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Abstract

Saccharomyces cerevisiae is a promising microbial cell factory. However, the overflow metabolism, known as the Crabtree effect, directs
the majority of the carbon source toward ethanol production, in many cases, resulting in low yields of other target chemicals and
byproducts accumulation. To construct Crabtree-negative S. cerevisiae, the deletion of pyruvate decarboxylases and/or ethanol dehy-
drogenases is required. However, these modifications compromises the growth of the strains on glucose. This review discusses the
metabolic engineering approaches used to eliminate ethanol production, the efforts to alleviate growth defect of Crabtree-negative
strains, and the underlying mechanisms of the growth rescue. In addition, it summarizes the applications of Crabtree-negative S.
cerevisiae in the synthesis of various chemicals such as lactic acid, 2,3-butanediol, malic acid, succinic acid, isobutanol, and others.
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Introduction

Saccharomyces cerevisiae is widely recognized as a robust ethanol
producer, and recent efforts have increasingly focused on en-
gineering it for cellulosic ethanol production (Hou et al. 2017,
Sharma et al. 2022). Aside from ethanol, it has also been widely
used as a microbial cell factory for producing fuels (Nielsen et
al. 2013), chemicals (Wang et al. 2024), food ingredients (Preto-
rius 2017), and pharmaceuticals (Nielsen 2019). Saccharomyces cere-
visiae has significant advantages as a microorganism cell factory.
It has a clear genetic manipulation background, a strong capac-
ity for homologous recombination (Mathiasen and Lisby 2014).
Numerous genetic engineering tools have been developed (Guir-
imand et al. 2021, Zhai et al. 2022). Furthermore, it has been used
in food production for a long time and is recognized as a Generally
Recognized As Safe organism by the US Food and Drug Adminis-
tration. It is a preferred cell factory, particularly for the produc-
tion of natural products that require the expression of eukaryotic-
derived enzymes (Nett 2024). In addition, its high tolerance to
stressors such as low pH makes it suitable for producing organic
acids (Nevoigt 2008).

One of the important metabolic features of S. cerevisiae is the
Crabtree effect. That is, under aerobic and anaerobic conditions,
it does not rely on oxidative phosphorylation to produce adeno-
sine triphosphate (ATP), but rather through phosphorylation at
the substrate level. When the concentration of glucose in the
environment is high, respiration of S. cerevisiae is inhibited and
glucose rapidly produces ethanol through fermentation (Hagman
and Piskur 2015). In this process, a high glycolytic flux meets the

energy demands of rapid cell growth, and the ethanol released
can inhibit the growth of competitors, giving S. cerevisiage an advan-
tage in natural evolution (Rozpedowska et al. 2011). Subsequently,
under aerobic conditions, ethanol is utilized as both an energy
and carbon source in a metabolic process known as “diauxic shift”
(Pronk et al. 1996). However, the use of respiration is much more
efficient than fermentation, and respiration produces ~10 times
more ATP from the full oxidation of glucose than fermentation
does (Pfeiffer and Morley 2014, Nilsson and Nielsen 2016, Malina
et al. 2021).

Many efforts have been made to explain the Crabtree effect
of S. cerevisiae (Piskur et al. 2006). One hypothesis is the limi-
tation of respiratory capacity, meaning that the mitochondrial
electron transport chain of S. cerevisiae is not able to efficiently
oxidize nicotinamide adenine dinucleotide (NADH) (Aceituno et
al. 2012). This results in excessive NADH accumulation, which
needs to be consumed via ethanol production. This hypothesis
is supported by several experimental findings, such as a signif-
icant reduction in metabolic overflow to ethanol when express-
ing a heterologous alternative oxidase (Vemuri et al. 2007). Simi-
larly, when the oxidase HaAOX1 from Hansenula anomala was ex-
pressed in yeast, respiratory chain complex III was upregulated,
and tricarboxylic acid (TCA) cycle activity increased (Mathy et al.
2006). In addition, a new perspective explains this phenomenon
in terms of ATP production and the cost of metabolism and pro-
tein translation (Shen et al. 2024). Chen et al. estimated substrate
and protein costs for synthesizing metabolites based on genome-
scale metabolic modeling in conjunction with amino acid abun-
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dance (Chen and Nielsen 2022). The results suggest that S. cere-
visiae tends to utilize its resources in the pathway with the low-
est cost of protein synthesis, rather than aiming to produce more
ATP through respiration, as respiration requires more proteins
(Chen and Nielsen 2022). In addition, under respiro-fermentative
conditions, the translation efficiency is lower than respiratory
metabolism state, which also leads to a decrease in protein lev-
els (Gancedo 2008, Malina et al. 2021). Overall, although Crabtree-
positive yeasts are quantitatively inefficient at producing ATP via
the fermentation pathway, faster glucose uptake rate and higher
glycolytic flux compensate for the inefficiency, and fermentation
minimizes the cost of protein synthesis (Metzl-Raz et al. 2017,
Chen and Nielsen 2019).

The Crabtree effect is not present in all yeasts. There are also
Crabtree-negative yeasts, such as Kluyveromyces marxianus and
Scheffersomyces stipitis. They undergo complete oxidation through
glycolysis, the tricarboxylic acid cycle, and the respiratory chain
to produce ATP (Malina et al. 2021). As a Crabtree-positive yeast,
S. cerevisiae rapidly transfers a large carbon flux to ethanol in the
natural environment, which is subsequently used for growth and
biomass generation (Qi et al. 2024). This facilitates industrial fer-
mentation of ethanol, but is not favorable for using yeast to the
production of other chemicals. Therefore, metabolic engineering
using S. cerevisiae to produce other chemicals often requires block-
ing or reducing ethanol production, i.e. disrupting the Crabtree ef-
fect.

Blocking the production of ethanol in S.
cerevisiae to eliminate the Crabtree effect

Ethanol is a key metabolite of S. cerevisiae. It is a metabolite of
the glycolytic and fermentative pathways and a substrate for aer-
obic respiration (Fig. 1). After glucose enters the cell, ethanol is
produced through glycolysis and pyruvate dehydrogenase (Pdh)
bypass. First, one molecule of glucose produces two molecules
of pyruvate, two molecules of NADH, and two molecules of ATP
through glycolysis. Pyruvate then enters the Pdh bypass. Pyru-
vate decarboxylase (Pdc) catalyzes the production of acetaldehyde
and CO, from pyruvate, and acetaldehyde is catalyzed by ethanol
dehydrogenase (Adh) to ethanol while oxidizing NADH to NAD*.
Meanwhile, acetaldehyde is catalyzed by acetaldehyde dehydro-
genase (Ald) to produce acetic acid while consuming NAD(P)*, and
acetic acid is catalyzed by acetyl coenzyme A synthetase (Acs)
to produce acetyl coenzyme A, which is an important source of
lipid synthesis (Dai et al. 2018). To increase the flux of metabolic
pathways that generate the target product, elimination of byprod-
uct production is essential. It is difficult to completely eliminate
ethanol production in S. cerevisiae. Therefore, attenuating its Pdh
bypass, i.e. combinatorial deletions of PDC and/or ADH, is a com-
mon strategy for attenuating ethanol production and Crabtree ef-
fect.

