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Presently, Saccharomyces cerevisiae demonstrates proficient co-fermentation of glucose and xylose, marking a
significant advancement in second-generation fuel ethanol production. However, the presence of high concen-
trations of inhibitors in industrial lignocellulose hydrolysates and post-glucose effect caused by glucose con-
sumption hinders severely impedes yeast robustness and xylose utilization for ethanol fermentation. Even worse,
the antagonism between xylose utilization ability and strain robustness was observed, which proposes a difficult
challenge in the production of second-generation fuel ethanol by S. cerevisiae. This review introduces the effect of
engineering transcriptional regulatory networks on enhancing xylose utilization, improving strain robustness,
alleviating antagonism between xylose utilization and strain robustness, and reducing post-glucose effect.
Additionally, we provide an outlook on the developmental trends in this field, offering insights into future di-

rections for increasing the production of second-generation fuel ethanol in S. cerevisiae.

1. Introduction

Yeast is an important chassis for research in medicine, food, cos-
metics, and biofuels [1,2], among which expanding the utilization of
xylose by S. cerevisiae is of great significance to the biofuel industry.
Converting lignocellulose to ethanol for liquid fuel is called
second-generation fuel ethanol. Lignocellulose hydrolysate primarily
comprises glucose and xylose. While yeast can efficiently utilize glucose
as the primary carbon source, their ability metabolized xylose is limited.
In recent studies, S. cerevisiae has emerged as a promising chassis cell,
demonstrating co-fermentation capacibility for glucose/xylose conver-
sion into ethanol. This has been achieved by introducing xylose isom-
erase (XI) and improving its expression activity, optimizing endogenous
sugar metabolism pathways, and introducing xylose-specific
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transporters [3]. When xylose was used as the sole carbon source of
engineering strains, Chen and Demdke et al. reported specific xylose
utilization rates of 0.851 and 1.10 g g~ h™?, with corresponding ethanol
yields of 0.437 and 0.46 g g%, respectively [4,5]. Additionally, our
engineered strain achieved an impressive specific xylose utilization rate
of 1.09 g g~ h™! and an ethanol yield of 0.446 g g~! [6]. However,
lignocellulosic hydrolysates generally contain toxic factors with high
concentrations, which severely impaired the yeast’s xylose utilization
capacity (Fig. 1a).

Ding et al.’s study showed leachate without detoxicification treat-
ment and the presence of high concentration ethanol significantly
inhibited xylose metabolism, respectively. The strain demonstrated
complete metabolism of 60 g L™ xylose within 24 h of fermentation
under inhibitor-free conditions, however, when exposed to
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lignocellulosic hydrolysate or high concentration ethanol condition,
xylose levels remained at 38 g L™! or 52.2 g L1, after 96 h of fermen-
tation. Additionally, ethanol yield decreased from 0.447 g g~ to 0.392
g g 'and0.307 g g, respectively [7]. Zhang et al. found that 100 g L™
glucose and 50 g L7! xylose can be completely utilized in an
inhibitor-free mixed sugar medium for 72 h fermentation. However,
xylose remained at 25 g L™ when the fermentation was conducted in
real rice straw hydrolysate with an equivalent sugar concentration after
144 h [8]. These studies underscore the strain’s sensitivity to hydroly-
sate toxicity or stress when metabolizing xylose. Numberous studies
attribute the hindrance in xylose metabolism within hydrolysates to the
strain’s inadequate resistance to inhibitors. Consequently, extensive
research has focused on improving the strain’s robustness to increase
inhibitor tolerance [9,10]. Interestingly, researchers have observed an
inverse relationship between improved robustness and xylose utilization
ability [6,11]. Our research also identifi this issues, which we termed the
“antagonism between xylose utilization ability and robustness” [12].

Most studies have primarily examined the xylose metabolism ability
of strains in medium where xylose is the sole carbon source, with less
emphasis on understanding xylose metabolism characteristics using
mixed sugars containing both glucose and xylose as the carbon source
(Fig. 1b). Wei et al. conducted research on haploid yeast BSGOO1 and
diploid yeast XH7, both featuring similar genetic modifications. In me-
dium using xylose as the sole carbon source (named X), the specific
xylose utilization rates were 0.461 and 0.747 g g~! h™?, respectively.
However, In the mixed sugar medium where xylose can be used as the
carbon source only after complete consumption of glucose (named GX),
the specific xylose utilization rates decreased by 30.0 % and 58.6 %,
respectively [13]. In a recent study by Chen et al., four engineered
strains can metabolize xylose and exhibited comparable specific xylose
utilization rates in the X: 0.851, 0.832, 0.698 and 0.808 g g~* h™},
respectively [5]. Yet, in the GX, specific xylose utilization rates of the
strains decreased by 50.88 %, 40.63 %, 72.64 % and 62.25 % respec-
tively. This phenomenon, termed the “post-glucose effect” on xylose
metabolism [13], was not influenced by ethanol production [14].
Numerous studies on co-fermentation of glucose/xylose have high-
lighted the presence of post-glucose effect across strains with different
genetic backgrounds, albeit with varying intensities.

