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Abstract 

Background Itaconic acid is a valuable platform chemical with applications in polymer synthesis and other industrial 
sectors. Microbial fermentation offers a sustainable production route, involving two fungi such as Aspergillus terreus 
and Ustilago maydis. However, their employment in industrial bioprocesses for itaconic acid production is character-
ized by several challenges. Yarrowia lipolytica is a non-conventional yeast that shows suitability for industrial produc-
tion and it is widely employed as heterologous host to obtain relevant metabolites. This study aimed to engineer 
Y. lipolytica for the selective production of itaconic acid by optimising intracellular metabolic fluxes and transport 
mechanisms.

Results A metabolic engineering strategy was developed to prevent the secretion of citric and isocitric acids 
by blocking their transport at both mitochondrial and plasma membrane levels in Y. lipolytica strains. Specifically, 
the inactivation of YlYHM2 and YlCEX1 genes reduced secretion of citric and isocitric acid, enabling their accumula-
tion in the mitochondria. Additionally, heterologous transporters from Aspergillus terreus (mttA and mfsA) and Ustilago 
maydis (mtt1 and itp1) were introduced to enhance the mitochondrial export of cis-aconitate and the extracellular 
secretion of itaconic acid. For the first time, complete gene set of the itaconate biosynthetic pathways from both fun-
gal species were functionally expressed and compared in a yeast system with a similar genetic background. A syn-
ergistic increase in itaconic acid production was observed when both pathways were co-expressed, combined 
with the inactivation of native citric and isocitric transport. In contrast to previously engineered Y. lipolytica strains 
for itaconic acid production, the optimised strain obtained in this study does not require complex or nutrient-rich 
media, while achieving the highest product yield (0.343 mol IA/mol glucose) and productivity (0.256 g/L/h) reported 
in yeast, with minimal by-product formation.

Conclusions By integrating transporter engineering and pathway diversification, this study demonstrates an effec-
tive strategy to enhance itaconic acid production in Y. lipolytica while minimising by-product formation. The findings 
provide new insights into organic acid transport in yeast and open avenues for further optimization of microbial cell 
factories for sustainable biochemical production.
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Graphical Abstract

Background
Itaconic acid (IA), also called methylidenesuccinic acid, 
is an unsaturated dicarboxylic acid with the chemi-
cal formula  C5H6O4. Its distinctive chemical properties, 
including α,β-unsaturated functionality and two carbox-
ylic groups, make it a valuable monomer in the chemical 
industry [1, 2]. IA has been inserted in the 12 value-added 
platform chemicals derived from biomass list by the U.S. 
Department of Energy [3] and its market value was esti-
mated to reach 177.79 Million dollars by 2031, growing 
at a Compound Annual Growth Rate (CAGR) of 6.80% in 
the next seven years [4, 5]. IA is utilised in the synthesis 
of both polyitaconates, which are obtained by radical pol-
ymerisation or polycondensation involving only IA, and 
co-polymers [6]. IA represents a valuable non-fossil deri-
vate alternative monomer or co-monomer for the synthe-
sis of poly(meth)acrylates due to its structural similarity 
to acrylic acid and methacrylic acid [7], finding applica-
tion in manufacturing of resins, synthetic fibres, plastics, 
rubbers, surfactants, and oil additives [8–10]. Further-
more, IA functions as a building block for polymers 
with enhanced and innovative features, including shape 

memory [11], UV- and thermal-curing or crosslinking 
[12], biocompatibility [13, 14] and antibacterial function 
[15, 16]. These polymers are therefore suitable for drug 
delivery, tissue engineering and a wide range of bio-
medical applications. Recent studies have demonstrated 
that IA plays a crucial role in immunomodulation. IA is 
secreted by mammalian cells as an anti-inflammatory sig-
nal, indicating potential additional applications for this 
compound in the therapeutic field [17–19]. The chemical 
synthesis of IA was first accomplished in 1873 through 
the thermal decarboxylation of citric acid [20], followed 
by the discovery of other methods such as decarboxyla-
tion of aconitic acid and oxidation of isoprene. However, 
these chemical synthesis methods were not economically 
viable due to their low yields, low production rates, and 
the numerous steps involved [21, 22]. As a result, indus-
trial production of IA relies on microbial bioprocessing 
using Aspergillus terreus, a filamentous fungus capable of 
producing up to 160 g/L of IA [23]. The IA biosynthetic 
pathway in A. terreus (Fig. 1) is characterized by the pres-
ence of cis-aconitate decarboxylase (CadA), a cytosolic 
enzyme that converts cis-aconitate into IA. Additionally, 
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it involves two transport proteins: the mitochondrial tri-
carboxylic acid transporter (MttA), which catalyses the 
transfer of cis-aconitate from the mitochondria to the 
cytosol, and the major facilitator superfamily transporter 
MfsA, which exports IA to the extracellular environment 
[24, 25]. However, the IA production process involving 
A. terreus as a microbial factory has several limitations. 
Notably, A. terreus is a pathogenic microorganism that 
can cause lethal infections, known as aspergillosis, and 
exhibits antibiotic resistance [26, 27]. In addition to its 
hazardous nature, A. terreus has a slow growth rate, high 
sugar consumption, a spore-forming life cycle, sensitiv-
ity to oxygen availability and pH of the culture medium, 
inhibition of IA production at low manganese ion  (Mn2⁺) 
concentrations (3 µg/L), mycelial shear stress associated 
with filamentous growth, and difficulty in genetic manip-
ulation [28–32]. Due to these limitations, the A. terreus 
platform for IA production is difficult to manage, requir-
ing strict control of multiple parameters.

Another natural producer of IA is Ustilago maydis, a 
unicellular yeast-like fungus pathogenic to maize crops. 
Unlike the A. terreus pathway, in U. maydis, IA is pro-
duced via the intermediate trans-aconitate (Fig. 1). The 
aconitase-∆-isomerase (Adi1) converts cis-aconitate 
into trans-aconitate, and the trans-aconitate decarbox-
ylase (Tad1) then acts on trans-aconitate to release IA. 
Both of these enzymatic activities occur in the cytosol. 
The pathway also includes the mitochondrial trans-
porter (Mtt1), which facilitates the transport of cis-
aconitate from the mitochondria to the cytosol. Finally, 
IA is secreted by the itaconate transporter protein Itp1 
[33]. Several efficient U. maydis IA producing strains 
have been developed but this microorganism has nota-
ble drawbacks. These include its non-GRAS status, 
co-production of malate and succinate with IA, requir-
ing additional separation steps, and pH sensitivity 
that shifts metabolism from acid production to polyol 
and glycolipid synthesis. These limitations necessitate 

Fig. 1 Schematic representation of the IA biosynthetic and transport pathways from A.terreus and U. maydis. The figure summarizes the key 
enzymatic reactions and transport steps involved in the native biosynthesis of IA in both fungi. Enzymes and transporters from A. terreus are 
shown in green, while those from U. maydis are shown in blue. CadA, cis-aconitate decarboxylase (A. terreus); Itp1, itaconate transport protein (U. 
maydis); MttA, mitochondrial tricarboxylate transporter (A. terreus); Mtt1, mitochondrial tricarboxylate transporter (U. maydis); MfsA, major facilitator 
superfamily transporter (A. terreus); Tad1, trans-aconitate decarboxylase (U. maydis); TCA cycle, tricarboxylic acids cycle
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precise control of cultivation conditions, resulting in a 
complex production process [34–37].