The deletion of PDC isoenzymes

In S. cerevisiae, Pdc has very high activity, which is one of the bases
of the Crabtree effect (Pronk et al. 1996, Agarwal et al. 2013). Pdc1,
Pdc5, and Pdc6 are three isoenzymes. Pdc1 plays a major role and
has a very high expression level. Pdc5 is only active when there
is no Pdcl protein expression, because its promoter is inhibited
by Pdcl protein (Eberhardt et al. 1999). Pdc2 is not a direct PDC
gene, but a transcription factor (Iosue et al. 2023). It regulates the
expression of Pdcl and Pdc5, and is important for their functions
(Mojzita and Hohmann 2006b, Nosaka et al. 2012). With a nonfer-

mentable carbon source, Pdc6 is activated under sulfur limitation.
When glucose is the carbon source, PDC6 cannot be transcribed
(Boer et al. 2003).

Combinatorial deletion of Pdc isozymes has different effects
in attenuating ethanol production. After knocking out PDC1, the
strains PS3-1-5b and PS3-2-3b can grow on glucose and still have
most of the Pdc activity (Seeboth et al. 1990). When glucose was
used as the carbon source, the knockout of PDC1 and PDCS in a
lactic acid-producing strain LA1 resulted in a 1.9-fold increase in
lactic acid (LA) production and a 1.8-fold reduction in ethanol flux
(Pangestu et al. 2022). Zhang et al. (2022a) also observed a reduc-
tion in ethanol synthesis a partial reduction, with ethanol conver-
sion decreasing by 30.19% and Pdc activity dropping by 40.91% in
strain H14-02 following the knockout of PDC1/5. Deletion of PDC2
resulted in a significant decrease in the expression level of PDC1
and an almost undetectable level of Pdc5 (Mojzita and Hohmann
20064, losue et al. 2023). However, the exact mechanism of PDC2
remains unclear. When a truncated Pdc22°'° was used, ethanol
production in BY4743 was reduced by 7.4%, while cell growth was
barely affected (Cuello et al. 2017). Deletion of all PDC genes pre-
vented ethanol production, but because the Pdc defect resulted in
a deficiency of cytoplasmic acetyl-coenzyme A, the strain could
not grow in medium with glucose as the sole carbon source (Flik-
weert et al. 1996, Zhang et al. 2015b) (Fig. 1). Growth can be par-
tially restored by adding acetic acid or ethanol to the medium (Van
Maris et al. 2004a).

The deletion of ADH isoenzymes

Adhs are enzymes for the final step of ethanol production. They
reduce acetaldehyde to ethanol, regenerating NAD* required for
glycolysis (Fig. 1). Some Adhs also oxidize ethanol to acetaldehyde,
preparing the cell for the next step of using aerobic respiration to
break down ethanol. They link fermentation and respiration to
optimize cellular carbon utilization. Reducing ethanol production
by deleting ADH avoids cytoplasmic acetyl-CoA deficiency. In S.
cerevisiae, there are five classical ADHs (ADH1/2/3/4/5), the isoen-
zyme Sfal, and Adh6/7 (Dickinson et al. 2003, De Smidt et al. 2008,
2012). Among them, Adh1 is the main enzyme that catalyzes the
reduction of acetaldehyde and is a key enzyme in NADH oxidation
during aerobic fermentation (Jacobi et al. 2024).

Combinatorial deletions of Adh isozymes also show different
effects in attenuating ethanol production. When only Adhl was
expressed and other isozymes were absent, the strain grew sim-
ilarly to the parental strain. It could produce ethanol in aerobic
fermentation and slowly oxidize it during ethanol recovery (Wills
1976). Deletion of ADH1 resulted in weakened ethanol synthe-
sis, and toxic effects from acetaldehyde accumulation, leading
to slow growth on glucose. However, the strain could adjust its
metabolic pattern and recover with the help of other isoenzymes
such as Adh2 and Adh4 (Ida et al. 2012). Mutants with a double
deletion of ADH1 and ADH2 showed slower growth on glucose but
were still able to produce ethanol (Kusano et al. 1998). Deletion
of ADH1, ADH2, ADH3, ADH4, ADH5, and SFA1 in BY4739 elimi-
nated ethanol accumulation and shifted the strain to accumulate
glycerol, but growth is significantly affected (Ida et al. 2012).

Rescue growth defects of Crabtree-negative
strains
When glucose is used as a carbon source, S. cerevisiae produces

energy by fermentation and respiration. With high glucose con-
centrations, S. cerevisiae tends to ferment metabolism, i.e. to
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Figure 1. Comparison of wild S. cerevisiae (Crabtree-positive) and Crabtree-negative S. cerevisiae for eliminating ethanol accumulation. (a) Wild-type S.
cerevisiae rapidly takes up glucose. Glucose is consumed through glycolysis, releasing large amounts of NADH, which is oxidized to produce ethanol.
This process involves phosphorylation at the substrate level. Ethanol then serves as a carbon source and the strain depends on mitochondria for
secondary growth through respiration. (b) Saccharomyces cerevisiae that eliminates ethanol production is considered Crabtree-negative. ADH deletion
results in intracellular cofactor imbalance due to inability to oxidize NADH. PDC deletion not only causes an intracellular cofactor imbalance but also
results in cytoplasmic acetyl-CoA deficiency. Thus, cell growth is impaired. The intracellular metabolic burden is high, and energy can only be
generated through impaired oxidative phosphorylation. PDC, pyruvate decarboxylase; ADH, ethanol dehydrogenase; ALD, acetaldehyde

dehydrogenase; and ACS, acetyl-CoA synthetase.

produce ethanol, even when oxygen is abundant. When producing
other metabolites, ethanol accumulation is not desired. Therefore,
to remove ethanol production, PDC1, PDC5, and PDC6 were often
deleted to create Crabtree-negative strains, but Crabtree-negative
strains have growth defect (Oud et al. 2012). It is suspected that
the deficiency of intracellular C2 compounds and cofactor imbal-
ance are the possible causes of growth defect. First, PDC dele-
tion causes a deficiency of intracellular C2 compounds, such as
ethanol and acetic acid, resulting in a lack of acetyl-CoA in the cy-
toplasm. Thus, the synthesis of lysine and fatty acids is affected,
which is essential for cell growth (Flikweert et al. 1999, Pham
et al. 2022). Second, Crabtree-negative strains grow very slowly
on fermentable carbon sources because of the redox imbalance.
NADH produced by glycolysis is generally oxidized by Adh to gen-
erate ethanol. The deletion of PDC blocks this reaction, meanwhile
glucose inhibits respiration and NADH cannot be fully oxidized
through the respiratory chain, thereby cause cofactor imbalance
(Pronk et al. 1996). Researchers have applied adaptive laboratory
evolution (ALE) and cytoplasmic acetyl-CoA supplementation to
restore the growth defect (Wang et al. 2012). ALE combined with
reverse engineering, has led to the discovery of key targets related
to Crabtree effect (Van Maris et al. 2004a). These studies provide
new insights for the study and application of Crabtree-negative
yeasts.