Recent investigations have identified, a series of related transcription
factors (TFs) and functional genes based on the study of antagonism and
post-glucose effect [15]. Transcriptional regulation mediated by these
TFs influences various aspects of cell function, potentially impacting the
xylose metabolism pathway and strain robustness and growth. These
effects can be both positive and negative. Elucidating the mechanism
underlying their regulations holds substantial importance in guiding
relevant engineering strategies. This article systematacially introduces
the effect of engineering transcriptional regualatory networks on
enhancing xylose utilization, improving strain robustness, alleviating
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antagonism between xylose utilization ability and strain robustness, and
reducing post-glucose effect.

2. Engineering transcription factor regulatory network
improves the robustness of S. cerevisiae

Yeast must navigate various stresses during lignocellulosic hydroly-
sate fermentation, including weak acids, furan aldehyde, phenolic
compounds and unidentified trace substances in lignocellulose hydro-
lysate. Additionally, acidic substances and ethanol produced during
fermentation process also add to this stress [7,16]. Acetic acid, a
representative weak acid, exerts toxicity by interfering the intracellular
pH stability and resulting in metabolic pressure [17,18]. Furan alde-
hydes, such as furfural and 5-hydroxymethylfurfural (5-HMF), primarily
induce toxicity through oxidative stress and DNA damage caused by
their aldehyde groups [19,20]. Phenolic compounds, recognized as the
most toxic inhibitors in hydrolysates, contain benzene rings, methoxy
groups, hydroxyl groups, carboxyl groups, and aldehyde groups. They
induce membrane damage, oxidative stress, and inhibit ribosome
biogenesis [21,22]. The toxicity of ethanol manifests in membrane
integrity disruption and the inhibition of key enzyme activity in the
glycolysis (EMP) pathway [23]. The combination of these stressors
result in stronger synergistic toxicity, intensifying stress on yeast [24,
25]. Under stress conditions, alterations occur in yeast cell wall/-
membrane composition, oxidoreductase activity, energy and coenzyme
supply, and amino acid and ribosome synthesis characteristics [20].
These changes are regulated by TFs such as Hoglp, Msn2/4p, Haalp,
Yrrlp, Yaplp, Stb5p and Ecm22p (Fig. 2, Table 1). Hoglp primarily
targets genes associated with osmotic pressure and oxidative stress,
including MSN2/4, YAP1, and HAA1. Msn2/4p, Yaplp, and Stb5p are all
involved in oxidative stress responses. Haalp is a transcription factor
that responds to weak acid stress, while Yrrlp is uniquely active in the
presence of the phenolic compound vanillin. Ecm22p plays a crucial role
in maintaining cell membrane integrity. These factors are simulta-
neously activated in lignocellulosic hydrolysate environments, indi-
cating potential synergistic roles in improving robustness [26].

2.1. Strengthening strain robustness by regulation of osmotic pressure-
related transcription factor Hoglp

The transcription factor Hoglp is vital for resistance to hydrolysate
toxicity, and HOG1A mutant strain exhibits poor growth in a hydrolysate
environment [39]. Hoglp is a component of the HOG-MAPK pathway,
comprising two Hoglp activiating branches, namely Slnl and Shol
branches [40]. In a mild environment, Sln1p undergoes phosphorylation
and transfers the phosphate group to Ypdlp and Ssklp. However,
phosphorylated Ssklp fails to interact downstream Ssk2p and Ssk22p,
leading to signal interruption. Under stress conditions, Sln1p undergoes
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Fig. 1. Xylose metabolism characteristics. Hydrolysate inhibitors impair xylose consumption (a). Glucose inhibits xylose consumption (b).
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Fig. 2. The antagonism between xylose metabolism and robustness of yeast in lignocellulosic hydrolysate.