To enhance IA production efficiency, genetic engi-
neering strategies have been employed in various 
microorganisms, including Aspergillus niger [38, 39], 
Saccharomyces cerevisiae [40], Corynebacterium glu-
tamicum [41], Escherichia coli [42–44] and Yarrowia 
lipolytica [45–48].

In this study, Y. lipolytica was selected as the micro-
bial cell factory for IA production due to its numerous 
advantages. This non-conventional yeast is recognised 
as GRAS and has emerged as a promising host for het-
erologous IA production because of its exceptional 
metabolic versatility and adaptability. It benefits from 
advanced genetic engineering tools [49], exhibits a wide 
range of substrate utilisation [50], and shows tolerance 
to various stressors, including low pH and high sub-
strate concentrations. These traits make it particularly 
suitable for the cost-effective and sustainable produc-
tion of value-added bioproducts on an industrial scale. 
Additionally, Y. lipolytica exhibits a high carbon flux 
towards mitochondria (about 60% of the glucose car-
bon moles) [51]. This significant mitochondrial carbon 
flux results in a correspondingly high production of cit-
rate (CA) and isocitrate (ICA), intermediates that can 
be efficiently utilised for IA synthesis.

The aim of this study was to efficiently produce IA 
using Y. lipolytica as a microbial platform through vari-
ous genetic manipulation approaches: (1) Increasing 
the CA pool in the mitochondrial matrix by inactivat-
ing the gene encoding the mitochondrial citrate car-
rier protein, YlYHM2; (2) Expressing the genes from 
the A. terreus IA biosynthetic pathway (mttA, cadA and 
mfsA) in Y. lipolytica; (3) Eliminating the export of side 
metabolites, particularly CA and ICA, by deleting the 
membrane citrate exporter gene YlCEX1; (4) Introduc-
ing multiple copies of genes from the A. terreus path-
way;  (5) Evaluating the genes from the U. maydis IA 
biosynthetic pathway (mtt1, adi1, tad1, itp1), in recom-
binant Y. lipolytica strains, both alone and in combi-
nation with other genetic modifications, including the 
inactivation of YlYHM2 and YlCEX1, as well as the co-
expression of the genes from the U. maydis and the A. 
terreus IA biosynthetic pathways. Among developed 
recombinant strains, the best-performing IA-producing 
strain of Y. lipolytica was identified in flask cultivation 
studies. This strain combined the overexpression of 
both the A. terreus and U. maydis IA biosynthetic path-
ways with the inactivation of YlYHM2 and YlCEX1. The 
IA production process was then scaled up in a 2-L bio-
reactor, resulting in the most efficient IA-producing Y. 
lipolytica strain reported to date in terms of yield and 
productivity.

Materials and methods
Strains and culture media
Escherichia coli DH5α used for plasmid construc-
tion, propagation and amplification, was cultivated 
in Luria Bertani (LB) media at 37 °C with shaking (200 
rpm). This medium was supplemented with antibiotics 
based on the resistance of the plasmids (spectinomycin 
(Sigma-Aldrich, St. Louis, MO, USA), 75 µg/mL; ampi-
cillin (Sigma-Aldrich, St. Louis, MO, USA), 100 µg/mL) 
to allow selective growth. All Y. lipolytica strains con-
structed in this study summarised in Table 1, are derived 
from Y-4973, an uracil auxotroph and Ku70-mutant 
(∆ura3 ∆ku70) obtained from the W29 strain (MatA, 
wild-type), that shows an increased rate of homologous 
recombination [52].

Y. lipolytica strains were cultivated in different media 
at 29 °C and with orbital shaking at 200 rpm. The rich 
medium, used for seed culture, was YPD medium com-
posed of 10 g/L yeast extract (Biokar Diagnostics, 
Allonne, France), 20 g/L peptone (Biokar Diagnostics, 
Allonne, France), and 20 g/L glucose (Sigma-Aldrich, 
St. Louis, MO, USA). Whenever required, the medium 
was supplemented with nourseothricin (Jena Bioscience, 
Jena, Germany) (350 µg/mL) for the overnight growth 
of Y. lipolytica strains transformed with Cas9 expressing 
plasmids, or with hygromycin (Sigma-Aldrich, St. Louis, 
MO, USA) (450 µg/mL) for selective marker recovery 
procedure. The minimal medium was composed of 1.7 
g/L Yeast Nitrogen Base without nitrogen source (YNB) 
(Difco™, Becton Dickinson, Sparks, MD, USA) supple-
mented with glucose and ammonium sulphate (VWR 
Chemicals, Radnor, PA, USA) at various concentrations 
based on the scope of the cultivation, achieving different 
Carbon to Nitrogen (C/N) ratio.

For uracil auxotrophic strains, the minimal medium 
was supplemented with 0.3 g/L uracil (Sigma-Aldrich, St. 
Louis, MO, USA). For selection of URA3 marker-based 
transformants, the minimal medium was supplemented 
with 20 g/L glucose, 5  g/L ammonium sulphate, and 
2 g/L of each of the 20 proteinogenic amino acids (Sigma-
Aldrich, St. Louis, MO, USA), without uracil. Solid media 
were prepared by adding 20 g/L of bacteriological agar 
(Type E, Biokar Diagnostics, Allonne, France).