ALE and identify the genes that can rescue the
growth defect

Growth defects in S. cerevisiae strains caused by the absence of
PDC can be rescued by ALE. Due to the lack of cytoplasmic C2
compounds, the initial evolution medium is often supplemented
with moderate amounts of acetic acid or ethanol, and the con-
centration of C2 compounds is gradually reduced in subsequent
transitions (Van Maris et al. 2004a, Oud et al. 2012). In order to

release the inhibition of the strain by glucose, the glucose con-
centration in the medium was gradually increased in the follow-
ing evolutions. The strains with improved growth rate were iso-
lated, and combining whole genome sequencing and reverse en-
gineering, a number of key gene targets for restoring the growth of
PDC-negative strains were identified (Fig. 2). For example, the mu-
tations of Mth1 including Mth14>-131 (Oud et al. 2012), Mth148P
(Zhang et al. 2015b), and Mth148%F (Kim et al. 2013b) were found
to restore the cell growth. Mth1l mutations are primarily asso-
ciated with glucose uptake. Pyruvate kinase mutations Pyk1R6%*
Pyk1¥19 pyk1R9 (Yu et al. 2018), pyrophosphatase Oca55%% (Qin
et al. 2023), and RNA polymerase Il mediator complex Med2*432Y
(Dai et al. 2018) were also identified which have a beneficial effect
on balancing glycolysis and respiratory metabolism.

Engineering signaling pathways to reduce glucose uptake

PDC-negative strains have impaired ethanol synthesis and are
unable to rapidly consume NADH (Jouandot et al. 2011), result-
ing in an intracellular cofactor imbalance. Limiting glucose uti-
lization can reduce NADH production and restore intracellular
NAD*/NADH balance.

Glucose uptake is the rate-limiting step in glucose utilization.
Saccharomyces cerevisiae has complex signaling pathways to sense
glucose and regulate its uptake and metabolism (Roy et al. 2013,
Conrad et al. 2014) (Fig. 3). These include the Snf3/Rgt2-Rgt1, also
known as sensor/receptor-repressor glucose signaling pathway
(Snowdon and Johnston 2016, Qiu et al. 2023). The pathway be-
gins with the glucose-sensing receptors (GSRs) Rgt2 and Snf3 on
the cell membrane and ends with transcriptional regulation of the
HXT genes by the transcriptional repressor Rgtl in the nucleus
(Kim et al. 2022). Snf3 and Rgt2 detect low and high concentrations
of extracellular glucose, respectively (Kayikci and Nielsen 2015,
Kim and Rodriguez 2021). In the absence of glucose, Rgtl recruits
HXT corepressors Mth1 and Stdl. It also recruits the universal
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Figure 2. The key genes identified in ALE that can rescue the growth defect. Mth1* includes Mth14>-131 Mth148P and Mth148'" which is described in
more detail in Fig. 3. PYK1* includes PYK1R%* PYK1K19* and PYK1®!. Mutations in Pyk1 causes the accumulation of PEP and downregulates glycolysis.
Med?2 is a component of the tail module of the RNA polymerase II mediator complex, which affects the transcriptional regulation of genes dependent

on RNA polymerase II. The MED2*%3?Y mutation impacts global metabolic networks, leading to downregulation of glycolysis and upregulation of genes

involved in protein synthesis. The Snf1/Migl pathway regulates gluconeogenesis, respiration, and sugar transport. Deletion of SNF1 and MIG1 results in
increased respiration and decreased overflow metabolism. Oca5 is an inositol pyrophosphatase. OCA5%33* or deletion of OCAS inhibits fermentation

and improves respiration.

corepressor complex Ssné-Tupl to the HXT promoter. This leads
to repression of HXT gene expression (Kim et al. 2022). In this pro-
cess, Mth1 can prevent the phosphorylation of Rgt1, which binds
to DNA to achieve transcriptional repression (Polish et al. 2005).
When extracellular glucose concentrations are elevated, the GSR
conformation changes. The casein kinases Yck1 and Yck2, which
are anchored to the plasma membrane, phosphorylate Mth1 and
Std1 (Roy et al. 2016). Then ScfS™! ubiquitin-protein ligase recog-
nizes and degrades Mth1 and Std1, leading to the dissociation of
Ssn6-Tupl from Rgtl. It in turn leads to the expression of HXT
genes (Moriya and Johnston 2004).

ALE of PDC-negative strains has identified a number of effec-
tive mutations encoding MTHI, a negative regulator of the glu-
cose sensing signaling pathway. For example, a deletion of 225 bp
in the MTH1 gene (corresponding to amino acids 57-131), which
contains the phosphorylation site required for degradation, leads
to enhanced stability of the Mth1 protein (Oud et al. 2012). This is
because only after Mth1 is phosphorylated by Yck1, its ubiquiti-
nation by SCFS™! is triggered and subsequently degraded by the
proteasome. The mutation causes the reduction in Mth1 degrada-
tion and slows down glucose uptake (Moriya and Johnston 2004).
The deletion of this 225 bp in MTH1 in Crabtree-negative strains
resulted in a specific growth rate up to 0.097 h~* when grown on
medium with glucose as the sole carbon source, suggesting that
the introduction of this mutation enables PDC-negative strains to
grow in the medium with glucose as the sole carbon source (Oud

et al. 2012). In another study, a mutation in MTH1 allele Bpcl-
185N and a commutation in alleles Dgt1-1%°N and Dgt1-1519%C were
identified, which contribute to reducing glucose transport and al-
leviate catabolite repression (Lafuente et al. 2000). Introduction
of the Mth1%8™P allele into an unevolved strain resulted in a max-
imum specific growth rate of 0.053 h=! in minimal medium con-
taining 2% glucose (Zhang et al. 2015b). This mutation affects the
function of the helical structure within the conserved island of
Mth17%1 and thus exhibits a similar function in alleviating glu-
cose repression. Sequencing analysis of an evolved strain defec-
tive in Pdc for the production of 2,3-butanediol (2,3-BDO) revealed
a polynucleotide polymorphism (SNP) at position 231, which re-
sulted in Mth148? The mutation from alanine to proline may al-
ter protein structure that delay the degradation of Mth1, so the
rate of glucose uptake in the mutant strain does not increase with
increased external glucose concentrations (Kim et al. 2013a).

