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A B S T R A C T   

The Crabtree effect products ethanol and acetic acid can be used for itaconic acid (IA) production in Saccha-
romyces cerevisiae. However, both the IA synthesis and oxidative phosphorylation pathways were hampered by 
glucose repression when glucose was used as the substrate. This study aimed to improve IA titer by increasing 
gene expressions related to glucose derepression without impairing yeast growth on glucose. Engineering the 
acetyl-CoA synthesis pathway increased the titer of IA to 257 mg/L in a urea-based medium. Instead of entire 
pathway overexpression, we found that some signaling pathways regulating glucose repression were effective 
targets to improve IA production and respiratory capacity. As a consequence of the reduced inhibition, IA titer 
was further increased by knocking out a negative regulator of the mitochondrial retrograde signaling MKS1. 
SNF1/MIG1 signaling was disturbed by deleting the hexokinase HXK2 or an endoplasmic reticulum membrane 
protein GSF2. The shaking results showed that XYY286 (BY4741, HO::cadA, Y::Dz.ada, 208a::Mt.acs, Δhxk2, 
pRS415-cadA, pRS423-aac2) accumulated 535 mg/L IA in 168 h in the YSCGLU medium. qRT-PCR results 
verified that deletion of MKS1 or HXK2 upregulated the gene expressions of the IA synthesis and respiratory 
pathways during the growth on glucose.   

1. Introduction 

Itaconic acid (IA) is a five-carbon unsaturated binary organic acid 
consisting of two carboxyl groups and one vinyl group. Its trifunctional 
structure enables IA to be synthesized into various novel biopolymers, 
widely used in food and biomedical and other industries [1–3]. Asper-
gillus terreus fermentation is the primary method used in industry for IA 
production and has been widely employed domestically and interna-
tionally for a long time [4]. IA is derived naturally from citric acid 
catalyzed by the cis-aconitic acid decarboxylase (CADA), a pathway that 
has been successfully expressed in most industrial microorganisms, such 
as Aspergillus niger, Escherichia coli, Ustilago maydis, and others [5–8]. As 
a phage-resistant and acid-tolerant platform, Saccharomyces cerevisiae is 
crucial to producing organic acids because it is both safe for biological 
use and easy to modify genetically. S. cerevisiae has been used as a 
platform for IA bioproduction by creating an IA production pathway in 

the cytoplasm [9,10]. 
Previously [11], we reported that during the ethanol-acetic acid 

utilization stage of S. cerevisiae citric acid could be provided via the 
glyoxylate pathway and TCA cycle without creating an IA production 
pathway (Fig. 1). Recent research has also inferred that S. cerevisiae can 
use ethanol to generate acetyl-CoA for the mitochondrial TCA cycle and 
cytoplasmic fatty acid synthesis with the isotope labeling method. 
Additionally, cells can absorb ethanol as a crucial source of NADPH 
[12]. The ethanol utilization can provide both a carbon source and en-
ergy for IA production. However, ethanol and acetic acid was metabo-
lized slowly and affected cell growth. Although S. cerevisiae grew quickly 
on glucose, glucose repression inhibited the IA synthesis pathway. We 
designed an IA biosynthetic system that grew exceptionally on glucose 
and produced IA on ethanol and acetate mostly. Reducing the inhibition 
of IA synthesis and ATP supply during glucose utilization helps to alle-
viate the pressure of IA synthesis with ethanol. As a primary source of 

Abbreviations: YSCGL, YSC medium with ammonium sulfate and glucose as substrates; YSCGLU, YSC medium with urea and glucose as substrates; YPD, Yeast 
extract peptone dextrose; IA, Itaconic acid. 
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precursor supply, the ethanol-acetyl-CoA pathway should be 
up-regulated first to improve the precursor supply for citric acid syn-
thesis. Although alcohol dehydrogenase (ADH2), acetaldehyde dehy-
drogenase (ALD6) and acetyl-CoA synthetase (ACS1) are the main 
proteins in this pathway, the overexpression of ALD6 would impact the 
growth of S. cerevisiae negatively [13]. Aldehyde dehydrogenase (Dz. 
ADA) can catalyze the direct conversion of acetaldehyde to acetyl-CoA, 
decreasing acetate accumulation and satisfying ATP requirements for 
acetate utilization [13,14]. Additionally, the ATP supply is required for 
the acetyl-CoA synthase and pyruvate carboxylase, which converts ac-
etate into acetyl-CoA and pyruvate into oxaloacetic acid (OAA), 
respectively. On the one hand, acetate utilization could be increased by 
expressing an acetyl-CoA synthase with a lower ATP requirement or a 
higher affinity for ATP. On the other hand, the TCA cycle and oxidative 
phosphorylation pathways could be increased to improve ATP supply for 
acetate and pyruvate utilization. The Crabtree effect of S. cerevisiae 
characterizes the uncoupling of the glycolytic pathway from the TCA 
cycle. Activating the gene expressions of the TCA cycle and oxidative 
phosphorylation by regulating glucose-sensing signaling pathways 
could be an effective solution to improve ATP supply. Mitochondrial 
retrograde signaling (RTG signaling) responds to changes in intracel-
lular energy and glutamic acid auxotrophy, and removing glucose 
repression of this signaling will up-regulate the expression of genes in 
the TCA cycle [15,16]. By the way, most genes of the IA synthesis 
pathway are controlled by RTG signaling. Activation of the RTG 
signaling pathway could improve energy supply and the IA synthesis 
pathway simultaneously. MKS1 is an inhibitor of RTG signaling [17,18]. 
SNF1/MIG1 signaling plays a major role in glucose repression, which 
negatively regulates the expression of genes involved in respiratory 
metabolism and alternative sugar utilization. The knockout of hexoki-
nase HXK2 alleviated gene repression controlled by the SNF1/MIG1 
signaling in high-concentration glucose and enhanced oxidative phos-
phorylation [19–21]. Additionally, the endoplasmic reticulum mem-
brane protein GSF2 may promote secretion of some hexose transporters. 

Therefore, knocking out GSF2 can up-regulate the expression of genes in 
the respiratory chain and the TCA cycle, which is another effective way 
to increase the respiratory capacity of S. cerevisiae [22,23]. 