Table 1

Enhancing robust related TFs.
TFs Target gene function Reference
Hoglp Osmotic and oxidative stress [27]
Msn2/4p Heat shock and oxidative stress [28]
Yaplp Oxidative stress and coenzyme supply [29]
Haalp H" efflux [301
Stb5p Oxidative stress and coenzyme supply [31]
Ecm22p Ergosterol synthesis [32]
Upc2p Ergosterol synthesis [32]
Warlp H" efflux [33]
Miglp Non-fermentable carbon sources metabolism [34]
Hsflp Heat shock and H" absorption [35]
Yrrlp Multidrug resistance [36]
Sfplp Ribosome biogenesis and mitosis [371
Ume6p Ribosome biogenesis and mitosis [38]

dephosphorylation, and nonphosphorylated Ssklp binds to Ssk2p,
resulting in the phosphorylation of Ssk2p. This in turn transfers the
phosphate group to the scaffold protein Pbs2p. And Sholp directly in-
teracts with Msb2p/Hkrlp, activating the membrane-bound GTPase
Cdc42p. Cdc42p then transmits signals to the scaffold protein Pbs2p via
Ste20p, Ste50p and Stellp [41]. Phosphorylated Pbs2p further phos-
phorylates Thr174 and Tyr176 in the T-G-Y motif of Hoglp, activating
Hoglp [42]. Activated Hog1p translocates into the nucleus facilitated by
Gsplp and Nmd5p, where it interacts with chromatin modification en-
zymes and RNA polymerase II. This interaction affects the expression of
numberous genes, including other TFs related to stress resistance, such
as Msn2/4p and Skolp [43]. Researches indicate that the phosphory-
lation level of Hoglp correlates with the strength of strain robustness
[44,45].

Regulating the phosphate signal intensity of the HOG-MAPK
pathway can effectively increase Hoglp activity. Takayama et al.
found that OPY241%4V a regulatory protein in the HOG-MAPK pathway,
enhanced its binding activity to STE11%%°P, This led to increased
phosphorylation levels of Pbs2p by Stellp, ultimately activating Hoglp
significantly [27]. Chen et al. observed that the addition of zinc sulfate
to an acetic acid environment significantly increased Cdc42p tran-
scription levels. Strain overexpressing CDC42 were found to confer
resistance to various stresses [46]. Nasution et al. demonstrated that
overexpression of fatty acid desaturase Olelp constitutively activated
Hoglp, improving proton efflux and reactive oxygen species (ROS)
scavenging capabilities. Further analysis revealed the involvement of

Ssk2p activation in this process [47]. Activated Hog1p mediates changes
in nearly 600 genes by phosphorylating TFs [43,46,48]. Functional
genes directly or indirectly regulated by Hoglp include ZWF1, CTT1,
SOD1, GRE2, OLE1, CCW12, FPS1, etc [49], affecting redox reactions,
coenzyme supply, changes in cell membrane/wall composition, proton
efflux and other cellular processes. Therefore, these reported genes
could be used as engineering targets to regulate the HOG-MAPK
pathway to improve strain robustness during hydrolysate fermentation.

2.2. Regulation of strain robustness to oxidative stress by TFs Msn2/4p,
Yap1p and Stb5p

Msn2p and Msn4p are homologous TFs in responding to stress in
S. cerevisiae. Various stressors, such as acetic acid, ethanol, furan alde-
hyde, and ROS, activate the transcriptional regulation of MSN2/4. The
regulation of MSN2/4 extends beyond the HOG-MAPK pathway to
include the Ras-PKA pathway [50]. PKA pathway inactivite under stress
conditions, leading to the activation of Ssk2p, which activate Msn2/4p
via Hoglp. During this period, Msn2/4p undergoes dephosphorylation
and promptly translocates into the nucleus for transcriptional regulation
[51]. Under sustained stress, Msn2/4p periodically enters the nucleus
[52]. While deletion of MSN2 or MSN4 alone does not result in obvious
phenotypic changes, simultaneous deletion of both genes renders cells
sensitive to various stresses [53]. Studies have shown that over-
expression of fragmented MSN2 alters its transcriptional activity,
consequently increasing ethanol tolerance [54,55]. Specifically, the
deletion of the first 50 amino acids in the transcriptional activation re-
gion of Msn2p eliminates its interaction with Gallp, leading to a slower
degradation of Msn2p [56]. The promoters of Msn2p targets genes
contain stress response elements (STREs) AGGGG or CCCCT, with most
also containing G4 DNA [57]. These target genes are primarily associ-
ated with stress response and heat shock response [58], including the
regulation of ROS-related genes such as CTT1, SOD1, PRX1 and TSA2
[59,60]. Additionally, these genes are subjected to regulation by other
TFs such as Yaplp and Stb5p. Qin et al. demonstated that enhancing the
expression of the pentose phosphate pathway (PPP) oxidation stage and
key enzymes in the glutathione synthesis pathway improved regenera-
tion of reduced coenzymes and reduced ROS accumulation [61]. Du
et al. found that Msn2p targeted the heat shock transcription factor
HSF1, subsequently regulating the expression of heat shock-related
genes, including HSP104, HSP78, HSP82 and HSP12 [28], impacting
yeast toxicity and heat tolerance. Moreover, Msn2p is implicated in
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amino acid homeostasis, and overexpression of MSN2 proves beneficial
in increasing the expression level of proline permease, thereby
increasing cell absorption of the stress-protective proline [62].