Balancing glycolysis and respiratory metabolism

Saccharomyces cerevisiae grows with a high glycolytic flux and pro-
duces large amounts of NADH. In PDC-negative strains, ethanol
production is blocked and NAD* cannot be regenerated. On the
other hand, the Crabtree effect inhibits the respiratory chain and
NADH cannot be oxidized efficiently by oxidative phosphorylation
(Bakkeretal. 2001). This leads to an intracellular NADH/NAD* im-
balance, i.e. redox homeostasis cannot be maintained. The intra-
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Figure 3. Effect of MTH mutations on glucose uptake. Mth1* includes Mth14>-131 Mth148'P and Mth1%%', (a) Signal transduction pathway at low
glucose concentration. Rgt2 senses low glucose concentration. Rgtl recruits Mth1, Std1, and Ssn6-Tup1 to the HXT promoter to represse HXT
expression. (b) Signal transduction pathway at high glucose concentration. Snf3 senses high glucose concentration. Casein kinase Yck1 and Yck2
phosphorylate Mth1 and Std1, and Mth1 and Std1 are consequently degraded. Rgt1 dissociates from Ssn6-Tupl. HXT is expressed and glucose uptake
is accelerated. (c) Signal transduction pathway after mutation of Mth1 at high glucose concentration. Deletion of the phosphorylation site in mutant
Mth1 results in enhanced stability or delays degradation by structural changes in the protein. HXT expression is inhibited and the glucose uptake rate
of mutant strain does not increase with increasing extracellular glucose concentration. The lower glucose uptake rate also mitigates the Crabtree

effect.

cellular redox homeostasis can be restored by limiting glycolytic
flux and relieving respiratory inhibition (Fig. 2).

Pyruvate kinase (Pyk) is a key control point for glycolytic flux
and catalyzes the conversion of phosphoenolpyruvate (Pep) and
adenosine diphosphate (ADP) to pyruvate and ATP. Yu et al. (2018)
performed whole-genome sequencing of three separate clones
isolated in the ALE experiment and found that they had mutations
in Pyk1Re8* Pyk1X1%+ and Pyk1®°! respectively, and the evolved
strains had much lower total Pyk activity than the unevolved
strains, but elevated Pyk2 activity. Pykl is predominant Pyk and
tightly regulated by fructose 1,6-bisphosphate (Fbp), whereas the
isoenzyme Pyk? is insensitive to Fbp but is inhibited by glucose
(Chen et al. 2021). When Pyk activity is low, its substrate Pep ac-
cumulates, and Pep is a feedback inhibitor of triosephosphate iso-
merase, so the downregulation of Pyk1l reduces glycolysis. In ad-
dition, oxygen consumption and respiratory activity can be in-
creased when Pyk activity is reduced (Grining et al. 2011). To re-
store the growth of the PDC-negative strain, Dai et al. (2018) intro-
duced a non-ATP-dependent cytoplasmic acetyl-CoA production
pathway and performed ALE for 40 days. Med2***?Y was identi-
fied in subsequent genome sequencing and reverse engineering.
The introduction of Med2*#3?¥ increased the specific growth rate
by 47%, compared to the control strain to 0.156 h=*. Med? is a
component of the tail module of the RNA polymerase II media-
tor complex (Van de Peppel et al. 2005). It affects the transcrip-
tional regulation of the genes dependent on RNA polymerase II
(Dotson et al. 2000). The results of transcriptome analysis showed
that the mutation in Med2 had an impact on the global metabolic
network, where the genes related to carbon metabolism, such as

glycolysis were downregulated. The genes related to protein syn-
thesis were upregulated, which explains the increased rate of cel-
lular growth. Zhang et al. (2022b) introduced the Med2*#3?¥ muta-
tion into a wild-type strain and found that biomass increased and
the rate of sugar consumption was decreased, suggesting that the
mutation improved the energy efficiency of cellular metabolism.
Further introduction of Mth1481P to this strain resulted in faster
cell growth and less ethanol accumulation (Zhang et al. 2022b).
PDC-negative strains slow down glucose utilization, and the
rate of product production decreases. Therefore, alleviation of glu-
cose inhibition and enhancement of respiratory metabolism are of
high value in industrial applications. Van Maris et al. (2004a) iden-
tified the downregulation of the transcriptional repressor Mig1 in
an ALE strain. Often mentioned along with Mig1 is the protein ki-
nase Snfl. Snflinteracts with many transcription factors that reg-
ulate gluconeogenesis, respiration, and HXT expression (Kayikci
and Nielsen 2015), and one of its major targets is Mig1 (Persson et
al. 2022). Deletion of snfl and its target Migl results in increased
respiration and decreased overflow metabolism (Moriya and John-
ston 2004, Baek et al. 2016a). Furthermore, SNF1 deletion increased
cellular mitochondrial respiration at a 10% glucose concentra-
tion, suggesting that SNF1 is involved in the transition between
mitochondrial respiration and fermentation (Martinez-Ortiz et al.
2019). Hexose phosphate during glycolysis has an important in-
fluence on respiratory activity or the occurrence of the Crabtree
effect. F1,6bP inhibits mitochondrial complexes III and IV, while
G6P has an activating effect on the respiratory chain (Diaz-Ruiz
et al. 2008). It was later found that the ratio of G6P to F1,6bP
must be below 0.7-0.8 to trigger the Crabtree effect. Conversely,
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when the ratio is greater than 0.8, it increases cellular respira-
tion (Rosas Lemus et al. 2018). Therefore, regulating the ratio of
G6P and F1,6-BP in cells can enhance cellular respiration. Qin et
al. identified the Oca5%3#** mutation following adaptive evolution
of a hybrid glycolytic yeast. Reverse engineering showed that the
mutation restored growth in the unevolved strain, and when the
entire open reading frame of Oca5 was deleted, the maximum spe-
cific growth rate of the mutant strain was even higher than that
of the evolved strain. Oca5 is an inositol pyrophosphatase, and
its deletion inhibits fermentation and improving respiration (Qin
et al. 2023). Although the mutations identified from the evolved
strains are different, they generally play a role in limiting glu-
cose uptake, decreasing glycolytic flux, and elevating respiratory
metabolism (Fig. 2). These mutations balance the flux of glycoly-
sis, TCA cycle, and oxidative phosphorylation, thereby contribut-
ing to NAD*/NADH homeostasis and growth recovery.