Construction of plasmids and recombinant strains
Plasmids for yeast genome engineering were constructed 
using a set of vectors from the synthetic biology toolkit 
YaliCraft as backbones [52]. For the transformation of 
Y. lipolytica strains, both a Cas9-helper plasmid (encod-
ing Cas9 and a guide RNA, or gRNA), and a repair frag-
ment with homologous flanking regions for genome 
integration (Donor) were used. After the endonuclease 
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Cas9 created a double-strand break at a specific genomic 
locus, directed by the gRNA (a 20 nt RNA sequence), the 
Donor was integrated into the genome via the homolo-
gous recombination (HR) repair mechanism. The inte-
gration loci, identified as intergenic regions, have been 
previously described [52]. For the YlYHM2 gene (YALI1_
B14382g) inactivation, the deletion cassette ∆Ylyhm2 was 
produced via PCR amplification of a genomic fragment 
from the previously described ∆Ylyhm2 strain [53]. To 
inactivate the YlCEX1 gene (YALI1_E32636g), a dele-
tion cassette (∆Ylcex1) was created by PCR amplification 
of the 803 bp upstream and 820 bp downstream regions 
of the coding DNA sequence (CDS) from the wild-type 
strain Y-4973, using specific primers listed in Table  S1. 
These two fragments were then combined using overlap-
ping extension PCR to form the deletion cassette. Trans-
formations were performed using the deletion cassettes 
along with the pCasNA-RK helper plasmid express-
ing Cas9. This plasmid also included sequences encod-
ing specific gRNAs for YlYHM2 or YlCEX1 (Table  S1). 
The gRNAs were designed using the ChopChop tool 
(http:// chopc hop. cbu. uib. no/) and inserted as previously 
described [52]. The deletions were verified by PCR ampli-
fication on the genome of transformant strains using 
primers flanking the YlYHM2 or YlCEX1 genes, respec-
tively (Table S1).

To overexpress the IA biosynthetic genes from A. ter-
reus (cadA, mttA, mfsA) and U. maydis (adi1, itp1, mtt1, 
tad1), plasmids were constructed using the Golden 
Gate assembly method [54]. This involved using BsaI as 

the restriction enzyme and combining plasmid compo-
nents from the YaliCraft toolkit, particularly from the 
Exp Module. A single transcriptional unit was assem-
bled using an empty Level 1 plasmid, which determined 
the integration locus of the final construct. The selected 
empty Level 1 vector was combined with two Level 0 
plasmids, each containing a promoter (from the pPro 
series) and a terminator (from the pTer series), along 
with the CDS as synthetic Y. lipolytica-codon-optimised 
DNA including specific overhangs with corresponding 
restriction sites compatible with Golden Gate assem-
bly (Table  S2). Then, up to three transcriptional units 
were combined in Level 2 plasmids through the utilisa-
tion of the Golden Gate assembly method using BsmBI 
as the restriction enzyme. In this one-pot reaction, a 
selected empty Level 2.2 or 2.3 vector was combined 
with two (Level 1.1 and 1.2) or three (Level 1.1, 1.2 and 
1.3) assembled Level 1 plasmids. The expression cas-
settes were released from the plasmids by digestion with 
the NotI endonuclease, resulting in donor DNA used in 
the CRISPR/Cas9-based genome engineering of Y. lipo-
lytica. To integrate the overexpression constructs into 
yeast strains, the corresponding donor was co-trans-
formed with the Cas9-helper, targeting a specific locus 
in the Y. lipolytica genome. The URA3 gene served as 
the selection marker for the overexpression constructs, 
making the transformed strains prototrophic for uracil. 
For each subsequent step, an auxotrophic derivative was 
obtained using the Cre-lox 66/71 recombination system, 
as previously described [52, 55]. To verify the correct 

Table 1 Y. lipolytica strains used in this study and their genotype. Genotypes are presented in the format [integration site]:[promoter]-
[gene]-[terminator], where the integration site (Int) refers to the specific genomic locus targeted, as described by Yuzbashev et al. 
(2023). The promoter (p) and terminator (t) elements vary depending on the expression cassette used. The overexpressed gene is 
shown in italics

Strain Genotype Reference

Y-4972 W29 ∆ku70 Yuzbashev et al., 2023

Y-4973 W29 ∆ku70 ∆ura3 Yuzbashev et al., 2023

YM4B222 Y-4973 ∆Ylyhm2 This study

YM4B246 YM4B222 ∆Ylcex1 This study

YM4B256 YM4B222 IntC2:pTEF1-cadA-tLIP2/pGADPH-mttA-tScPGK1/pFBA1-mfsA-tScADH1 This study

YM4B324 YM4B256 ∆Ylcex1 This study

YM4B364 YM4B324 IntE16:pEXP1-cadA-tScADH1 This study

YM4B371 YM4B324 IntF9:pFBA1-mfsA-tScADH1 This study

YM4B372 YM4B324 IntE8-pGADPH-mttA-tScPGK1 This study

YM4B373 YM4B364 IntF9:pFBA1-mfsA-tScADH1 This study

YM4B374 YM4B324 IntE15:pTEF1-cadA-tLIP2/pGADPH-mttA-tScPGK1/pFBA1-mfsA-tScADH1 This study

YM4B461 Y-4973 IntC2:pTEF1-cadA-tLIP2/pGADPH-mttA-tScPGK1/pFBA1-mfsA-tScADH1 This study

YM4B491 Y-4973 IntF11:pTEF1-adi1-tScPGK1/pEXP1-tad1-tScENO2 IntB11:pTEF1-mtt1-tScADH1/pEXP1-itp1-tLIP2 This study

YM4B492 YM4B246 IntF11:pTEF1-adi1-tScPGK1/pEXP1-tad1-tScENO2 IntB11:pTEF1-mtt1-tScADH1/pEXP1-itp1-tLIP2 This study

YM4B493 YM4B324 IntF11:pTEF1-adi1-tScPGK1/pEXP1-tad1-tScENO2 IntB11:pTEF1-mtt1-tScADH1/pEXP1-itp1-tLIP2 This study

http://chopchop.cbu.uib.no/
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chromosomal integration, PCR was performed using 
primers annealing to the flanking regions of the integra-
tion locus (Table S1). The complete set of plasmids used 
in this study is reported in Table S3.

Shake flask cultures
The recombinant strains were tested in cultivation stud-
ies to verify the effect of the genetic modification on 
the product profile. Growth curves and the production 
of organic acids by Y. lipolytica strains were monitored 
in YNB medium supplemented with 90 g/L glucose and 
2  g/L ammonium sulphate (C/N ratio of 85). Cultiva-
tion was carried out in 250-mL baffled flasks containing 
50 mL of medium for 10 days in an orbital shaker at 29 
°C and 200 rpm. The medium’s pH was buffered by add-
ing sterile 10 g/L  CaCO3 (Sigma-Aldrich, St. Louis, MO, 
USA) after 4–6 h of incubation. Cells were inoculated 
from an overnight seed culture in YPD to an initial opti-
cal density  (OD600) of 0.1.