This study aimed to alleviate the inhibition of IA synthesis and res-
piratory capacity by disturbing signaling pathways of S. cerevisiae 
BY4741. First, IA production was increased by amplifying the ethanol- 
acetyl-CoA pathway by overexpressing ADH2 from S288C and Dz.ADA 
from Dickeya zeae in ammonium sulfate or urea media. To accelerate the 
utilization of acetate, acetate kinase-phosphotransacetylase (ACKA- 
PTA) and acetyl-CoA synthase (Mt.ACS) were overexpressed. To 
improve the respiratory capacity of S. cerevisiae by increasing the 
expression of glucose-repressed genes, MKS1 was knocked out to acti-
vate the RTG signaling including its target genes in the TCA cycle. 
Finally, HXK2 and GSF2 regulating the SNF1/MIG1 signaling were 
deleted to improve the respiratory capacity of S. cerevisiae. 

2. Materials and methods 

2.1. Plasmid and strain construction 

The plasmids constructed in this study are indicated in Table 1, and 
the primers used in this study are listed in Table S1. Recombinant 
plasmids were constructed using the HB-infusion™ Cloning Kit. E. coli 
strain DH5α was used for plasmid construction and amplification. The 
nucleotide sequence of Dz.ada from Dickeya zeae was codon-optimized 
and synthesized by Genewiz (GenBank: CP001836.1). The gene adh2 
was PCR amplified from the S288C genome and inserted into pRS423- 
PTEF1-TCYC1, yielding plasmid pRS423-PTEF1-adh2-TCYC1 (Gene ID: 
855349). The genes Ec.ackA and Ec.pta were PCR amplified from the 
E. coli MG1655 genome and inserted into pRS41H-PTEF1-TCYC1 and 
pRS41H-PFba1-TCYC1, respectively, yielding plasmids pRS41H-PTEF1-Ec. 
ackA-TCYC1 and pRS41H-PFba1-Ec.pta-TCYC1 (Gene ID of Ec.ackA: 
946775, Gene ID of Ec.pta: 946778). The gene Mt.acs encoding Acetyl- 
CoA synthetase from Methanothrix thermoacetophila was codon- 

Fig. 1. Metabolic pathways of itaconic acid (IA) 
biosynthesis by engineered S. cerevisiae using glucose 
as carbon source. ADH2, alcohol dehydrogenase II; 
ALD6, aldehyde dehydrogenase; ACS1, acetyl-CoA 
synthetase; Dz.ADA, acetaldehyde dehydrogenase 
(acylating); Mt.ACS, acetyl-CoA synthetase; Ec.ACKA, 
acetate kinase; Ec.PTA, phosphotransacetylase; PYC1, 
pyruvate carboxylase; CIT2, citrate synthase; ACO1, 
aconitase; CADA, cis-aconitate decarboxylase. YHM2, 
citrate and oxoglutarate carrier. Blue fonts indicate 
native genes of BY4741 related to IA production. Red 
fonts indicate genes overexpressed. : Red arrows 
indicate the pathway associated with IA production.   
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optimized and synthesized by Genewiz (GenBank: CP000477.1) and 
inserted into pRS426-PGPD-TCYC1, yielding plasmid pRS426-PGPD-Mt.acs- 
TCYC1. Gene deletion and integration on the chromosome were per-
formed using a CRISPR/Cas9-mediated method, as previously reported 
[11,24]. Yeast transformation was performed using a Frozen EZ Yeast 
Transformation II Kit (Zymo Research, USA). S. cerevisiae BY4741 was 
used as chassis cell. Strain xyy270 was constructed by inserting 
PGPD-cadA-TCYC1 cassette into integration position HO characterized in a 
previous study [25]. The linear integration cassettes PGPD-Dz.ada-TCYC1, 
PTEF1-adh2-TCYC1, PTEF1-Ec.ackA-TCYC1, PFba1-Ec.pta-TCYC1 and PGPD-Mt. 
acs-TCYC1 were inserted into integration positions characterized in a 
previous study [26]. More details about the constructed strains are listed 
in Table 1. A map of the strain evolution was supplemented in Fig. S1. 

2.2. Medium and cultivation conditions 

E. coli strains were grown in Luria-Bertani medium (1% (w/v) tryp-
tone, 0.5% (w/v) yeast extract, and 1% (w/v) NaCl) at 37 ◦C 

supplemented with 100 mg/L ampicillin. Solid LB medium contained 
2.0% Bacto agar. Yeast strains were cultivated in yeast extract peptone 
dextrose (YPD) before the transformation. YPD media contained 20 g/L 
glucose, 20 g/L peptones, and 10 g/L yeast extract. For maintenance, 
stock cultures of yeast strains were grown on YPD, if not specified 
differently, and E. coli cultures on LB medium with an appropriate 
antibiotic marker until the late exponential phase, complemented with 
sterile glycerol to a final concentration of 50% (vol/vol), and stored at 
− 80 ◦C as 1-ml aliquots until further use. 

Aerobic shake-flask cultures were grown in 250-mL shake flasks 
containing 30 mL of liquid media set at 30 ◦C and 220 rpm. For 
fermentation in flasks, the primary preculture cultures were prepared by 
inoculating strains transferred with plasmids pRS415-PGPD-cadA-TCYC1 
and pRS423-PTEF1-aac2-TCYC1 on solid medium to 2 mL YSCGL medium 
containing 20 g/L glucose, 0.67 g/L yeast nitrogen base, a complete 
supplement mixture (CSM) amino acid dropout supplement, and 
appropriate amino acids (LEU 0.1 g/L, HIS 0.05 g/L, URA 0.1 g/L and 
MET 0.05 g/L, according to the auxotroph markers of plasmids). The 

Table 1 
Strains and plasmids used in this study.  