To alleviate the inhibitory effects of hydrolysates, substantial
amounts of reducing coenzymes, especially NADPH, are required. The
PPP pathway serves as a crucial source of coenzyme NADPH, and
enhancing its flux is important for yeast to withstand oxidative stress.
The activation of TFs, such as Yap1p and Stb5p, positively influences on
the PPP pathway. However, there exists a difference between their
effectiveness. Stb5p exhibits superior activation of the PPP pathway
compared to Yaplp, resulting in a more potent detoxification effect on
furfural [29]. On the other hand, Yap1l proves more adept at improving
resistance to coniferyl aldehyde due to the involvement of target genes
FLR1 and ATR1 in coniferyl aldehyde degradation [63]. Additionally,
enzymes encoded by genes like ADH6 and ADH7, YNL134C, AAD4,
AAD14 and YJRO96W demonstrate activity against phenolics [64].
Research indicates that overexpression of STB5 generates sufficient
NADPH for free fatty acid synthesis [31]. Yaplp and Stb5p may also
influence the purine synthesis pathway, as the initial purine synthesis
materials derive from 5-phosphate-ribose produced by the PPP pathway.
Overexpression of ADE1, ADE13 and ADE17 which involved in de novo
purine synthesis has been shown to improve strain growth under various
stresses [65], suggesting a potential link to increased ATP synthesis and
the production of the stress protectant gamma-aminobutyric acid which
caused by purine synthesis. These results demonstates engineering TFs
involved in oxidative stress resgulation is a promising way to improve
strain robustness against hydrolysates.

2.3. Regulation of strain robustness to ethanol and phenols by TFs
Ecm22p, Hsflp and Mga2p

A robust yeast response to hydrolysate stress involves an integrated
cell wall structure, high trehalose and ergosterol content. Higher
ergosterol content enhances yeast tolerance to phenolic compounds
[66]. TFs ECM22 and UPC2 regulate ergosterol synthesis at low sterol
levels [32], upregulating the transcription of ERGI, ERG2, ERG3,
ERG25, ERG26, and ERG27. Trehalose synthesis-related genes TPS1 and
ATH]1 are regulated by TFs Msn2/4p and heat shock-associated tran-
scription factor Hsflp and high trehalose content provides better resis-
tance to high concentrations of ethanol [35,67]. A robust cell wall
ensures the normal function of membrane proteins and intracellular
homeostasis. Overexpression of CCWI12 improved yeast resistance to
corn hydrolysate, miscanthus hydrolysate and corncob hydrolysate,
with the cell wall thickness of the overexpressing strain (282.9 nm)
significantly higher under acetic acid stress compared to the control
strain (109.8 nm) [68]. Cell membranes rich in unsaturated fatty acids
have higher fluidity, leading to a positive effect on weak acid stress.
Fatty acid desaturase OLE] is significantly upregulated under oxidative
stress [69]. It is mainly regulated by the endoplasmic reticulum protein
Mga2p [70]. Expression optimization of TFs to control cell wall struc-
ture, ergosterol content and trehalose content may be an attractive
method to increase strain robustness.