Bioreactor fermentation process
Fed-Batch fermentation was conducted in a 2.0 L biore-
actor (BIOSTAT B Plus; Sartorius, Germany) with a start-
ing working volume of 0.7 L. The bioreactor production 
medium consisted of YNB (1.7 g/L) supplemented with 
either glucose or glycerol (Sigma-Aldrich, St. Louis, MO, 
USA) (each at 30 g/L) and ammonium sulphate (3 g/L). 
The seed culture was grown for 24 h in a 250-mL baffled 
flask containing 50 mL of YPD medium. The bioreactor 
was inoculated at an initial  OD600 1.0 and the cultivation 
was conducted for a period of 9 days. The agitation rate 
was maintained at 800 rpm, while the aeration rate was 
initially set at 1.0 vvm for the first 48 h and then reduced 
to 0.7 vvm. The pH was automatically maintained at 6.0 
by adding a 40% NaOH solution. Approximately every 
24 h, the culture was fed with the carbon source (glucose 
or glycerol) and ammonium sulphate. Glucose or glyc-
erol were added based on the measured consumption 
from the previous 24 h, with a 10% increase. Accordingly, 
ammonium sulphate was added to maintain a C/N ratio 
of 94. A silicone-based anti-foaming emulsion 30 (Carl 
Roth GmbH, Germany) was used.

Analytical methods
The flask cultivations were monitored by measuring the 
growth of the yeast cells using a spectrophotometer to 
determine  OD600. The supernatant was collected after 
neutralising  CaCO3 with a 1 M HCl solution and separat-
ing the cells by centrifugation at 12,000 g for 5 min. The 
supernatant was then stored at −20 °C until analysis. The 
bioreactor cultivation was monitored by sampling 10 mL 
every 24 h. The supernatant was analysed by HPLC using 
an Alliance 2695 separation module (Waters, Milford, 

MA, USA) coupled with a Waters 2996 UV detector and 
a Waters 2410 refractive index detector. For organic acid 
detection, a Kinetex EVO C18 column (150 mm × 4.6 
mm, 100 Å, 5  µm) (Phenomenex Inc., USA) was used 
with 0.010 M  H3PO4 at pH 1.5 as the mobile phase, cou-
pled to a UV detector set at 220 nm. For glucose and glyc-
erol measurement, a Rezex ROA-Organic Acid H + (8%) 
column (300 mm × 7.8 mm) (Phenomenex Inc., USA) 
was used with 0.0025 M  H2SO4 as the mobile phase and 
a refractive index detector set at 410 nm. Samples were 
quantified by comparison with commercial standards. 
Dry cell weight (DCW) was estimated after harvesting 
the biomass by centrifugation at 12,000 g for 5 min, pre-
freezing at −20  °C, and freeze-drying using a Labconco 
FreeZone 2.5 Liter Benchtop Freeze Dryer operating at 
−50 °C and 0.05 mbar for 48 h.

Results
Enhancing the mitochondrial CA pool
IA is synthesised through the cytosolic decarboxylation 
of cis-aconitate, which is in turn produced in mitochon-
dria from CA. Therefore, the initial step in the metabolic 
engineering strategy was to increase the mitochon-
drial pool of CA. This was accomplished by deleting the 
YlYHM2 gene. During growth on glucose, YlYhm2 is the 
main mitochondrial citrate transporter in Y. lipolytica 
[53]. The obtained strain YM4B222 (W29 ∆ku70 ∆ura3 
∆Ylyhm2) secreted solely ICA with a final titre of 10.23 
± 0.97 g/L after 240 h (Fig. 2A), achieving a yield of 0.107 
± 0.010 mol/mol  (YICA/GLU) (Fig.  2B). For comparison, 
the wild-type-derived strain Y-4973 (W29 ∆ura3 ∆ku70) 
produced 13.85 ± 2.81 g/L CA and 2.21 ± 0.65 g/L ICA 
after 240 h of cultivation (Fig. 2A). The highest titres were 
observed at 120 h of cultivation, reaching 26.94 ± 2.25 g/L 
CA and 4.36 ± 0.35 g/L ICA (Figure S1). The deletion of 
YlYHM2 gene resulted in a significant increase in ICA 
secretion (P < 0.001) compared to the wild-type strain; 
however, it also showed a 22% decrease of biomass accu-
mulation after 240 h of cultivation (Fig. 2A).

Establishing the A. terreus IA biosynthetic pathway in Y. 
lipolytica
To produce IA, the A. terreus pathway was introduced 
by overexpressing its three key genes (cadA, mttA, and 
mfsA) in two Y. lipolytica strains (Figure S2): the wild-
type strain Y-4973 (W29 ∆ku70 ∆ura3) and the recom-
binant strain YM4B222 (W29 ∆ku70 ∆ura3 ∆Ylyhm2), 
described in the previous section.

Table S3 presents the detailed description of the tran-
scriptional units used in the genetic manipulations. The 
recombinant strains YM4B461 (W29 ∆ku70 IntC2:cadA-
mttA-mfsA) and YM4B256 (W29 ∆ku70 ∆Ylyhm2 
IntC2:cadA-mttA-mfsA) were tested in flask cultivations 
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(Figure S3) using minimal medium supplemented with 
excess of glucose and nitrogen restriction. After 240 h of 
cultivation, strain YM4B461, derived from the wild-type 
background (Figure S2), exhibited a low but detectable 
level of IA production (1.51 ± 0.01 g/L), with a final bio-
mass concentration of 18.05 ± 3.08 g/L (Fig. 3A). The final 
yield of IA was 0.023 ± 0.002 mol/mol  (YIA/GLU) (Fig. 3B). 
Additionally, CA and ICA were detected in the medium, 
reaching a final concentration of 12.01 ± 0.29 g/L and 
5.83 ± 0.10 g/L, respectively (Fig. 3A). These values corre-
spond to final yields on glucose of 0.125 ± 0.002 mol/mol 
 (YCA/GLU) for CA and 0.061 ± 0.001 mol/mol  (YICA/GLU) 
for ICA (Fig. 3B). The CA/ICA ratio was 2.1, compared 
to 6.3 observed during the cultivation of the wild-type 
strain. Consequently, the introduction of the IA biosyn-
thetic pathway not only facilitated IA accumulation but 
also significantly increased ICA production, reaching lev-
els 2.7-fold higher than those observed in the wild-type 
Y-4973.

In strain YM4B256, which features the A. terreus IA 
biosynthetic pathway genes and the YlYHM2 deletion 
(Figure S2), the final IA titre reached 2.88 ± 0.38 g/L 
(Fig. 3A) with a yield on glucose of 0.040 ± 0.005 mol/mol 
 (YIA/GLU) (Fig. 3B) under the same cultivation conditions. 
As a result, the deletion of the YlYHM2 gene led to a 

statistically significant 1.9-fold increase in IA production 
(P < 0.05) compared to the strain with only the IA biosyn-
thetic pathway, while achieving a similar biomass level 
(20.31 ± 2.99 g/L) (Fig.  3A). Surprisingly, in the strain 
YM4B256, in addition to ICA, CA secretion was restored 
with a final titre of 8.44 ± 0.93 g/L (Fig. 3A), possibly due 
to the activity of a cytosolic aconitase. At 240 h, CA and 
ICA showed a final yield of 0.092 ± 0.010 mol/mol  (YCA/

GLU) and 0.070 ± 0.008 mol/mol  (YICA/GLU), respectively 
(Fig. 3B).