Name Genotype Source or reference 

strains 
BY4741 MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0  
xyy270 BY4741, HO::PGPD-cadA-TCYC1 This study 
xyy271 xyy270, YPRCd15ca::PGPD-Dz.ada-TCYC1 This study 
xyy272 xyy271, 308a:: PTEF1-adh2-TCYC1 This study 
xyy273 xyy270, 208a::PTEF1-Ec.ackA-TCYC1, 720a::PFba1-Ec.pta-TCYC1 This study 
xyy274 xyy271, 208a::PTEF1-Ec.ackA-TCYC1, 720a::PFba1-Ec.pta-TCYC1 This study 
xyy275 xyy272, 208a::PTEF1-Ec.ackA-TCYC1, 720a::PFba1-Ec.pta-TCYC1 This study 
xyy276 xyy270, 208a::PGPD-Mt.acs-TCYC1 This study 
xyy277 xyy271, 208a::PGPD-Mt.acs-TCYC1 This study 
xyy278 xyy272, 208a::PGPD-Mt.acs-TCYC1 This study 
xyy282 xyy270, Δmks1 This study 
xyy283 xyy271, Δmks1 This study 
xyy284 xyy277, Δmks1 This study 
xyy286 xyy277, Δhxk2 This study 
xyy288 xyy284, Δhxk2 This study 
xyy290 xyy277, Δgsf2 This study 
xyy292 xyy284, Δgsf2 This study 
XYY270 xyy270, pRS415-PGPD-cadA-TCYC1, pRS423-PTEF1-aac2-TCYC1 This study 
XYY271 xyy271, pRS415-PGPD-cadA-TCYC1, pRS423-PTEF1-aac2-TCYC1 This study 
XYY272 xyy272, pRS415-PGPD-cadA-TCYC1, pRS423-PTEF1-aac2-TCYC1 This study 
XYY273 xyy273, pRS415-PGPD-cadA-TCYC1, pRS423-PTEF1-aac2-TCYC1 This study 
XYY274 xyy274, pRS415-PGPD-cadA-TCYC1, pRS423-PTEF1-aac2-TCYC1 This study 
XYY275 xyy275, pRS415-PGPD-cadA-TCYC1, pRS423-PTEF1-aac2-TCYC1 This study 
XYY276 xyy276, pRS415-PGPD-cadA-TCYC1, pRS423-PTEF1-aac2-TCYC1 This study 
XYY277 xyy277, pRS415-PGPD-cadA-TCYC1, pRS423-PTEF1-aac2-TCYC1 This study 
XYY278 xyy278, pRS415-PGPD-cadA-TCYC1, pRS423-PTEF1-aac2-TCYC1 This study 
XYY282 xyy282, pRS415-PGPD-cadA-TCYC1, pRS423-PTEF1-aac2-TCYC1 This study 
XYY283 xyy283, pRS415-PGPD-cadA-TCYC1, pRS423-PTEF1-aac2-TCYC1 This study 
XYY284 xyy284, pRS415-PGPD-cadA-TCYC1, pRS423-PTEF1-aac2-TCYC1 This study 
XYY286 xyy286, pRS415-PGPD-cadA-TCYC1, pRS423-PTEF1-aac2-TCYC1 This study 
XYY288 xyy288, pRS415-PGPD-cadA-TCYC1, pRS423-PTEF1-aac2-TCYC1 This study 
XYY290 xyy290, pRS415-PGPD-cadA-TCYC1, pRS423-PTEF1-aac2-TCYC1 This study 
XYY292 xyy292, pRS415-PGPD-cadA-TCYC1, pRS423-PTEF1-aac2-TCYC1 This study  

Plasmids Characteristic(s) Reference 

pRS415-PGPD-cadA-TCYC1 cadA expression plasmid This study 
pRS423-PTEF1-aac2-TCYC1 aac2 expression plasmid This study 
pRS426-PGPD-Dz.ada-TCYC1 Dz.ada expression plasmid This study 
pRS423-PTEF1-adh2-TCYC1 adh2 expression plasmid This study 
pRS423-PTEF1-Ec.ackA-TCYC1 Ec.ackA expression plasmid This study 
pRS423-PFba1-Ec.pta-TCYC1 Ec.pta expression plasmid This study 
pRS426-PGPD-Mt.acs-TCYC1 Mt.acs expression plasmid This study 
pPOX-gRNA-Y gRNA cassette This study 
pHYB-gRNA-308a gRNA cassette This study 
pHYB-gRNA-208a gRNA cassette This study 
pHYB-gRNA-720a gRNA cassette This study 
pHYB-gRNA-mks1 gRNA cassette This study 
pPOX-gRNA-hxk2 gRNA cassette This study 
pPOX-gRNA-gsf2 gRNA cassette This study  

a YPRCd15c was noted as Y in the manuscript. 
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nitrogen source of the shake flask medium was changed to 2 g/L urea 
(except for the shake flask medium in Fig. 2A with 5 g/L ammonium 
sulfate), which was named YSCGLU in this paper. Cells were harvested 
by centrifugation at 6000 rpm for 5 min, washed with fresh medium, 
transferred to a 250 mL flask containing 30 mL of YSCGL or YSCGLU 
medium, and grown at 30 ◦C and 220 rpm. 

2.3. Analytical methods 

Cell growth was monitored by measuring the absorbance at 600 nm. 
The concentrations of glucose, ethanol, acetate, glycerol, citric acid/ 
isocitric acid, OAA, pyruvic acid and IA were analyzed by HPLC with an 
Aminex HPX-87H ion exclusion column (Bio-Rad, Hercules, CA), a 
refractive index detector (RID-10A, Shimadzu Corporation, Kyoto, 

Fig. 2. Effect of enhanced ethanol utilization on IA production and metabolism. (A) Production of IA with 5 g/L ammonium sulfate. (B) Production of IA with 2 g/L 
urea. XYY270 ( ); XYY271 ( ); XYY272 ( ); Strain XYY271 overexpressed Dz.ada, strain XYY272 overexpressed Dz.ada and Sc.adh2, and XYY270 was a control strain 
with plasmids pRS415-PGPD-cadA-TCYC1 and pRS423-PTEF1-aac2-TCYC1. The seed cultures were inoculated into 30 mL of medium with an initial OD600 of 0.1 and the 
pre-cultured cells were harvested at 20 h in YSC medium with 5 g/L ammonium sulfate or 2 g/L urea as nitrogen source. The pH of the medium was adjusted with 
NaOH or HCl every 24 h to about 6.00. 

Y. Xu and Z. Li                                                                                                                                                                                                                                  



Synthetic and Systems Biotechnology 8 (2023) 129–140

133

Japan), a UV detector (SPD-10A, Shimadzu Corporation), and an LC 
Solutions system (Shimadzu Corporation). IA was measured with the UV 
detector and the other metabolism were measured with the refractive 
index detector. The mobile phase was 5 mM H2SO4 solution at a flow 
rate of 0.5 mL/min. The HPLC column was operated at 30 ◦C. Addi-
tionally, profiles of glucose and pyruvic acid concentrations of con-
structed strains in YSCGL or YSCGLU medium were added in Fig. S2, 
Fig. S3, Fig. S4 and Fig. S5. 