Increasing acetyl-CoA supply

Acetyl-CoA is essential for cell growth and is an important pre-
cursor for the synthesis of amino acids, fatty acids, sterols, and
other compounds (Kanehisa et al. 2014). In S. cerevisiae, acetyl-CoA
is produced in the nucleus, mitochondria, cytoplasm, and perox-
isome, but is not capable of direct transport between organelles
(Krivoruchko et al. 2015). Thus, the deletion of the three PDC genes,
PDC1, PDC5, and PDC6, does not lead to ethanol accumulation, but
prevents growth on glucose because of the lack of cytoplasmic
acetyl-CoA. Supplemented with C2 compounds such as ethanol
and acetic acid, cytoplasmic acetyl-CoA can be replenished (Van
Maris et al. 2003, Lian et al. 2014a). In addition, cytoplasmic acetyl-
CoA can also be supplemented by overexpressing or introducing
key enzymes (Fig. 4).

Many strategies to replenish cytoplasmic acetyl-CoA have been
applied to PDC-negative strains. Threonine aldolase cleaves threo-
nine into glycine and acetaldehyde, and acetaldehyde can be used
as a precursor for acetyl-CoA (Monschau et al. 1997). Van et al.
overexpressed GLY1 in PDC-negative yeast and found that growth
with glucose as the sole carbon source was partially restored,
suggesting that Gly1 catalyzes the production of acetaldehyde to
complement cytoplasmic acetyl-CoA (Van Maris et al. 2003). PDC-
negative strains accumulate large amounts of pyruvate, which
serves as a precursor for acetyl-CoA. Pyruvate-formate lyase (Pfl)
converts pyruvate to formate and acetyl-CoA. Zhang et al. (2015a)
expressed Pfl from Escherichia coli in a PDC-negative S. cerevisiae,
and coexpression of the combined electron donor had a posi-
tive effect on yeast growth under aerobic conditions (Zhang et
al. 2015a). Pfl could restore growth of ACS1- and ACS2-deficient
strains on glucose. Formate is toxic, and its reoxidation should be
considered (Kozak et al. 2014a). Zhang et al. (2015b) performed
an ALE on PDC-negative strains. The evolved strains were found
to have point mutations in mitochondrial citrate synthase, which
exhibited lower Cit1 activity. Deletion of CIT1 increased the max-
imum specific growth rate from 0.053 to 0.069 h~' in glucose-
containing medium (Zhang et al. 2015b). Citl catalyzes the for-
mation of citric acid by the condensation of acetyl-CoA and ox-
aloacetate. Mitochondrial CoA transferase (Achl) catalyzes the
conversion of acetyl-CoA to acetic acid (Chen et al. 2015). The
absence of Citl reduces competition for acetyl-CoA. Thus, mi-
tochondrial Achl can convert more acetyl-CoA into acetic acid,
which crosses the mitochondrial membrane to replenish cyto-
plasmic acetyl-CoA (Chen et al. 2015). Dai et al. (2018) introduced
the PO/PTA pathway into a PDC-negative strain to construct an
ATP-independent pathway for acetyl-CoA production. This path-

way includes pyruvate oxidase (Po) from Aerococcus viridans, which
catalyzes the decarboxylation of pyruvate to acetyl phosphate,
phosphotransacetylase (Pta) from Salmonella enterica, which cat-
alyzes the conversion of acetyl phosphate to acetyl-CoA. When
Pta and Po replaced Acsl and Acs2, the derivatives of acetyl-
CoA, 3-hydroxypropionate (3-HP) and farnesene, accumulated to
20.5mgl1~"! and 61.4 mg 17!, respectively, demonstrating that this
pathway effectively supplements the cytoplasm acetyl-CoA of
PDC-negative S. cerevisiae.

A number of other strategies to supplement cytoplasmic
acetyl-CoA have yet to be applied to PDC-negative strains. Ex-
perimental results also showed the potential of these strategies.
Nonoxidative glycolysis (NOG), which refers to the combination
of glycolysis, the pentose phosphate pathway, and phosphoketo-
lase (Pk) and Pta have been described previously (Bogorad et al.
2013). The xylulose-5-phosphate-specific phosphoketolase (Xpk)
from Leuconostoc mesenteroides, which catalyzes the cleavage of
xylulose-5-phosphate to acetylphosphate and glyceraldehyde-3-
phosphate, and the Pta from Clostridium krusei were used to en-
hance 3-HP production (Qin et al. 2020). NOG converts glucose
to acetyl-CoA without CO, emissions. Therefore it is considered
as a carbon conservation pathway. Similarly, in another study,
heterologous expression of these two enzymes and a bacterial
transhydrogenase (which catalyzes the production of NADH from
NADPH,) rescued the growth of a glycolysis-deficient strain (Qin et
al. 2023). Pdh is a three-subunit complex that catalyzes the gen-
eration of acetyl-CoA from pyruvate at a low energy cost (Kozak
et al. 2014b). Lian et al. (2014b) removed the MTS of S. cerevisiae
Pdh to obtain cytoPDH to complement cytoplasmic acetyl-CoA.
Lian et al. (2014b) also explored the expression of E. coli-derived
Pdh in S. cerevisiae, which does not possess MTS and allows di-
rect cytoplasmic localization. Similarly, Zhang et al. (2020) showed
that Pdh from Enterococcus faecalis could completely replace the
endogenous cytoplasmic acetyl-CoA synthesis pathway in S. cere-
visiae. In mitochondria, the carnitine acetyltransferase Cat2 cat-
alyzes the formation of acetyl-CoA and carnitine to form acetyl-
carnitine, allowing acetyl-carnitine enters the cytosol to replen-
ish cytoplasmic acetyl-CoA (Van Roermund et al. 1999, Franken et
al. 2008). Van Rossum et al. (2016) obtained yeast strains depen-
dent on the carnitine shuttle system for cytoplasmic acetyl-CoA
replenishment after deleting the PDH complex and performing
adaptive evolution. The citrate-oxaloacetate shuttle system trans-
fers citric acid from the mitochondria to the cytoplasm, where
ATP-dependent citrate lyase (Acl) cleaves citric acid and forms
acetyl-CoA and oxaloacetate with coenzyme A (Verschueren et
al. 2019). It has been studied to introduce heterologous Acl to
increase yeast acetyl-CoA, thereby increasing the yield of target
compounds (Lian et al. 2014b, Rodriguez et al. 2016, Zhang et al.
2020). The replenishment of cytoplasmic acetyl-CoA not only sup-
plies C2 compounds in PDC-negative strains, but also provides
precursors for biosynthesis. The cytoplasmic acetyl-CoA can be
used to synthesize a variety of chemicals such as free fatty acids
and 3-hydroxypropionic acid. When selecting the strategies for cy-
toplasmic acetyl-CoA supplementation, the compartmentalized
distribution of metabolic pathways, the carbon yield, and the con-
sumption of energy should be considered.