2.4. Regulation of strain robustness to weak acid by TFs Haalp and
Miglp

The transcription factor Haalp exhibits a sophisticated response
mechanism to weak acid stress. Yeast Haalp regulates approximately
80 % of acid tolerance-related genes, making it a promising avenue for
improving weak acid resistance [71]. Haalp target genes encompass a
wide array of functions, invoving in carbohydrate metabolism, multi-
drug resistance, lipid and amino acid metabolism, cell wall biosynthesis,
protein folding, and nucleic acid modification [30,72]. The toxicity of
weak acids is closely related to pH [16]. Under acetic acid stress, yeast
cells overexpressing HAA1 demonstrated lower acetic acid content due
to the mediation of H' efflux by its target gene [73]. Transcriptome
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analysis showed that the upregulation of Haalp target genes TPO2/3,
encoding membrane proteins involved in the export of polyamines,
YRO2 encoding a plasma membrane protein, and YGP1, encoding cell
wall-related secretory glycoprotein, were play essential roles in response
to acid stress [74]. Vacuoles are pivotal for maintaining cellular ho-
meostasis. The structure of vacuole membrane contains V-ATPase,
which pumps H' from the cytoplasm into the vacuole, together with
Haalp-targeted H' efflux proteins in cell membranes, maintaining
intracellular pH homeostasis [75]. In addition, the transcription factor
Warlp is also involved in the response to weak acid stress, mainly by
regulating the ABC transporter Pdr12p [33].

When H" in hydrolysate penetrates the cell, it often leads to an in-
crease in intracellular acetate concentration. Under high glucose con-
ditions, the non-phosphorylated transcription factor Miglp interacts
with the inhibitory factor Cyc8/Ssn6-Tupl, and then binds to promoter
of genes related to nonfermentative carbon source utilization, leading to
gene expression inhibition and non-utilization of acetate [34]. MIGI
deletion enhances tolerance to weak acids in hydrolysate, facilitating
simultaneous utilization of glucose and weak acids. Following MIG1
disruption, the expression of FDH1 and ACS1 was induced to utilize
weak acids such as formic and acetic acid [76]. Notably, down-regulated
expression of genes related to oligosaccharide metabolism benefits yeast
robustness. For example, the maximum specific growth rates of MAL33A
strain and GAL3A strain under acetic acid conditions increased by 3.5
times and 4.2 times respectively (data not shown). While the expression
of these genes is all regulated by Mig1p, the specific mechanism requires
further study.

2.5. Regulation of tolerance to vanillin and other inhibitors by TFs Yrrip
and Sfplp

Zn(I1)2Cys6 zinc finger transcription factor play a crucial role in
regulating the response to external stress as well as the synthesis of
amino acids and lipids [77]. Examples of these factors include Adrlp,
Upc2p, Pdrl/3p and Yrrlp, which are known to be associated with
bacterial resistance [78,79]. Generally, their heightened activity posi-
tively influences drug tolerance. However, our study revealed an
exception, where the highly active Yrrlp had a negative impact on
vanillin resistance in hydrolysate. The deletion of YRRI significantly
improved vanillin resistance, with BY4741 (YRR1A) exhibiting a 142 %
increase in the maximum specific growth rate increased and a 51 %
increase in vanillin degradation rate at 6 mM vanillin, compared to the
parent strain [36]. Transcript level analysis indicated that significant
upregulation of genes related to alcohol dehydrogenase ADH?, several
ABC transporters, and ribosome biogenesis. Additionally, the coenzyme
preference of BY4741 (YRR1A) shifted, with a 95 % increase in NADPH
preference. To validate target gene discovery, overexpression of ABC
transporters PDR5, YOR1 and SNQ2 was performed, resulting in a
shortened growth lag period and accelerated growth under vanillin
stress [36]. Proteomic analysis revealed increased protein levels of the
transcription factor Haalp, the proteasome assembly partner Tmal7p,
and the transcriptional coactivator Mbflp in the YRR1A mutant strain.
Overexpressing these factors separately or simultaneously significantly
improved vanillin tolerance [80]. Our study also found that, in the
absence of stress, dephosphorylation mutants YRR1Y13#4 and YRR1718°4
localized Yrrlp to the nucleus, continuously activating SNQ2 and YOR1.
Conversely, phosphorylation mutants YRR1Y3* and YRR1778E, while
stably localized in the nucleus, suppressed target gene expression [81].