2.4. RNA isolation and quantitative real-time PCR 

The primers used for quantitative real-time PCR analysis (qRT-PCR) 
are listed in Table S1. The yeast culture of shake flask was sampled at 19 
h and 48 h, centrifuge at 6000 rpm for 10 min. The collect cells were 
washed once with PBS (pH = 7.0) or sterile water. Then the cells were 
frozen with liquid nitrogen, transferred to the mortar, and ground to 
powder. The RNA was extracted using the SteadyPure Universal RNA 
Extraction Kit II (Accurate Biotechnology (Hunan)Co., Ltd.) and trans-
lated into cDNA using an Evo M-MLVRT Mix Kit (Accurate biology). The 
RNA quality was analyzed by agarose gel electrophoresis and nanodrop, 
and 10-fold diluted cDNA was employed as a template to perform qRT- 
PCR using SYBR® Green Premix Pro Taq HS qPCR Kit (Accurate biology) 
in the Bio-Rad CFX96 Real-Time PCR system (Bio-Rad). The actin gene 
(GenBank Gene ID: 850504, ACT1) was used as an internal control for 
BY4741. The relative abundances of genes: idh1, idh2, pyc1, acs1, cit1, 
cit2, aco1 and so on were standardized by the expression levels of the 
actin gene, and the relative quantification of each transcript was ach-
ieved using the 2− ΔΔCt method, as previously reported [27]. The enu-
merations were performed in triplicate for each group of data, and the 
average was taken into consideration. 

3. Results 

3.1. Engineering the ethanol consumption pathway 

Ethanol and acetic acid formed because of the Crabtree effect could 
be used for IA production and overexpression of the ATP/ADP trans-
porter AAC2 increased IA biosynthesis [11]. However, acetic acid 
accumulated gradually during ethanol utilization (2.5 g/L at 120 h), 
which had a toxic effect on cell metabolism and inhibited cellular 
growth. As ethanol was about to be consumed, acetic acid was gradually 
utilized at a moderate speed. Ethanol higher than 4.25 g/L will prevent 
acetic acid utilization since a high concentration of ethanol prevents the 
transcription of ACS1 [28,29]. Increasing ethanol utilization preferen-
tially will help to boost the rate of acetic acid absorption. Acetaldehyde 
dehydrogenase (acylation) Dz.ADA [14] from Dickeya parazeae Ech586 
and ethanol dehydrogenase ADH2 from S. cerevisiae S288C were over-
expressed, and the cassette PGPD-Dz.ada-TCYC1 was integrated into the 
YPRCD15c site of xyy270 (BY4741, HO:PGPD-cadA-TCYC1) to obtain 
strain xyy271. PTEF1-adh2-TCYC1 expression cassette was integrated into 
the 308a site of xyy271 to obtain strain xyy272. Plasmids 
pRS415-PGPD-cadA-TCYC1 and pRS423-PTEF1-aac2-TCYC1 were trans-
formed into xyy270 to obtain XYY270. As shown in Table 1, strains 
named with capital letters contain the two plasmids. 

Both Dz.ada and adh2 were overexpressed and the obtained strains 
were cultured in a YSCGL-LEU-HIS medium with 5 g/L ammonium 
sulfate as a nitrogen source (Fig. S2A). Fig. 2A showed that it had no 
significant impact on the production of acetic acid, IA, or ethanol except 
for raising the biomass of S. cerevisiae. However, previous studies had 
demonstrated that S. cerevisiae improved IA yield by simultaneously 
overexpressing acetaldehyde dehydrogenase (acylation), citrate syn-
thase, and aconitase [9]. We replaced the 5 g/L ammonium sulfate in the 
medium YSCGL-LEU-HIS with 2 g/L urea (YSCGLU). During the ethanol 
utilization stage, the ethanol utilization rate of XYY271 was faster than 
that of the control strain XYY270, acetic acid accumulated gradually, 
and entered the acetic acid utilization stage earlier than that of the 

control strain XYY270. After 72 h, the acetic acid utilization started, and 
the IA titer increased to 207 mg/L in 120 h (Fig. 2B). The IA concen-
tration of XYY271 improved from 48 h to 120 h mostly, consistent with 
accelerated ethanol and acetic acid utilization, which reflected 
strengthened metabolic flux in the ethanol-acetyl-CoA pathway of 
XYY271 after 48 h. 

3.2. Engineering the acetic acid consumption pathway 

Although exogenous expression of Dz.ada encouraged IA production 
and metabolic flux of the ethanol-acetyl-CoA pathway, it still took a long 
time for acetic acid to be utilized, leaving around 2.08 g/L of acetic acid 
residue in the 120-h supernatant of XYY271. To speed up the utilization 
of acetic acid further, we overexpressed ACKA-PTA [27]from Escherichia 
coli BW25113 and acetyl-CoA synthase (Mt.ACS) from Methanothrix 
thermoacetophila [30,31], respectively. 

Ec.ACKA catalyzes acetic acid and ATP into acetyl-phosphate and 
ADP, and then acetyl-phosphate is converted into acetyl-CoA under the 
control of Ec.PTA. Compared with the general reaction of acetyl-CoA 
synthase, the advantage of ACK-PTA pathway is reducing one ATP de-
mand for acetic acid utilization. However, when the carbon flux entering 
the cells exceed the digestion capacity of the central pathway and acetyl- 
CoA cannot enter the TCA cycle pathway, excessive acetyl-CoA could 
produce acetic acid and ATP through the ACK-PTA pathway reversely 
[32]. The expression cassettes of PTEF1-Ec.ackA-TCYC1 and PFba1-Ec. 
pta-TCYC1 were integrated into 208a and 720a of xyy270, respectively, 
yielding strain xyy273. PTEF1-Ec.ackA-TCYC1 and PFba1-Ec.pta-TCYC1 
expression cassettes were integrated into the same sites of xyy271 to 
obtain strain xyy274. PTEF1-Ec.ackA-TCYC1 and PFba1-Ec.pta-TCYC1 
expression cassettes were integrated into the exact positions of xyy272 
to obtain strain xyy275. As shown in Fig. 3A, strains XYY274 and 
XYY275 overexpressing Ec.ackA and Ec.pta accelerated ethanol utiliza-
tion after 48 h, but yeast biomass in the utilization stage of ethanol and 
acetic acid was significantly lower than that of the control strain 
XYY270. Acetic acid concentrations reached 4.74 g/L and 5.51 g/L after 
120 h, which was higher than the titer of acetic acid accumulated in 
XYY271 (4.08 g/L), the control strain. Accumulation of acetic acid might 
prevent yeast growth. The production of IA, the downstream product 
synthesized by acetyl-CoA, was reduced to 77 mg/L and 60 mg/L, 
respectively. Overexpression of Ec.ackA and Ec.pta resulted in more 
excretion of acetic acid and less production of IA at 120 h. 