Enhancing IA production level and selectivity 
through YlCEX1 gene deletion
To further enhance IA production and minimise by-
product secretion (i.e., CA and ICA), the YlCEX1 gene, 
which encodes the plasma membrane citrate exporter, 
was deleted in strain YM4B256. Previous studies demon-
strated that inactivating YlCEX1 completely eliminated 
CA and ICA secretion into the cultivation medium [56]. 
The resulting strain YM4B324 (W29 ∆ku70 ∆Ylyhm2 
IntC2:cadA-mttA-mfsA ∆Ylcex1) (Figure S4), exhibited 
a higher IA production while maintaining a comparable 
final biomass titre (16.70 ± 2.28 g/L) (Fig. 4A). After 240 
h of cultivation, IA reached a concentration of 8.03 ± 0.53 
g/L (Fig. 4A), representing a 2.8-fold increase compared 

Fig. 2 Effect of YlYHM2 gene deletion on organic acids synthesis. Y. lipolytica strains were cultivated in 250-mL baffled flasks for 10 days. (A) Organic 
acids and biomass titre (Dry Cell Weight) and (B) yields of organic acids on glucose for wild-type strain Y-4973 and recombinant strain YM4B222. 
CA, citric acid; DCW, Dry Cell Weight; GLU, glucose; ICA, isocitric acid;  YP/S, yield of product on substrate. Data represent the mean of at least three 
independent experiments and error bars represent standard error. The statistical significance was determined using an unpaired Student’s t-test (*** 
P < 0.001)
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to the parental strain YM4B256. Moreover, no CA, ICA, 
or other organic acids were detected in the cultivation 
medium (Figure S6), indicating that YlCEX1 deletion 
effectively shifted the balance CA-IA transformation 
towards the latter. Despite the enhanced IA production, 
the yield on the substrate remained relatively low (0.124 
± 0.008 mol/mol  YIA/GLU) (Fig. 4B).

Optimizing IA production through multi‑gene insertion 
strategy
To further increase IA production, multiple copies of A. 
terreus biosynthetic pathway genes were integrated in 
Y. lipolytica strains (Figure S5). For this purpose, single 
transcription units containing individual genes from the 
biosynthetic pathway were used (Table  S3). The recom-
binant strains were tested in flask cultivation for 10 days 
incubated at 29 °C and 200 rpm, using minimal medium 
supplemented with excess of glucose and nitrogen 
restriction (Figure S6).

A transcriptional unit with the cadA gene was inte-
grated into an additional genomic locus of the best-
performing strain from the previous step, YM4B324. 
The resulting strain, YM4B364 (W29 ∆ku70 ∆Ylyhm2 

IntC2:cadA-mttA-mfsA ∆Ylcex1 IntE16:cadA) (Figure 
S5), achieved a final IA titre of 9.50 ± 1.07 g/L (Fig. 4A), 
corresponding to an 18% increase in IA yield (0.146 
± 0.015 mol/mol  YIA/GLU) compared to the parental 
strain YM4B324, which carried a single copy of the cadA 
gene (Fig.  4B). This result is consistent with a previous 
study reporting that multiple copies of cadA enhanced 
IA production [46]. Alternatively, a second copy of the 
mfsA gene, encoding a major facilitator superfamily 
transporter, was introduced into strain YM4B324. How-
ever, this modification did not lead to increased IA pro-
duction. The resulting strain, YM4B371 (W29 ∆ku70 
∆Ylyhm2 IntC2:cadA-mttA-mfsA ∆Ylcex1 IntF9:mfsA) 
(Figure S5), accumulated 7.37 ± 0.39 g/L of IA (Fig. 4A) 
with a yield of 0.113 ± 0.006 mol/mol  (YIA/GLU) (Fig. 4B). 
Similarly, a strain carrying additional copies of both 
cadA and mfsA, designated as YM4B373 (W29 ∆ku70 
∆Ylyhm2 IntC2:cadA-mttA-mfsA ∆Ylcex1 IntE16:cadA 
IntF9:mfsA) (Figure S5), exhibited a decrease in IA pro-
duction, yielding 6.76 ± 1.25 g/L (Fig.  4A). The reduced 
production of IA in the two recombinant strains, 
YM4B371 and YM4B373, which carry a second copy of 
the mfsA gene, is probably due to the metabolic burden 

Fig. 3 Establishing the A. terreus IA biosynthetic pathway in Y.lipolytica. Y. lipolytica strains were cultivated in 250-mL baffled flasks for 10 days. (A) 
Organic acids and biomass titre (Dry Cell Weight) and (B) yields of organic acids on glucose for recombinant strains YM4B461 and YM4B256. CA, 
citric acid; DCW, Dry Cell Weight; GLU, glucose; ICA, isocitric acid; IA, itaconic acid;  YP/S, yield of product on substrate. Data represent the mean 
of at least three independent experiments, with error bars indicating the standard error. The statistical significance was determined using 
an unpaired Student’s t-test (* P < 0.05, *** P < 0.001)
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imposed on cells overexpressing a plasma membrane 
protein.

In addition, a second copy of the mttA gene, encod-
ing for the mitochondrial cis-aconitate transporter, was 
introduced into strain YM4B324. This modification led to 
an improvement in IA production. The resulting strain, 
YM4B372 (W29 ∆ku70 ∆Ylyhm2 IntC2:cadA-mttA-mfsA 
∆Ylcex1 IntE8:mttA) (Figure S5), achieved an IA titre of 
10.84 ± 0.18 g/L (Fig.  4A), representing a 35% increase 
compared to YM4B324, with a yield of 0.167 ± 0.019 mol/
mol  (YIA/GLU) (Fig. 4B).

Finally, a recombinant strain carrying two complete 
copies of the IA biosynthetic pathway from A. terreus, 
integrated in two different genomic loci (C2 and E15), 
was constructed. This strain, YM4B374 (W29 ∆ku70 
∆Ylyhm2 IntC2:cadA-mttA-mfsA ∆Ylcex1 IntE15:cadA-
mttA-mfsA) (Figure S5), produced a IA final titre of 
12.91 ± 0.17 g/L (Fig.  4A), corresponding to a statisti-
cally significant 61% increase compared to parental 
strain YM4B324 (P < 0.01). The IA yield on glucose was 
the highest among the recombinant strains with multiple 

copies of IA biosynthetic pathway from A. terreus, reach-
ing 0.199 ± 0.003 mol/mol  (YIA/GLU) (Fig. 4B).