Application of Crabtree-negative strains as
microbial cell factories

PDC-negative yeast strains engineered by deleting PDC usually
have excessive accumulation of pyruvate (Van Maris et al. 2004a,
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and acetyl-CoA synthetase (Acs) in the Pdh bypass to yield acetyl-CoA. Acetaldehyde is also catalyzed by Adh to ethanol while oxidizing NADH to
NAD*. Other endogenous enzymes that generate acetyl-CoA include threonine aldolase (Gly1), mitochondrial CoA transferase (Ach1), removal of the
Pdh MTS to generate cytoplasmic Pdh (cytoPdh), and carnitine acetyltransferase (Cat2). Heterologous enzymes introduced into S. cerevisiae to replenish
acetyl-CoA include pyruvate-formate lyase (Pfl), pyruvate oxidase (Po), or phosphoketolase (Pk) with phosphotransacetylase (Pta), derived from

bacterial Pdh, ATP-dependent citrate lyase (Acl).

Wang et al. 2012), which is an important metabolic node connect-
ing glycolysis, ethanol fermentation, and aerobic respiration. It is
also a precursor of many important chemicals. Through metabolic
engineering, pyruvate-producing strains can be engineered to pro-
duce other important compounds, which can also replace ethanol
and consume NADH. Therefore, coupling product synthesis with
NADH consumption can alleviate the redox imbalance caused
by PDC deletion. Chemicals such as 2,3-BDO, LA, malic acid, and
isobutanol have been produced (Fig. 5) (Table 1). LA, malic acid,
and 2,3-BDO are suitable substitutes for ethanol production that
consume the same amount of NADH. Succinic acid requires one
more NADH via the reductive TCA (rTCA) pathway compared to
malic acid. Isobutanol requires the participation of nicotinamide
adenine dinucleotide phosphate (NADPH). In addition, enhanced
carbon metabolism of Crabtree-negative strains also makes them
potential cell factories to produce chemicals such as free fatty
acids, 3-hydroxypropionic acid, and farnesene.

LA

LA has a wide range of industrial applications and can be used to
produce polylactic acid (PLA) (Yang et al. 2015). LA is a substitute
for ethanol, and the same amount of NADH is required to synthe-
size LA. The conversion of pyruvate to lactate is achieved by ex-
pressing lactate dehydrogenase (Ldh) in strains in which ethanol
synthesis is blocked. LA in the cytoplasm alters cellular compo-
sition, such as the sphingolipid composition in the plasma mem-
brane, and affects cellular physiology and metabolism (Abbott et
al. 2008). LA accumulates and is then exported through intracel-

lular protons and acidic anions via the H*-ATPase, a process that
consumes energy (Van Maris et al. 2004b). Therefore, it is crucial
to increase LA efflux and enhance tolerance to LA, in addition to
reducing byproduct accumulation.

Ethanol is the predominant byproduct. Its accumulation was
reduced primarily by the deletion of PDC and ADH (Table 1). LDH
has many sources, including Plasmodium falciparum (Novy et al.
2017), the bovines (Ishida et al. 2005), Lactococcus lactis (Liu et al.
2023), L. mesenteroides (Baek et al. 2016b), and others. Tokuhiro et
al. (2009) replaced endogenous Pdcl and Adh1 with bovine L-Ldh.
The double mutant strain significantly increased LA production
but the growth rate on glucose was reduced.

When ADH1 was deleted, strain growth was impaired. This can-
not be attributed solely to redox imbalance, but also to intracel-
lular acetaldehyde accumulation. Acetaldehyde is not only toxic
to cells, but also inhibits Ald activity through substrate inhibition
(Eggert et al. 2012). This is also unfavorable in terms of intracellu-
lar acetyl-CoA supply. Song et al. (2016) introduced mphF and eutE
from E. coli to construct an alternative acetyl-CoA synthesis path-
way in a Pdcl, Adhl, Gpdl, Cyb2, and Aldé deletion strain, and
the lactate yield was elevated from 0.8 to 0.85 g g~*. The resulting
strain was able to produce 142 g 11 of LA.

The main factor limiting LA accumulation is its toxicity to
yeast. When LA production is high, the intracellular accumula-
tion of LA alters the cytoplasmic environment and transport en-
gineering becomes particularly important (Pacheco et al. 2012).
Jenl mediates the uptake of lactate, acetate, and pyruvate (Casal
et al. 2016). Zhong et al. (2019) deleted Jen1 to reduce cytoplas-
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Figure 5. Nonethanol chemicals produced in Crabtree-negative S. cerevisiae. These chemicals include LA, 2,3-BDO, malic acid, succinic acid, and

isobutanol.

mic toxicity due to lactate accumulation in combination with the
knockout of the lactate utilization genes L-lactate cytochrome-c
oxidoreductase Cyb2, p-lactate dehydrogenasel DId1 in a strain
with deletion of PDC1, PDC6, and ADH1. The resulting strain could
produce 80 g1-* of LA. Additionally, ALE is an effective strategy for
screening highly acid-tolerant yeasts. Zhu et al. (2022) increased
the LA level from 10 to 60 g 1-! by 12 consecutive passage cultiva-
tion cultures, and the evolved strain increased LA production by
17.5%.

NADH dehydrogenase Ndel and Nde2 affect the availability of
intracellular redox cofactors (Maeda et al. 2021). Liu et al. (2023)
constructed a LA production pathway from an evolved strain that
could tolerate pH 2.4. After the deletion of Ndel and Nde2, cy-
toplasmic NADH was redistributed, and LA production increased
from 50.5 to 63.3 g1~1. Combining the strategies of weakening the
branching pathway, increasing the product output, and improving
glucose utilization efficiency, the LA production in the 15 1 biore-
actor was increased to 192.3 g 1! with a yield of 0.78 g g~*, which
is the highest level reported so far in S. cerevisiae (Liu et al. 2023).

In summary, LA production has been significantly improved
through metabolic engineering strategies such as reduction of
ethanol accumulation, introduction of LDH genes, construction
of alternative acetyl-CoA synthesis pathways, and enhancing the
strain tolerance of LA. LA production has been improved signifi-
cantly. To further decrease the cost of LA production, it is neces-
sary to further improve the acid tolerance to enable LA production
at low pH.

2,3-BDO

2,3-BDO is a chemical widely used in food, pharmaceuticals, cos-
metics, and other industries (Zhang et al. 2017). It can be used
to produce 1,3-butadiene to synthesize rubber (Lynch 2001, Syu

2001). The 2,3-BDO pathway involves three enzymes, acetolac-
tate synthase (Als), acetolactate decarboxylase (Alsc), and 2,3-
butanediol dehydrogenase (Bdh), and they catalyze the conversion
of pyruvate into a-acetolactate, acetoin, and 2,3-BDO, respectively.
The BDH-catalyzed reaction consumes one molecule of NADH.
The production of 2,3-BDO in S. cerevisiae faces challenges related
to the low productivity of the endogenous pathway, the accumu-
lation of by-products and the imbalance of cofactor.