Although acetyl-CoA synthase can catalyze the reaction between 
acetic acid and acetyl-CoA reversibly, pyrophosphatase makes the ac-
tivity irreversible in yeast. Acetyl-CoA synthetase from Methanothrix 
Thermoacetophila has a Km value of 0.4 mM and a high affinity for acetic 
acid. Additionally, the enzyme has a higher affinity for ATP than 
S. cerevisiae acetyl-CoA synthetase ACS1. A PGPD-Mt.acs-TCYC1 expres-
sion cassette was integrated at the position 208a of xyy270 to obtain 
strain xyy276; For strain xyy277, the PGPD-Mt.acs-TCYC1 expression 
cassette was integrated at the position 208a of xyy271; PGPD-Mt.acs- 
TCYC1 expression cassette was integrated at the position 208a of xyy272 
to obtain strain xyy278. 

XYY277 overexpressed Mt.acs based on strain XYY271 and the 
biomass decreased. The concentration of IA increased to 258 mg/L after 
120 h (Fig. 3B). Besides, the concentrations of OAA and pyruvic acid in 
the supernatant increased significantly. qRT-PCR results showed 
(Fig. 3C) that the relative expression of idh2, ndi1, nde1 and qcr6 related 
to mitochondrial respiratory metabolism in strain XYY277 was up- 
regulated by 2.0, 5.0, 3.0, 2.3 and 2.7 times than that in strain 
XYY271 at 48 h (the stage of ethanol utilization), and the difference was 
significant. Additionally, the relative expression of the genes in the 
glyoxylate pathway, mls1, mdh2 and icl1 were 1.6, 5.0 and 4.3 higher 
than that of XYY271, which was consistent with the increase in OAA 
production. The relative expression of pyruvate carboxylase PYC1 did 
not change significantly, suggesting that the up-regulated expression of 
the glyoxylate pathway may be the primary cause of the rise in OAA 

Y. Xu and Z. Li                                                                                                                                                                                                                                  



Synthetic and Systems Biotechnology 8 (2023) 129–140

134

synthesis. 
It’s reported phosphotransacetylase plays a role in the excretion of 

acetate by E. coli growing on glucose [33]. When E. coli grows on excess 
glucose or other carbon sources, up to 1/3 of the glucose could be 
excreted, mainly as acetate, via the reversible PTA-ACKA pathway [34]. 
The complete respiratory dissimilation of glucose in S. cerevisiae can 
produce 16 or 18 ATP. However, the fermentative pathway can only 
produce 2 ATP [35–37]. A lack of ATP during glucose fermentation may 
direct the reversible reaction of ACKA-PTA to acetic acid production. 
Although overexpression of Mt.acs sped up acetic acid utilization and IA 
formation, the impact was minimal. The above results showed that the 

inability to meet the ATP demand of yeast for acetic acid utilization or 
glucose repression might be an important reason limiting the IA 
synthesis. 

3.3. Activation of mitochondrial retrograde signaling improved acetic acid 
utilization and IA production 

Amplification of the ethanol-acetyl-CoA pathway revealed that while 
ethanol-acetaldehyde consumption can provide cells with abundant 
NADH, it could be constrained by the cells’ inability to oxidatively 
phosphorylate NADH, which is also a problem for acetate utilization. 

Fig. 3. Effect of enhanced acetate utilization on IA production and metabolism. (A) Effect of overexpression of ACKA-PTA on IA production. Profiles of cell density, 
IA, oxaloacetic acid, ethanol, acetic acid and glycerol concentrations in cultivation with YSCGLU medium with 20 g/L glucose. (B) Effect of overexpression of Mt.acs 
on IA production. Profiles of cell density, IA, oxaloacetic acid, ethanol, acetic acid and glycerol concentrations in cultivation with YSCGLU medium with 20 g/L 
glucose. The initial cell densities were approximately 0.1. The pH of the medium was adjusted with NaOH or HCl every 24 h to about 6.00. XYY270 ( ); XYY273 ( ); 
XYY274 ( ); XYY275 ( ); XYY276 ( ); XYY277 ( ); XYY278 ( ). (C) Relative transcription levels of genes related to IA production in XYY271 and XYY277. The 
relative transcription levels of XYY271 at 48 h are indicated in blue; those of XYY277 are indicated in magenta. ACT1, actin; ALD4, mitochondrial acetaldehyde 
dehydrogenase; CIT2, citrate synthase; ICL1, isocitrate lyase; MDH2, cytoplasmic malate dehydrogenase; MDH3, peroxisomal malate dehydrogenase; MLS1, malate 
synthase; IDH1, subunit of mitochondrial NAD(+)-dependent isocitrate dehydrogenase; IDH2, subunit of mitochondrial NAD(+)-dependent isocitrate dehydroge-
nase; NDI1, mitochondrial internal NADH dehydrogenase; NDE1, mitochondrial external NADH dehydrogenase; SDH4, membrane anchor subunit of succinate 
dehydrogenase 4; QCR6, subunit 6 of the ubiquinol cytochrome-c reductase complex; QCR8, subunit 8 of ubiquinol cytochrome-c reductase (Complex III); QCR10, 
subunit of the ubiquinol-cytochrome c oxidoreductase complex; COX4, cytochrome oxidase subunit IV; COX6, Subunit VI of cytochrome c oxidase (Complex IV); 
ATP20, subunit g of the mitochondrial F1F0 ATP synthase; ATP14, subunit h of the F0 sector of mitochondrial F1F0 ATP synthase. The letters *, **, and *** above the 
bars indicate significant differences (*: P < 0.05, **: P < 0.01, and ***: P < 0.001). 
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Fig. 3. (continued). 