Biomass formation in strains overexpressing multiple 
copies of the genes of the IA biosynthetic pathway from 
A. terreus was slightly lower compared to the parental 
strain YM4B324, which carried a single copy of these 
genes. An exception was strain YM4B364, which car-
ried an additional copy of the cadA gene and exhib-
ited a 5% increase in biomass compared to YM4B324. 
Conversely, the other recombinant strains showed 
approximately 15% lower biomass concentrations than 
the parental strain (Fig.  4A). However, an inverse cor-
relation between IA production and biomass accumula-
tion was not observed.

Evaluation of U. maydis IA biosynthetic pathway in Y. 
lipolytica
The production of IA through trans-aconitate was subse-
quently evaluated by introducing an alternative pathway 
derived from U. maydis (Figure S7). To assess the U. may-
dis IA biosynthetic pathway, four corresponding genes 
(adi1, tad1, mtt1, and itp1) were overexpressed in two 

Fig. 4 Effect of YlCEX1 deletion and multi-gene insertion strategy on IA production. Y. lipolytica strains were cultivated in 250-mL baffled flasks 
for 10 days. (A) Organic acids and biomass titre (Dry Cell Weight) and (B) yields of organic acids on glucose for recombinant strains YM4B324, 
YM4B364, YM4B371, YM4B372, YM4B373 and YM4B374. DCW, Dry Cell Weight; GLU, glucose; IA, itaconic acid;  YP/S, yield of product on substrate. 
Data represent the mean of at least three independent experiments, with error bars indicating the standard error. The statistical significance of IA 
production was assessed using one-way ANOVA followed by Dunnett’s multiple comparisons test, with strain YM4B324 serving as the reference (** 
P < 0.01, *** P < 0.001).
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different genomic loci. Three different parental strains 
were tested as recipients: the wild-type strain (Y-4973), 
a strain with inactivated YlYHM2 and YlCEX1 genes 
(YM4B246), and the strain with inactivated YlYHM2 and 
YlCEX1 along with the overexpression of the A. terreus 
IA biosynthetic pathway (YM4B324). These strains were 
tested in flask cultivation for 10 days incubated at 29 °C 
and 200 rpm, using minimal medium supplemented with 
excess of glucose and nitrogen restriction (Figure S8).

In strain YM4B491 (W29 ∆ku70 IntF11:adi1-tad1 
IntB11:mtt1-itp1) (Figure S7), overexpression of the 
U. maydis pathway alone resulted in the accumulation 
of only trace amounts of IA (0.09 ± 0.03 g/L) (Fig.  5B). 
Instead, a considerable accumulation into the extracel-
lular phase of CA and ICA was observed, with a final 
production of 13.03 ± 1.46 g/L and 2.31 ± 0.26 g/L, 
respectively (Fig. 5B), corresponding to a yields of 0.140 
± 0.010 mol/mol  (YCA/GLU) and 0.024 ± 0.009 mol/mol 
 (YICA/GLU), respectively (Fig. 5C). Biomass formation was 
13.55 ± 1.07 g/L, with a 25% decrease compared to the 
corresponding strain YM4B461 carrying the genes of the 
A. terreus IA biosynthetic pathway.

In contrast, strain YM4B492 (W29 ∆ku70 ∆Ylyhm2 
∆Ylcex1 IntF11:adi1-tad1 IntB11:mtt1-itp1) (Figure S7) 
in which the genes of the U. maydis pathway were over-
expressed together with the deletions of YlYHM2 and 
YlCEX1, accumulated 0.49 ± 0.01 g/L of IA (Fig.  5B). 
Similar to YM4B324 strain (expressing the genes of the A. 
terreus IA pathway in the ∆Ylyhm2 ∆Ylcex1 background), 
no CA or ICA secretion was observed, and biomass for-
mation reached 16.96 ± 1.98 g/L (Fig.  5B), resulting in 
a 16% decrease compared to the corresponding strain 
YM4B324. Thus, the overexpression of the genes of the 
U. maydis pathway in strains with these two different 
genetic backgrounds did not lead to IA production com-
parable to those achieved by strains overexpressing the 
genes of the A. terreus pathway.

However, when both IA biosynthetic pathways, from 
A. terreus and U. maydis, were combined in single 
strain with deletions of both YlYHM2 and YlCEX1, the 

resulting strain YM4B493 (W29 ∆ku70 ∆Ylyhm2 ∆Ylcex1 
IntC2:cadA-mttA-mfsA IntF11:adi1-tad1 IntB11:mtt1-
itp1) (Fig.  5A) accumulated IA at final titre of 19.66 
± 0.36 g/L after 240 h of cultivation (Fig. 5B), with a yield 
of 0.303 ± 0.006 mol/mol  (YIA/GLU) (Fig.  5C). This rep-
resented a 2.5-fold increase in IA production compared 
to the parental strain YM4B324, which carried only 
the genes of the A. terreus pathway. Biomass formation 
reached a final titre of 11.27 ± 0.28 g/L (Fig.  5B), which 
corresponded to the lowest concentration observed 
among all the recombinant strains. These findings sug-
gests that extensive strain engineering may have a slight 
toxic effect on yeast growth. Both strains (YM4B374 and 
YM4B493) expressing two copies of the genes of the IA 
biosynthetic pathways (either 2 copies of the genes of 
the A. terreus pathway or 1 copy of the genes of the A. 
terreus + 1 copy of the genes of the U. maydis pathways) 
showed the lowest biomass accumulation levels (13.08 
and 11.27 g/L respectively).

Fed‑batch cultivation of the best IA producing strain
Bioreactor cultivations of the highest-performing IA pro-
ducer strain YM4B493 (W29 ∆ku70 ∆Ylyhm2 ∆Ylcex1 
IntC2:cadA-mttA-mfsA IntF11:adi1-tad1 IntB11:mtt1-
itp1) were carried out under controlled conditions using 
pulse-feeding of either glucose or glycerol as carbon 
sources (Fig.  6). Concurrently, nitrogen was supple-
mented to adjust the C/N ratio to 94, thereby inducing 
nitrogen limitation, a condition known to enhance 
organic acid production [57]. The average substrate con-
sumption rates were comparable between the two car-
bon sources, resulting in 1.01 g/L/h for glucose and 0.90 
g/L/h for glycerol. The highest IA titres were achieved at 
the end of the fermentation (215 h), reaching 55.08 g/L 
with glucose and 37.71 g/L with glycerol, respectively.

