strain.*® To further accelerate the glucose con-
sumption rate and improve citric acid production, we over-
expressed the codon-optimized modified pfkA gene in
Y. lipolytica, obtaining the strain BZ-IY3FA12S (Fig. 4C).
However, the sugar consumption rate and titer of citric acid
was not further improved (Fig. 4D). This may suggest that
PFK1 is not the rate-limiting enzyme in citric acid synthesis in

120 | Green Chem., 2025, 27, M3-1124

Y. lipolytica. More research studies, including metabolome and
proteome analysis, are needed to clarify the complex metabolic
pathways. Therefore, we choose the BZ-IY3A12S strain for the
subsequent experiment.

3.5 Citric acid fermentation from corn stover hydrolysate in
the flask and 3 L bioreactor

Given the optimized citric acid production of the engineered
strain BZ-IY3A12S in pure sugar medium, we then tested its
performance in the corn stove hydrolysate in the shake flask.
Lignocellulose hydrolysate is the most abundant renewable
resource worldwide, and it has been utilized as a low-value
feedstock for the production of various biofuels and chemi-
cals. Numerous studies have been conducted to produce citric
acid from hydrolysates; however, these often necessitate detoxi-
fication due to the toxic compounds generated during the pre-
treatment process. Additionally, the titers achieved are rela-
tively low because of the diminished sugar concentration at
low solid loading, which ultimately hinders the process from
reaching a commercial scale.”"*>*! Recently, a promising pre-
treatment method known as “densifying lignocellulosic
biomass with chemicals (DLC)” has been developed, leading
to low inhibition and high enzymatic hydrolysis, and has been
successfully applied for high production of ethanol, lipids and
lactic acid.**™** It was hence selected as feedstock for the inves-
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tigation of citric acid production by the engineered strain
BZ-1Y3A12S.

The engineered strain BZ-IY3A12S was tested for ferment-
ing corn stover hydrolysate at high solid loadings of 25%, 30%,
and 35%. The BZ-IY3A12S strain survived well in 25% and
30% solid loading corn stover hydrolysate and efficiently con-
verted sugars into citric acid. In the hydrolysate with 25% solid
loading, 68.1 g L™" citric acid was produced with a yield of
0.50 g ¢”' (Fig. 5A). In contrast, a higher titer of 73.6 g L™"
citric acid was achieved in 30% solid loading with a citric acid
yield of 0.49 g g7, suggesting the robustness of the engineered
strain and the high fermentability of DLCA(sa)-pretreated corn
stover hydrolysate (Fig. 5B). However, when the solid loading
increased to 35%, the strain could not fully consume glucose
in 144 h and only 48.6 g L™ citric acid was achieved (Fig. 5C).
This may be attributed to the inhibitory effects from the high
initial sugar concentration and high inhibitor contents
(Table S27). Therefore, DLCA(sa)-pretreated corn stover hydro-
lysate with 30% solid loading was selected for the following
experiments.

To further improve citric acid production by the strain
BZ-1IY3A12S using undetoxified hydrolysates, batch and fed-
batch fermentation using hydrolysate at 30% solid loading was
implemented in the 3-L bioreactor. 100.4 g L™" glucose and
60.8 g L™" xylose were detected in the DLCA(sa)-pretreated corn
stover hydrolysate at 30% solid loading. In the batch fermenta-
tion (Fig. 6A), with a controlled temperature of 30 °C and pH
at 6, strain BZ-IY3A12S consumed all the glucose within 120 h
and xylose within 168 h. The highest titer of citric acid reached
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74.2 g L' at 168 h with a yield of 0.46 g g~ of fermentable
sugar. A fed-batch fermentation was subsequently conducted
to further enhance the production of citric acid. The feeding
started at 120 h and was performed three times with a final
solid loading of 35% (Fig. 6B). Along with the progressed
feeding strategy, the increased inhibitor content led to a
decrease in xylose utilization, which was consistent with pre-
vious studies.”” Thus, the fermentation was terminated at
216 h. Finally, 129.6 g L™" glucose and 61.5 g L ™" xylose were
consumed, resulting in a higher citric acid titer of 83.6 g L™".
The yield and productivity of citric acid were 0.44 g g~ and
0.39 g L' h™, respectively. There have been barely any studies
reporting high citric acid titers of more than 80 g L' from
Lignocellulosic biomass (as detailed in Table 2). To our knowl-
edge, this is the highest citric acid production achieved from
the non-detoxified lignocellulosic hydrolysate by Y. lipolytica.
Additionally, it is noteworthy that no supplementary nitrogen
source was added to the hydrolysate during the fermentation
process. This absence of added nitrogen not only simplifies
the production protocol but also contributes to overall cost
savings, making the process more economically viable for
large-scale applications.