Fig. 4. Effect of enhanced RTG signal pathway on IA production and metabolism. (A) Effect of knockout of mks1 on IA production and metabolism. Profiles of cell 
density, IA, oxaloacetic acid, ethanol, acetic acid and glycerol concentrations in cultivation with YSCGLU medium with 20 g/L glucose. XYY282 ( ); XYY283 ( ); 
XYY284 ( ); Mks1 was deleted in Strain XYY282, XYY283 and XYY284. The initial cell densities were approximately 0.1. The pH of the medium was adjusted with 
NaOH or HCl every 24 h to about 6.00. (B) Relative transcription levels of genes related to IA production in XYY277 and XYY284. The relative transcription levels of 
XYY277 at 19 h are indicated in blue; those of XYY284 are indicated in magenta. PDC1, pyruvate decarboxylase; PDC5, pyruvate decarboxylase; HXT1, low-affinity 
glucose transporter of the major facilitator superfamily; HXT5, hexose transporter with moderate affinity for glucose; HXT4, high-affinity glucose transporter; HXT7, 
high-affinity glucose transporter. The results of the P value were not labeled on the picture. 
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Enhancing the TCA cycle helps to increase oxidative phosphorylation 
capacity [38,39]. The RTG signaling responds to intracellular changes in 
energy, including mitochondrial dysfunction. It activates the transcrip-
tion of many nuclear genes encoding mitochondria on glucose, including 
those encoding the TCA cycle [15,16,40]. In addition, activating the 
RTG signaling not only promotes the production of ATP but also 
up-regulates the expression of target genes such as pyc1, acs1, cit2 and 
aco1 on glucose, which are all essential genes for IA production in the 
cytoplasm of S. cerevisiae. To relieve the inhibition of the RTG signaling 
by glucose, we knocked out the transcriptional repressor of the RTG 
signaling, MKS1, and performed flask shaking experiments [17,18]. 
Gene mks1 in the strain xyy270 was deleted, yielding strain xyy282; 
mks1 in the strain xyy271 was deleted, yielding strain xyy283; mks1 in 
the strain xyy277 was deleted, yielding strain xyy284. 

As shown in Fig. 4A, the IA production rate of XYY282, XYY283 and 
XYY284 increased significantly, while IA production was advanced to 
the stage of glucose utilization (Fig. S4). The concentration of IA in 
XYY283 at 120 h in the supernatant improved from 207 mg/L to 295 
mg/L. In the ethanol utilization stage, the concentration of acetic acid in 
XYY283 increased rapidly from 19 h to 84 h, and the rate of acetic acid 
consumption was faster after 84 h. Knockout of mks1 contributed to the 
accelerated acetic acid utilization, as evidenced by the reduced acetic 
acid concentration in the supernatant of strain XYY282. In addition, Mt. 
acs was overexpressed based on strain XYY283. The titer of IA in XYY284 
was further increased to 361 mg/L, the concentration of acetic acid in 
the supernatant was significantly lower than that of XYY283, and no 
acetic acid was detected in the supernatant at 120 h, which indicated 
that overexpressing Mt.acs and deleting mks1 simultaneously further 
accelerated the utilization of acetic acid in S. cerevisiae. 

qRT-PCR results in Fig. 4B showed that the relative expression levels 
of cit1, aco1, idh1 and idh2 at 19 h (Fig. S4, the stage of glucose utili-
zation) in XYY284 were 3.3, 11.0, 2.5 and 6.2 times higher than those in 
XYY277, respectively. Furthermore, although the oxidative phosphory-
lation pathway is not a direct target of the RTG signaling, the relative 
expression levels of ndi1, nde1, sdh4, qcr6, qcr8, qcr10, cox4, cox6, atp14 
and atp20 were 4.6, 4.0, 3.8, 8.4, 7.2, 10.7, 10.2, 11.3, 5.0 and 8.5 times 
higher than those of XYY277, respectively, which suggests that acti-
vating RTG signaling alleviates the glucose inhibition of the TCA cycle 
and respiratory chain pathways in S. cerevisiae. Besides, the relative 
expression levels of pyc1, adh2, ald4, acs1, cit2 and aco1 genes related to 
IA synthesis were 2.3, 2.9, 5.2, 7.4, 4.3 and 11.0 times higher than those 
of XYY277, respectively, which is consistent with the increased ethanol 
and acetic acid consumption and IA production. 

3.4. Regulation of SNF1/MIG1 signaling improved oxidative 
phosphorylation pathway and IA production 

Upregulating the mitochondrial TCA cycle and oxidative phosphor-
ylation pathways is beneficial to improve ATP production. Through the 
overexpression of Mt.acs and the deletion of mks1, strain XYY284 
improved IA production. Nevertheless, acetic acid remained in the su-
pernatant for 19–84 h. To increase acetic acid utilization and respiratory 
capacity further, GSF2 and HXK2 related to the oxidative phosphory-
lation pathway were deleted, separately. Carbon catabolite repression is 
mediated, in part, by the crosstalk between two glucose signaling 
pathways: the RGT2/SNF3 axis responsible for glucose uptake; and the 
SNF1/MIG1 axis that negatively regulates the genes involved in respi-
ratory metabolism and utilization of alternative sugars [34,35], which 
are two key regulators of glucose repression in S. cerevisiae. GSF2 is an 
integral membrane protein in the endoplasmic reticulum and involves 
the secretion of certain hexose transporters (such as HXT1) [22,41,42]. 
GSF2 was deleted in this paper since the functional link between the 
SNF1 signaling and GSF2 [23,34]. Strain xyy290 was created by deleting 
gsf2 from strain xyy277. Strain xyy292 was created by deleting gsf2 from 
strain xyy284. 

Glycerol accumulation reflects whether cytoplasmic NADH exceeds 

the capacity of mitochondrial oxidative phosphorylation, while ethanol 
secretion reflects whether mitochondrial NADH exceeds mitochondrial 
oxidative phosphorylation capacity [43]. Fig. 5A demonstrated that, 
after deletion of GSF2, the glycerol output of XYY290 decreased to 0.25 
g/L drastically, which implied the oxidative phosphorylation ability of 
XYY290 may be strengthened during the glucose utilization stage. 
However, the IA production of strain XYY290 at 120 h dropped to 216 
mg/L. The decreasing OAA may account for this. The combined deletion 
of MKS1 and GSF2 (XYY292) had little effect on glycerol production. 
Consequently, the IA production rate of XYY292 was slower than that of 
XYY284. Surprisingly, IA titer in XYY292 (493 mg/L) was higher than in 
XYY284 at 168 h, since XYY292 had accumulated more acetic acid than 
XYY284. Accordingly, acetyl-CoA and OAA, the two precursors for IA 
synthesis, should be distributed in a coordinated manner to maximize IA 
production. 