To achieve high yields of 2,3-BDO, the heterologous production
pathway was introduced into S. cerevisiae. Kim et al. (2013b) in-
troduced Als and Alsc from Bacillus subtilis and overexpressed en-
dogenous 2,3-butanediol dehydrogenase (Bdh1), which combined
with the deletion of PDC1 and PDC5 yielded 96.2 g1~* 2,3-BDO. Ishii
et al. (2018) screened a variety of sources of enzymes to enhance
the conversion of pyruvate to 2,3-BDO, and ultimately identified
highly active Als from L. plantarum, Aldc from L. lactis, combined
with deletions of PDC1, PDC5, and PDC6 to obtain 81.0 g1-* of 2,3-
BDO. In addition to heterologous expression of Als and Alsc, the
introduction of heterologous Bdh was also introduced. Lee et al.
(2022) disrupted endogenous Bdh1 in S. cerevisiae and introduced
budC from K. oxytoca for meso-2,3-BDO production.

The main by-products of 2,3-BDO production in S. cerevisiae
are also ethanol and glycerol. Researchers have explored various
combinations of PDC and ADH deletions to prevent ethanol ac-
cumulation (Table 1). Glycerol was eliminated by the deletion of
GPD1 and GPD2. When all three PDC genes were knocked out, cy-
toplasmic acetyl-CoA was deficient. Adding 0.5 g 17! ethanol to
the culture medium improved the production of 2,3-BDO (Kim et
al. 2015). Kim et al. (2016) introduced PDC1 from Candida tropicalis
(CtPDC1) into Crabtree-negative yeasts to minimize ethanol accu-
mulation and ensure the availability of cytoplasmic acetyl-CoA.
The optimized strain exhibited a 2.3-fold increase in productiv-



ity compared to the control and produced 121.8 g 1! 2,3-BDO in
fed-batch fermentation (Kim et al. 2016).

Saccharomyces cerevisiae maintains intracellular redox balance
by producing ethanol and glycerol. When the ethanol pathway is
blocked, glycerol production becomes the primary maintenance
pathway. Glycolysis produces two molecules of NADH, while the
2,3-BDO production pathway consumes only one molecule of
NADH. Deletion of GPD1 and GPD2 can reduce glycerol synthesis,
but can also lead to an intracellular redox imbalance. To oxidize
NADH, water-forming NADH oxidase can convert excess NADH to
NAD* to water. Kim and Hahn (2015) introduced noxE from L. lac-
tis, which increased the 2,3-BDO productivity from 0.26 to 0.44 g
17* h~! compared to the control strain. Huo et al. (2022) obtained
two high yielding strains by reducing glycerol production through
two different approaches. One strain introduced NADH oxidase
NoxE from L. lactis, knocked out GPD2, reduced the expression of
GPD1 and introduced sugar transporter-like gene (STL1) from Can-
dida albicans, producing 130.64 g 1= 2,3-BDO with a productivity
1.58 g17* h~1. Another strain expressed the homologous extrami-
tochondrial NADH dehydrogenase Ndel and the alternative oxi-
dase Aox1 from Histoplasma capsulatum, combined with downreg-
ulation of GPD1 and the deletion of GPD2, producing 121.04 g 1-?
2,3-BDO with a productivity of 1.57 g1=* h=.

Significant progress has been made in the production of 2,3-
BDO by S. cerevisiae (Lee et al. 2021, Mitsui et al. 2022). Researchers
have attempted to replace glucose with lower-cost biomass, such
as xylose (Kim et al. 2017) and cassava hydrolysate (Lee and Seo
2019). However, the application of these substrates typically re-
sults in lower yields and productivity. Therefore, future work can
focus on further optimization of the relevant pathways for effi-
cient production of 2,3-BDO from these substrates.

1,4-dicarboxylic acids

Malic acid and succinic acid are dicarboxylic acids, both of which
are listed in the US Department of Energy’s 2004 list of 12 high-
value bio-based platform chemicals (Werpy et al. 2004). The rTCA
pathway yields more malate and succinate than the oxidative
TCA pathway and the glyoxalate cycle. In this pathway, pyru-
vate is carboxylated by pyruvate carboxylase (Pyc) to produce ox-
aloacetate, which is then reduced by malate dehydrogenase (Mdh)
to produce malate. Malate is then converted sequentially by fu-
marase (Fum) and fumarate reductase (Frd) to produce succinate.
In this pathway, the maximum theoretical yield of both malate
and succinate is 2 mol mol~! glucose.

In PDC-negative S. cerevisiae, Zelle et al. (2008) removed the sig-
nal peptide of endogenous malate dehydrogenase 3 (Mdh3) to lo-
calize it in the cytoplasm. The combination of overexpression of
pyruvate carboxylase Pyc2 and the dicarboxylic acid transporter
SpMae1 from Schizosaccharomyces pombe resulted in 59 g1~ malate
(Zelle et al. 2008). Chen et al. (2017) combined Pyc from Aspergillus
flavus, Mdh from Rhizopus oryzae, and the dicarboxylic acid trans-
porter protein SpMae1, elevating the titer to 11.86 g1-*. Three key
mutations in SpMael, K395R, K409R, and K416R to obtain deu-
biquitylated SpMael* were identified, and the titer of the result-
ing strain was elevated to 22.14 g 11, Subsequently, a strain that
could produce 30.25 g 17! malic acid was obtained by optimizing
gene expression, but pyruvic acid accumulated to a high level,
reaching 30.73 g 17! (Chen et al. 2017). The above studies demon-
strated that overexpression of carboxylase and transporter pro-
teins was crucial for malate production in PDC-negative strains.
However, pyruvate is still accumulated, and the flux from pyru-
vate to malate needs to be improved. In addition, Sun et al (2023)
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obtained a strain tolerant to pH 2.3 by ALE. Based on it, they con-
structed a strain that could produce 232.9 g1-! malic acid, which
is the highest titer reported to date. It highlights the importance
of the evolution of acid tolerance for organic acid production.

Aside from malate, succinate-producing strains were also con-
structed. Yan et al. (2014) constructed succinate rTCA pathway in
S. cerevisiae, which consists of Mdh3 that removes the last three
amino acid residues to target to the cytoplasm, the fumarase
fumcC from E. coli, and the endogenous overexpression of the fu-
marate reductases Frds1 and pyruvate carboxylase Pyc2. Gpd1l is
the main enzyme for glycerol production and Fum1 tends to cat-
alyze the production of malic acid from fumaric acid, so both en-
zymes were knocked out. The strain produced 12.97 g 1-* succi-
nate (Yan et al. 2014). Zahoor et al. (2019) also produced succinic
acid via the rTCA pathway, and specifically introduced pckA, a Pep
carboxykinase from Mannheimia succiniciproducens, an enzyme that
converts PEP to OAA and fixes CO,. Yu et al. (2022) engineered a
decarboxylation cycle in S. cerevisiae to provide reducing power,
and the accumulation of succinate and glycerol demonstrated
that the pathway produced NADH, with succinate reaching 3.3 g
1% Although some studies have explored succinic acid produc-
tion through rTCA pathway in S. cerevisiae, the current produc-
tion of succinic acid still faces low yield and accumulation of by-
products.