Overall, the engineered Y. Ilipolytica strain BZ-IY3A12S
achieved a high citric acid titer of 83.6 g L™" in lignocellulosic
hydrolysate without further detoxification. However, the citric
acid titer still fell behind the value in the synthetic medium
(Fig. 6C). This may be attributed to the inhibition effects from
high inhibitor contents. Further studies should focus on
improving the robustness of the engineered strain.
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Fig. 5 Fermentation profiles of strain BZ-1Y3A12S in DLCA(sa) corn stover hydrolysate at 25% solid loading (A), 30% solid loading (B) and 35% solid
loading (C), and the comparison of citric acid titer and yield (D). Data represent the mean + SD of three biological replicates.
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Fig. 6 Batch (A) and fed-batch (B) fermentation of strain BZ-1Y3A12S in a 3-L bioreactor with DLCA(sa) corn stover hydrolysate as the substrate. (C)
Metabolic engineering of Y. lipolytica for efficient synthesis of citric acid. Strategies including rewiring TCA cycle, reducing citric acid consumption,
decreasing by-product secretion and enhancing substrate utilization were applied. The engineered strain BZ-IY3A12S produced 83.6 g L™ in DLCA
(sa) corn stover hydrolysate in a 3-L bioreactor. AMPD, adenosine monophosphate deaminase; YHMZ2, mitochondrial citrate transporter; ICL, iso-
citrate lyase; ACL, ATP-citric acid lyase; DGA1, acyl-CoA diacylglycerol acyltransferase 1; DGAZ2, acyl-CoA diacylglycerol acyltransferase 2; Yht3,
hexose transporter. The overexpressed genes are indicated in blue and orange, and the deleted genes are indicated in pink.

Table 2 Production of citric acid from lignocellulosic biomass by Y. lipolytica

Carbon Citric acid Yield Productivity
Strains source  Fermentation strategy Substrate consumption (gL™ (g™ (gL'h™) Ref.
Y. lipolytica Straw Batch 33.8 g L" glucose 26.7 0.79 0.23 21
SWJ-1b Fed-batch N. A* 42.4 0.43 0.18
Y. lipolytica OMW?  Batch in shake flask, OMW and 50 g L' glycerol and reducing ~ 30.3° 0.62 0.117 46
LGAM S (7) glycerol blend sugars in OMW
Y. lipolytica OMW? Batch in shake flask, mixture of 65 g L™" glucose 28.9° 0.53 0.08¢ 47
ACA-DC 50109 OMW with synthetic medium

containing commercial glucose

Y. lipolytica W29 ~ OMW? Shake flask, OMW and glucose blend 34 g L™" glucose 15.8° 0.46 0.11 48
Y. lipolytica OMW?  Shake flask, OMW and glucose N.A? 52¢ 0.64  0.12 49
ACA-YC 5033 blend
Y. lipolytica Corn Batch in 5-L bioreactor, hydrolysate 50 g L™* glucose, 46.3 g L™ 63.8 0.607 0.33 22
CGMCC 2.1506 stover with 0.25% TritonX-100 addition glycerol and 10-12” g L™* xylose
Y. lipolytica Corn Batch in 3-L bioreactor, no 100.4 g L™ glucose and 74.2 0.46 0.44 This study
BZ-1Y3A12S stover additional nitrogen source 60.8 g L ™" xylose
Y. lipolytica Corn Fed-batch in 3-L bioreactor, no 129.6 g L™* glucose and 83.6 0.44 0.39 This study
BZ-IY3A12S stover additional nitrogen source 61.5 g L™" xylose

“N. A = data not available. ? Olive mill wastewater. “ The conversion yield was based on the reducing sugars (OMWs contained some quantities of
reducing sugars) consumed by the strains. ¢ Estimates based on graphical data from a related paper.
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4. Conclusion

In the present study, we constructed a Y. lipolytica platform for
sustainable production of citric acid by overexpressing TCA
related genes to enhance citric acid production and reduce iso-
citric acid formation, deleting DGA1, DGA2, and ACL genes to
reduce the consumption of citric acid in the downstream lipid
synthesis pathway, knocking out the isocitric acid transporter
gene to further reduce by-products in the culture medium to
improve product purity, and overexpressing glucose transpor-
tation and glycolysis pathway genes to improve the substrate
utilization rate. Finally, 83.6 g L™ citric acid was achieved
from DLCA(sa)-pretreated corn stover in a 3-L bioreactor by
fed-batch fermentation. This work showed the potential of
using lignocellulose hydrolysate as a low-cost carbon source to
enable sustainable and efficient citric acid production with a
yeast platform.
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