The hexokinase HXK2, interacts with MIG1 (multicopy inhibitor of 
GAL gene expression) and influences glucose repression during glucose 
utilization. The respiratory pathway is improved when hxk2 is knocked 
out [19]. Strain xyy286 was created by deleting hxk2 from strain 
xyy277. Strain xyy288 was created by deleting hxk2 from strain xyy284. 

The production of IA in strain XYY288 did not change significantly, 
as shown in Fig. 5B. The biomass of the strain XYY286 increased during 
the phase of glucose utilization, and the production of IA enhanced 
significantly to 396 mg/L at 120 h and reached 535 mg/L at 168 h. 
Compared with the control strain XYY277, the IA production of the 
strain XYY286 increased by 54% at 120 h. The titer of OAA in XYY286 
rose from 258 mg/L to 363 mg/L compared to the control strain XYY277 
at 120 h. When hxk2 was knocked out, BY4741 maintained the state of 
the Crabtree effect, in contrast to the outcomes of CEN.PK series yeast 
[21]. The difference in genetic backgrounds between the S288C and 
CEN.PK yeast may account for these variances [44]. As shown in Fig. 5C, 
the relative expression of the low-affinity glucose transporter protein 
HXT1, which is positively regulated by RGT2 signaling, was 
up-regulated by 3.3-fold, while the relative expression of the 
high-affinity glucose transporter proteins HXT4 and HXT7, which are 
negatively regulated by SNF1/MIG1 and SNF3 signaling, were 
down-regulated by 0.13-fold and 0.66-fold, respectively. Furthermore, 
the relative expression of the medium-affinity glucose transporter pro-
tein HXT5 was elevated 4.34-fold [45]. Considering the shake flask re-
sults, strain XYY286 consumed glucose faster than strain XYY277. These 
findings suggest there might be isozymes or other mechanisms to fill the 
gaps left by deleting the enzyme HXK2. Unexpectedly, qRT-PCR results 
revealed (Fig. 5C) that the relative expression of cit1, aco1, idh1, and 
idh2 of the TCA cycle pathway of XYY286 was 4.4, 34.9, 3.0, and 5.9 
times higher than that of XYY277, respectively. The relative expression 
of the genes ndi1, nde1, sdh4, qcr6, qcr8, qcr10, cox4, cox6, atp20, and 
atp14 sampled for the oxidative phosphorylation pathway was, respec-
tively, 3.3, 1.5, 5.6, 4.0, 9.0, 2.3, 6.4, 3.8, 3.5, and 4.7 times greater than 
that of XYY277. The differences were significant, indicating that hxk2 
knockout increased gene expressions related to mitochondrial respira-
tion and metabolism, too. On the other hand, qRT-PCR results implied 
that hxk2 deletion enhanced the precursor supply of acetyl-CoA and 
OAA. The relative expression of pdc1 in XYY286 did not change, but 
pdc5 had a 6.3-fold greater relative expression than XYY277. Combined 
with the increased titer of ethanol and acetic acid of XYY286 at 19 h, the 
metabolic flux of pyruvate decarboxylase was improved. Additionally, 
icl1, mls1, mdh2, mdh3, and pyc1 had relative expression levels of 94.9, 
229.4, 13.3, and 2.5 times greater than those of XYY277, respectively, 
which is consistent with enhanced OAA production during the phase of 
glucose utilization. 

3.5. The upregulation of OAA synthesis pathway and pyruvate 
decarboxylase favors IA synthesis 

Except for the difference in IA and acetic acid titers, XYY286 and 
XYY284 had increased OAA and IA titers significantly with the same 
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Fig. 5. Increasing the ATP supply through deletion of gsf2 and hxk2. (A)Effect of deletion of gsf2 on acetate utilization and IA production. Profiles of cell density, IA, 
oxaloacetic acid, ethanol, acetic acid and glycerol concentrations in cultivation with YSCGLU medium with 20 g/L glucose. XYY284( ); XYY290 ( ); XYY292 ( ); 
Gsf2 was deleted in Strain XYY290 and XYY292. (B)Effect of knockout of hxk2 on acetate utilization and IA production and metabolism. Profiles of cell density, IA, 
oxaloacetic acid, ethanol, acetic acid and glycerol concentrations in the cultivation of YSCGLU medium with 20 g/L glucose. XYY284 ( ); XYY286 ( ); XYY288 ( ); 
Hxk2 was deleted in Strain XYY286 and XYY288. The initial cell densities were approximately 0.1. The pH of the medium was adjusted with NaOH or HCl every 24 h 
to about 6.00. (C) Relative transcription levels of genes related to IA production in XYY277 and XYY286. The relative transcription levels of XYY277 at 19 h are 
indicated in blue; those of XYY286 are indicated in magenta. The results of the P value were not labeled on the picture. The initial cell densities were approximately 
0.1. The pH of the medium was adjusted with NaOH or HCl every 24 h to about 6.00. 
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trend. qRT-PCR experiments were conducted to understand thoroughly 
why XYY286 produced more IA and acetic acid than XYY284. Fig. 6 
demonstrated that the relative expression of pyc1, icl1, mdh2, and mls1 in 
the cytoplasmic OAA synthesis pathway of XYY286 was 2.2, 7.4, 16.2, 
and 10.9 times greater than that of XYY284, respectively. The up- 
regulation of these genes strengthened the capacity of OAA synthesis 
of XYY286. Besides, the relative expression of the pyruvate de-
hydrogenases PDC1 and PDC5 was 3.7 and 2.5 times higher in XYY286 
than in XYY284, respectively. There was a possibility that acetate 
accumulation in XYY286 could be caused by an increase in pyruvate 
directing to the ethanol-acetyl-CoA pathway. Fig. 5B showed that 
XYY286 accumulated more ethanol and acetic acid than XYY284 at 19 h. 
The metabolic flow of the ethanol-acetyl-CoA pathway was driven by 
the up-regulated expression of pyruvate decarboxylase. In summary, IA 
production was improved by the enhanced expression of the OAA syn-
thesis pathway and pyruvate decarboxylase, and more NADH was 
available for OAA synthesis catalyzed by MDH2 in the glyoxylate 
pathway. 