The IA yield was 0.343 mol/mol  (YIA/GLU) when glu-
cose was used as the carbon source and 0.134 mol/mol 
 (YIA/GLY) with glycerol, respectively. The lower yield 
observed with glycerol could be attributed to the forma-
tion of side-metabolites, including cis-aconitate, malate, 

(See figure on next page.)
Fig. 5 Evaluation of U. maydis IA biosynthetic pathway in Y. lipolytica. Y. lipolytica strains were cultivated in 250-mL baffled flasks for 10 days. (A) 
Schematic representation of the genetic modifications in strain YM4B493, including the inactivation of YlYHM2 and YlCEX1 genes (shown in red 
boxes) and the overexpression of heterologous genes from the IA pathway of A. terreus (cadA, mttA, mfsA) and U. maydis (mtt1, adi1, tad1, itp1) 
(shown in green boxes). (B) Organic acids and biomass titre (Dry Cell Weight) and (C) yields of organic acids on glucose for recombinant strains 
YM4B491, YM4B492 and YM4B493. CEX1, plasma membrane citrate/isocitrate exporter; DCW, Dry Cell Weight; GLU, glucose; IA, itaconic acid; itp1, 
itaconate transport protein (U. maydis); mttA, mitochondrial tricarboxylate transporter (A. terreus); mtt1, mitochondrial tricarboxylate transporter 
(U. maydis); mfsA, major facilitator superfamily transporter (A. terreus); tad1, trans-aconitate decarboxylase (U. maydis); TCA cycle, tricarboxylic acids 
cycle; YHM2, mitochondrial citrate-α-ketoglutarate carrier. Data represent the mean of at least three independent experiments, with error bars 
indicating the standard error. The statistical significance of IA production was determined using an unpaired Student’s t-test (** P < 0.01, *** P < 
0.001). a, b indicate a statistically significant difference (P < 0.05) in biomass production (g DCW/L) for strain YM4B493 compared to YM4B491 
and YM4B492 strains



Page 11 of 16Ciliberti et al. Biotechnology for Biofuels and Bioproducts           (2025) 18:65  

Fig. 5 (See legend on previous page.)
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mannitol, pyruvate, and succinate, which were quantita-
tively detected in the fermentation broth at an average 
concentration of approximately 1  g/L (data not shown). 
In contrast, glucose-fed cultivation exhibited succinate as 
the sole detectable by-product, with a final concentration 
of 3.42 g/L. The highest IA productivity was recorded 
during the late stages of cultivation, between 137 and 
215 h, reaching a rate of 1.67 g/L/h with glucose and 1.08 
g/L/h with glycerol. The overall average IA productivities 
across the entire cultivation period were 0.256 g/L/h for 
glucose and 0.175 g/L/h for glycerol.

Discussion
The aim of this study was to develop a microbial platform 
for IA production, a building block with applications in 
several industrial sectors, particularly polymer synthesis. 
Using various metabolic engineering strategies, a recom-
binant Y. lipolytica strain capable of producing high lev-
els of IA, without significant levels of other by-products, 
was successfully obtained. Two different biosynthetic 
pathways for the production of IA in the Y. lipolytica 
strain were evaluated. IA is naturally produced at high 
titres by two fungi, A. terreus and U. maydis [24, 25]. In 
this study, plasmids carrying the complete set of genes 
involved in the IA biosynthetic pathway from A. terreus 
(cis-pathway) and U. maydis (trans-pathway) were suc-
cessfully assembled, introduced into Y. lipolytica strains 
with the same genetic backgrounds, and compared.

The genes of the A. terreus cis-pathway were found 
to be significantly more effective than the genes of the 
U. maydis trans-pathway. Several factors may account 

for this difference, including the one-step conversion 
catalysed by CadA in the cis-pathway in contrast to the 
two-step conversion mediated by Adi1 and Tad1 in the 
trans-pathway. Furthermore, CadA exhibits a higher 
catalytic rate constant and a lower Michaelis constant 
for cis-aconitate, compared to the combined activities 
of Adi1 and Tad1 [33, 58, 59]. Differences in transport 
mechanisms between MttA and Mtt1, particularly in 
terms of kinetics and counter-substrate specificity, may 
also contribute to the observed differences [60]. The find-
ings of this study are in contrast with previous report. 
Fu et al. (2024) reported that the sole overexpression of 
adi1 and tad1 in Y. lipolytica resulted in IA production 
levels 155% higher than those achieved by the sole over-
expression of cadA gene. This finding suggests that the 
enzymatic activities of Adi1 and Tad1 from U. maydis 
are more efficient in converting cis-aconitate to IA than 
the CadA from A. terreus. However, when adi1 and tad1 
were co-expressed with mttA from A. terreus, IA pro-
duction was lower than in strains overexpressing both 
cadA and mttA, indicating that the catalytic efficiency of 
U. maydis enzymes diminishes when combined with the 
mitochondrial tricarboxylate transporter from A. terreus 
[46].

The strain expressing only the A. terreus cis-pathway 
showed low IA production and poor selectivity due to 
co-secretion of CA and ICA. To improve this, metabo-
lite fluxes were redirected by manipulating key trans-
port proteins. Inactivation of the mitochondrial citrate 
carrier (YlYHM2) and the membrane citrate exporter 
(YlCEX1) significantly reduced CA and ICA levels. This 
strategy also aimed to increase the mitochondrial CA 

Fig. 6 IA production by strain YM4B493 during fed-batch cultivations in bioreactor. Cultivation on (A) glucose and (B) glycerol of the recombinant 
strain YM4B493 (W29 ∆ku70 ∆Ylyhm2 ∆Ylcex1 IntC2:cadA-mttA-mfsA IntF11:adi1-tad1 IntB11:mtt1-itp1) for 9 days. DCW, Dry Cell Weight; GLU, glucose; 
GLY, glycerol; IA, itaconic acid. The data depict an individual representative experiment
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and cis-aconitate pools, thereby enhancing IA synthesis 
in the cytosol.

The results showed that combining the overexpres-
sion of the genes from the A. terreus pathway with the 
inactivation of the YlYHM2 gene resulted in a 1.9-fold 
increase in IA titre compared to the strain overexpress-
ing only the cis-pathway. It is important to note that the 
YlYHM2 deletion results in the absence of CA secre-
tion. However, introducing the A. terreus IA biosyn-
thetic pathway into this strain restores CA secretion. 
To explain the recovery of CA production in the strain 
lacking the YlYHM2 gene and overexpressing the IA 
biosynthetic pathway genes, it can be hypothesised that 
increased levels of cis-aconitate may promote its con-
version to CA through a cytosolic aconitase activity. 
As reported in S. cerevisiae [61], Y. lipolytica aconitase 
may also have a dual localisation, being present in both 
the mitochondria and the cytosol. The accumulation 
of cytosolic cis-aconitate is likely facilitated by MttA, 
a mitochondrial transporter specific for this interme-
diate [60, 62]. Notably, aconitase catalyses a reversible 
reaction that thermodynamically favours CA formation 
[63].