Isobutanol

Isobutanol has a higher energy density than ethanol and can
be used as a biofuel (Buijs et al. 2013, Roussos et al. 2019). The
metabolic pathway of isobutanol involves five enzymes, including
Als, ketoacid reductoisomerase (Kari), dihydroxyacid dehydratase
(Dhad), a-ketoacid decarboxylase (Kdc), and alcohol dehydroge-
nase (Adh). Among them, the Kari is NADPH-dependent and the
Adh is NADH-dependent. Isobutanol is a suitable substitute for
ethanol because both require two reducing equivalents (Milne et
al. 2016). Gambacorta et al. (2022) built a combinatorial path-
way library of enzymes in isobutanol production, and determined
the optimal source and expression level of the enzymes in the
pathway with a titer of 364 mg 1-!. However, the Kari-dependent
cofactor is NADPH. Shifting the cofactor dependence of the en-
zyme from NADPH to NADH is important (Brinkmann-Chen et al.
2013). Therefore, Gambacorta et al. (2022) then worked on con-
verting the cofactor preference of Kari from NADPH to NADH, but
this approach failed to improve isobutanol production under aer-
obic conditions. Optogenetics combined with metabolic engineer-
ing were also performed to produce isobutanol (Zhao et al. 2018).
Zhao et al. (2018) regulated Pdc1 and Als Ilv2 by the optogenetic
circuits OptoEXP and OptoINVRT, respectively. In the presence of
light, the PDC1 gene was expressed and the cells grew. In dark con-
dition, ethanol production was transformed into isobutanol ac-
cumulation. After optimizing the conditions, 8.49 & 0.31 g 1! of
isobutanol was accumulated. This suggests that dynamic regula-
tion is a promising strategy for balancing cell growth and prod-
uct synthesis in isobutanol production. Integrating metabolic en-
gineering approaches, optimizing enzyme efficiency and engineer-
ing cofactor utilization to obtain higher isobutanol production is
expected.

Other chemicals

Aside from pyruvate-derived chemicals, Crabtree-negative S. cere-
visiae has also been employed to produce other compounds such
as fatty acids and 3-hydroxypropionate. Yu et al. (2018) rewired the
metabolic pathway for fatty acids production in a PDC-negative
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yeast. They first enhanced cytosolic acetyl-CoA and NADPH sup-
ply, and the resulting strain Y&Z036 produced 33.4 g 1= FFA.
The PDC-negative yeast was then created to reprogram yeast
metabolism from alcoholic fermentation to lipogenesis. The PDC-
negative strain produced 25 g 1-' FFA, demonstrating the po-
tential of S. cerevisiae for efficient FFA production. Yao et al.
(2023) found that Crabtree-negative S. cerevisize had enhanced
carbon metabolism and reduced protein translation. When us-
ing the strain to produce chemicals, the titers of 2,3-BDO, LA,
p-coumaric acid, farnesene, lycopene, 3-hydroxypropionate, and
fatty acids were significantly higher than in Crabtree-positive
S. cerevisiade. These studies further highlight the versatility of
Crabtree-negative S. cerevisiae as a microbial cell factory. Crabtree-
negative yeasts generally have higher respiration and lower
byproduct accumulation than Crabtree-positive yeasts, and they
can provide more energy and precursors for biosynthesis.

Summary and prospects

Saccharomyces cerevisiae with Crabtree effect can rapidly utilize
glucose and convert it to ethanol, which is then slowly consumed
as a carbon source. Although rapid utilization of carbon sources
can result in rapid growth, ethanol production limits the carbon
flux to the desired chemicals. Deletion of PDC blocks ethanol pro-
duction, but disrupts NADH balance and abolishes cytoplasmic
acetyl-CoA supply, which affects cell growth. ALE of PDC-deficient
strains has identified several key mutations that can effectively
mitigate the Crabtree effect by reducing glucose uptake or bal-
ancing glycolysis with respiratory metabolism. These mutations
include Mth148%F Pyk1R68* Med2*432Y, Oca5%%%%*, and others. Mu-
tations such as Mth148'" and Pyk1R%* reduce glucose uptake and
glycolysis, while Med2*#*?Y and Oca5%%%** refigure the metabolism
from high glycolysis to elevated respiration. The metabolism re-
figuration contributes to restoring the intracellular NADH home-
ostasis and recover the growth.

Crabtree-negative yeasts avoid the carbon waste for ethanol
production, thereby becoming potential cell factories for the
biosynthesis of other chemicals. Through metabolic engineering,
the production of chemicals such as 2,3-BDO, LA, and malic acid
has reached to a relatively high level. Further engineering is re-
quired to improve the production of chemicals such as succinic
acid and isobutanol. In addition, as acetyl-CoA supply can be op-
timized in Crabtree-negative yeasts, and these cell factories have
great potential to produce acetyl-CoA derived chemicals such as
fatty acids, farnesene and so on.

Although Crabtree-negative S. cerevisiae has been developed
and employed for different chemicals production, these strains
still exhibit several limitations. The growth has been restored to
some extent by ALE, however, the recovery of growth is achieved
at the expense of glucose uptake rate. It is still necessary to en-
gineer the strain to improve the growth and glucose consump-
tion rate. Alternatively, it is possible to create Crabtree-negative
yeast through engineering yeast to use the carbon sources, such
as xylose, glycerol, or even sucrose. As we know that high glu-
cose concentration triggers glucose repression, which will in turn
suppresses respiration-related genes. In contrast, when alterna-
tive carbon source is used, glucose repression will be eliminated
and respiration can be activated.

In addition, dynamic regulation is an alternative way to elim-
inate ethanol production. Dynamic switches can respond to
metabolic signals and provide timely feedback (Lalwani et al. 2018,
Shen et al. 2019, Xiao et al. 2023). Optogenetics was applied to con-
trol PDC1 expression based on light conditions. This could enable

precise regulation of carbon fluxes, switching between ethanol-
promoted growth and target product accumulation (Zhao et al.
2018). This balance between growth and product synthesis has
been successfully demonstrated for isobutanol production. Sim-
ilar approach holds great potential for dynamically controlling
metabolic flux and maximizing production without sacrificing
growth.

In summary, by eliminating the ethanol production pathway,
the application potential of S. cerevisiae has been expanded beyond
traditional fermentation products to include a diverse range of
bio-based chemicals and high-value-added products. Meanwhile,
the metabolic mechanism underlying the Crabtree effect has been
gradually elucidated. We are confident that, through ongoing re-
search efforts, Crabtree-negative S. cerevisiae will emerge as an ef-
ficient and flexible host for producing a broader spectrum of bio-
based chemicals.
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