4. Discussion 

As an important organic acid compound, IA is a notable monomer for 
many valuable biological products. IA is primarily produced by the TCA 
cycle and glyoxylate pathway. However, the Crabtree effect of 
S. cerevisiae limits the metabolic flow of the citrate synthesis pathway, 
and engineered Crabtree-negative strains always sacrifice strain growth 
in glucose medium to increase the metabolic flux of these pathways. The 
two-stage production of IA with glucose as a substrate is more suitable 
for Crabtree-positive yeasts. Previously, an IA synthesis pathway in the 
cytoplasm of S. cerevisiae was designed and synthesized, and complex 
optimization and modification of the metabolic pathway were carried 
out to increase the production of cytoplasmic IA [9]. We performed 
another efficient method to activate IA synthesis and oxidative phos-
phorylation pathways by rewiring signaling pathways. By improving 
precursors acetyl-CoA, OAA, and energy supply, IA production was 
finally boosted to 535 mg/L. 

Energy regulation has been an issue non-ignorable when modifying 
the cytoplasmic IA synthesis pathway, and promoting the TCA cycle and 
oxidative phosphorylation contribute to the energy supply for synthe-
sizing precursor OAA and acetyl-CoA. Urea has more advantages over 
ammonium sulfate as a nitrogen source, including alkalizing cyto-
plasmic pH and providing CO2 for OAA synthesis. The supply-demand 
relationship of ATP and NADH between urea uptake and Dz.ADA 

reaction may be one reason for the increased production of IA in the urea 
medium when Dz.ADA was overexpressed. However, the results of 
ACKA-PTA and Mt.ACS overexpression revealed that a lack of cyto-
plasmic ATP may limits the precursor supply. Increasing the TCA cycle 
and oxidative phosphorylation is a valuable strategy for boosting ATP 
levels. Our experiments demonstrated that transcriptional activators 
related to glucose sensing and signaling mechanisms are feasible and 
effective targets. Instead of expressing genes of the IA synthesis 
pathway, MKS1, a transcriptional repressor of the RTG signaling, was 
knocked out directly. Which strengthened the TCA cycle and oxidative 
phosphorylation pathways through metabolic regulation, increased the 
rate of acetate utilization, and the up-regulated expression of cyto-
plasmic IA synthesis pathway genes pyc1, cit2, aco1 and others were 
beneficial to increasing IA production. Similar to the effect of ΔMKS1, 
ΔHXK2 up-regulated the TCA cycle and oxidative phosphorylation 
pathways and increased the supply of acetyl-CoA and OAA, too. The 
difference is that the relative expression levels of the downstream genes 
of the glyoxylate pathway: icl1, mls1 and mdh2 were up-regulated 
further, and more NADH was provided in XYY286 than in XYY284. 
The similar effects between XYY284 and XYY286 may be because the 
RTG signaling is activated by the transcription factors ADR1 and CAT8, 
which are inhibited by the SNF1/MIG1 signaling as well [20]. Because of 
this crosstalk between the signaling pathways and related targets, 
although the regulated signaling pathways are distinct, the character-
izations of the generated strains are comparable. The impacts of ΔHXK2 
on the respiratory and glyoxylate pathways are still crucial for 
enhancing the generation of IA, even though they were unable to alle-
viate the Crabtree effect in XYY286 as the CEN.PK series could. 

Shack flask results of strain XYY286 at 168 h showed that 33.01% of 
glucose was converted to OAA and pyruvate remained in the medium, 
and about 26.64% of glucose was used for yeast growth, a total of 
3.75%–7.5% of glucose was converted to IA. The IA yield from total 
consumed glucose was 2.65% in S. cerevisiae XYY286 (Table S2). The 
increased OAA and pyruvate during 19–168 h implied OAA was not a 
limited precursor for IA production. If the cytoplasmic glyoxylate 
pathway (excluding MDH2) and pyruvate carboxylase account for all of 
the IA production, then only 3.75% of glucose is used for IA production. 
The reaction equation for IA production from glucose through the 
cytoplasmic glyoxylate pathway is as follows:  

C6H12O6+ADP+2NAD++NADP+→IA + CO2+2NADH +
NADPH+2H++AMP + H2O                                                            (1) 

Due to lacking the complex I-type NADH dehydrogenases in 

Fig. 6. (A) A glyoxylate pathway and pyruvate decarboxylase upregulation favors IA synthesis. Relative transcription levels of genes related to IA production in 
XYY286 and XYY288. The relative transcription levels of XYY286 at 19 h are indicated in blue; those of XYY288 are indicated in magenta. The letters *, **, and *** 
above the bars indicate significant differences (*: P < 0.05, **: P < 0.01, and ***: P < 0.001). 
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S. cerevisiae, the complete respiratory dissimilation of glucose yields 
approximately 16 or 18 ATP per glucose [35–37]. By hydrolyzing one 
ATP, Pma1p pumps 3H+ out of the cell. The reactions above show that 
IA production is generally a process of energy excess, and the flux of 
OAA and acetyl-CoA supplied pathways in the cytoplasm is enough for 
higher IA production. However, little glucose was used for IA produc-
tion. Acetic acid absorption of XYY284 and XYY286 in Fig. 5B implied 
that insufficient acetic acid supply limited IA production. These results 
suggest that there could be an overflow of acetyl-CoA that limits IA 
production. Fatty acid synthesis could be one of the exports, as evi-
denced by recent studies on isotopic labeling [20]. The synthesis of 
succinate by the glyoxylate pathway and its entry into the mitochondria 
could be another cause of the acetyl-CoA loss. The following reaction 
equation showed that two molecules of acetyl-CoA are transferred to one 
molecule of succinate. These reactions are catalyzed by the enzymes 
CIT2, ACO1, ICL1, MLS1, and MDH2:  

2acetyl-CoA + 2H2O + NAD+ = succinate + 2CoA + 3H++ NADH    (2) 

By the way, more work is needed to confirm whether the enzymatic 
activities of citrate synthase, aconitase, and cis-aconitate decarboxylase 
limit IA synthesis [11,46,47]. 

In conclusion, we increased IA titer by reducing some signaling 
pathways related to glucose repression, which upregulated the gene 
expressions of the IA synthesis and respiratory pathways during the 
growth on glucose. However, more specific work is needed to reduce the 
metabolic overflow of acetyl-CoA. Bypassing the ethanol-acetyl-CoA 
pathway and creating acetyl-CoA directly by overexpressing the pyru-
vate dehydrogenase (PDH) complex is another possible way of acetyl- 
CoA production and avoiding toxic intermediates accumulation. How-
ever, the redox balance during glucose utilization is a concern. Meta-
bolic regulation of the glucose-sensing signaling pathway effectively 
increases gene expressions related to glucose derepression, which pro-
vides a reference for other studies linked to the Crabtree-positive 
phenotype. 
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