To eliminate by-products (CA and ICA), the strategy 
targeted YlCEX1, a citrate exporter classified as a plasma 
membrane drug:H⁺ antiporter [56]. Deletion of YlCEX1 
in the IA-producing strain completely suppressed CA 
and ICA secretion and increased IA titre and yield by 2.8-
fold and 3.1-fold, respectively. This deletion also resulted 
in increased intracellular lipid accumulation (data not 
shown), likely due to cytosolic CA build-up. This increase 
may enhance fatty acid synthesis and push the aconitase 
reaction toward cis-aconitate, thereby promoting IA 
production.

Finally, to enhance IA production, two synthetic path-
ways – one from A. terreus (cis-pathway) and one from U. 
maydis (trans-pathway) – were combined with the inacti-
vation of both the mitochondrial citrate carrier (YlYhm2) 
and the plasma membrane citrate exporter (YlCex1). The 
results revealed a synergistic effect of these genetic modi-
fications, leading to high IA production on glucose (0.303 
± 0.006 mol/mol  YIA/GLU) during flask cultivation.

To assess the robustness of this microbial platform for 
IA production, fed-batch cultivation in 2 L bioreactor 
was performed using glucose or glycerol as substrates. 
Pulse-feeding allowed for the achievement of a final 
IA titre of 55.08 g/L from glucose and 37.71 g/L from 
glycerol.

To the best of our knowledge, this is the first study 
where all components of two alternative (cis and trans) 
IA biosynthetic pathways were integrated together in a 
recombinant strain. In the previous studies, where Y. lipo-
lytica was used as a microbial factory for IA production 

at remarkable levels of 54.55 g/L from Waste Cooking 
Oils (WCO) [47] and 130.50 g/L from glucose [46], the 
metabolic engineering strategies employed were differ-
ent. Rong et al. (2022) [47] focused on relocating the het-
erologous IA production pathway to the peroxisomes of 
Y. lipolytica to enhance the conversion of acetyl-CoA – 
produced via β-oxidation during growth on WCO – into 
IA. This strategy involved the peroxisomal compartmen-
talisation of the CadA enzyme from A. terreus, overex-
pression of genes involved in the acetyl-CoA production 
pathway, and inactivation of competing acetyl-CoA utili-
sation pathways in peroxisomes. Notably, this approach 
was effective when using WCO as a substrate but was 
less applicable to glucose, resulting in a 100-fold lower IA 
production. In contrast, Fu et al. [46] employed a more 
extensive metabolic engineering strategy. This approach 
involved preventing carbon accumulation in lipids, relo-
cating IA production to either mitochondria or cytosol, 
and down-regulating the mitochondrial NAD + -depend-
ent isocitrate dehydrogenase using weak promoters, 
RNA interference, or CRISPR interference to increase 
the mitochondrial cis-aconitate pool. In their optimised 
strain, these authors utilised only cadA and mttA from 
the A. terreus IA biosynthetic pathway as heterologous 
genes introduced into Y. lipolytica. The effect of the het-
erologous itaconate plasma membrane transporters, 
MfsA and Itp1, was not tested.

The highest IA production levels in Y. lipolytica to date 
has been obtained by Fu et al. [46]. However, it is impor-
tant to note that scaling up the process with the best-per-
forming recombinant strain required continuous feeding 
of yeast extract and glucose. This resulted in a nutrient-
rich cultivation medium and an extended cultivation 
period of 24 days.

In contrast to previous studies, the present research 
focused on a comprehensive reprogramming of both 
intracellular (overexpression of mttA and mtt1 and dele-
tion of YlYHM2) and extracellular (overexpression of 
mfsA and itp1 and deletion of YlCEX1) metabolite trans-
port. These modifications resulted in enhanced IA pro-
duction and the elimination of side metabolites (CA and 
ICA) secretion, thereby enhancing the overall yield and 
selectivity of the process. Unlike previous studies that 
used nutrient-rich media containing yeast extract, pep-
tone and tryptone [46–48], this study achieved high IA 
production levels in a minimal medium supplemented 
only with a carbon source and limiting concentrations of 
inorganic nitrogen, without requiring additional nutri-
ent supplementation. This approach not only reduces the 
costs associated with media and substrates but also has 
the potential to simplify downstream processing.

The yield and the productivity obtained when growing 
the recombinant strain of Y. lipolytica on glucose are the 
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highest reported to date for any recombinant yeast, being 
0.343 mol IA/mol glucose and 0.256 g/L/h, respectively. 
Furthermore, productivity showed a clear increasing 
trend over time, stabilising at about 0.4 g/L/h after 161 
h. Importantly, no typical by-products of Y. lipolytica, 
such as CA and ICA, were detected in the cultivation 
medium. The only by-product observed in bioreactors 
but not in shake-flask cultivations, was a minor amount 
of succinate, indicating high process selectivity. Specifi-
cally, the yield and productivity on glucose were 7% and 
13% higher, respectively, compared to the previous best 
results reported by Fu et al. [46].

Conclusions
This study demonstrates that metabolic flux modula-
tion by genetic manipulation of native and heterologous 
transporters from A. terreus and U. maydis enhances IA 
production in Y. lipolytica. Introduction of the A. ter-
reus pathway genes resulted in low IA production with 
poor selectivity due to co-secretion of CA and ICA. Tar-
geted deletion of the citrate transporter at mitochondrial 
(YlYHM2) and plasma membrane (YlCEX1) levels signif-
icantly improved IA yield and selectivity, eliminating by-
product secretion into the medium.

Further pathway diversification was explored by inte-
grating the U. maydis biosynthetic pathway genes. How-
ever, in a wild-type background, IA production remained 
low, with CA and ICA as major by-products. The selec-
tivity of the process was improved when mitochondrial 
and plasma membrane citrate transporters were inacti-
vated, although titres remained low. The combination of 
both biosynthetic pathways, together with the deletion 
of YlYHM2 and YlCEX1, resulted in strain YM4B493, 
which achieved the highest IA titre and selectivity among 
the recombinant strains.

The scalability of this approach was validated in a 
fed-batch bioprocess where co-feeding of carbon and 
nitrogen sources resulted in the highest yield and pro-
ductivity reported for a recombinant Y. lipolytica strain 
using glucose as carbon source. These results highlight 
the effectiveness of transporter engineering and pathway 
diversification in optimising microbial IA biosynthesis, 
paving the way for industrial applications.
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