Ribosome biogenesis is linked to yeast robustness, with decreased
expression of ribosome biosynthesis genes observed in highly resistant
yeast [82]. Our finding aligns with this observation, suggesting that
under stress conditions, yeast may reduce ribosome synthesis, increase
ATP or coenzyme synthesis, and enhance stress tolerance. Over-
expression of the Yrrlp-targeted ribosome synthesis-related gene DBP2
improved vanillin tolerance. This improvement is attributed to vanillin
inhibiting the synthesis of the 60S large ribosome subunit [83], and
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Dbp2p’s involvement in the synthesis of the 60S large subunit [84].
Wang et al. also found that formic acid significantly inhibits the syn-
thesis of the 60S large ribosome subunit [64], implying that deletion of
YRR]1 or overexpression of DBP2 may promote strain tolerance to formic
acid. DBP2 is regulated by the transcription factor Sfplp, a transcrip-
tional activator of various ribosome synthesis genes in the Snflp/Miglp
signaling pathway, jointly regulated by TORC1 and PKA. When the two
proteins are activated, Sfplp is localized in the nucleus to exert regu-
latory functions [37]. Chen et al. demonstrated that overexpression of
SFP1 improved yeast tolerance to hydrolysate and fermentation effi-
ciency [26], likely due to accelerated central carbon metabolism and
ribosome biogenesis. The study of HYP1, which promotes the synthesis
of proline-containing extended-chain proteins, showed that over-
expression of HYP1 improved yeast tolerance to acetate. This improve-
ment is associated with increased expression of the polyproline
transcription factor Ume6p and its target genes BUD21, IME4 and BEM4,
which promote ribosome biogenesis, cell division and mRNA methyl-
ation modification [38].

3. TFs regulatory network improves xylose utilization in
S. cerevisiae

Engineered strains with high xylose utilization capabilities have
employed multiple strategies, including the introduction of a heterolo-
gous XI with elevated enzymatic activity, a moderate flux enhancement
of PPP pathway, reduction of by-product xylitol and minimization of
energy consumption, as well as the expression of xylose-specific trans-
porters [6,85]. Recent comprehensive analyses of yeast xylose meta-
bolism revealed significant variations in the expression of transcription
factors (TFs) such as Hoglp, Ask10p, Ger2p, and Azflp. Ask10p, as a
regulator of the aquaglyceroporin (Fpslp) glycerol channel, is required
for glycerol efflux and also plays a role as a component of the RNA
polymerase II holoenzyme, necessary for the degradation of Ssn8p in
response to oxidative stress. Ger2p acts as a transcriptional activator of
genes involved in glycolysis, while Azflp regulates the transcription of
genes related to carbon metabolism and energy production in the
presence of glucose. These TFs contribute to improved xylose meta-
bolism in strains by mitigating the inhibitory effects on the PPP
pathway, promoting proper folding of XI, enhancing PPP flux, boosting
respiration, and regulating sugar signaling pathways, ultimately
increasing xylose utilization (Fig. 2, Table 2).

3.1. Transcription factor Hoglp regulates xylose utilization ability in
S. cerevisiae

The PPP pathway, the primary pathway of xylose metabolism, is
essential for cell growth. Regulating TFs to mitigate inhibitors’ effects on
the PPP pathway can facilitate efficient xylose fermentation. A well-
documented example is the enhanced xylose metabolism achieved by
knocking out HOG1. Attenuating the phosphorylation signal of the HOG-
MAPK pathway proves effective in reducing Hog1p activity. Individually
knocking out SSK2, SSK22 and STEI11 in the HOG-MAPK pathway

Table 2

Regulate TFs to promote xylose metabolism.
Up/down Effect Reference
TFs
Down Hoglp  Reduce interference to the PPP. [86]
Down Promotes xylose isomerase folding. [87]

Ask10p
Down Tdhlp Promote central carbon metabolism. [88]
Down Ger2p Promote PPP. [89]
Up Znflp Promote xylose transport and reduce ribosome [90]
synthesis.

Up Azflp Promote anaerobic fermentation and xylose transport. [91]
Up Mga2p Promote anaerobic fermentation. [91]
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doesn’t disrupt Hoglp function. However, simultaneous knockout of all
three genes has a detrimental effect on Hoglp activity. The absence of
the scaffold protein Pbs2p has effects on yeast similar to HOGIA that
leads to severely reduced cell robustness [42,48], making yeast almost
unrobust [48]. Dos Santos et al.’s research found that the deletion of
SSK2 significantly improves yeast xylose utilization ability [92], indi-
cating suppressed Hoglp activity. The study of the phosphoric acid
signaling of Pbs2p and Hoglp revealed that the co-connection domain
(CD) and the Pbs2p binding domain (PBD-2) are crucial for Hoglp
binding to Pbs2p. Deleting CD or PBD-2 alone does not affect stress
regulation by Hoglp, but simultaneous deletion renders Hoglp unable
to phosphorylate [93].

In our results, removing either CD or PBD-2 domains similarly
reduced Hoglp activity, resulting in a decrease in robustness. However,
yeast exhibited an increased ability for xylose metabolism to produce
ethanol (data not shown). This phenomenon prompted us to explore the
optimization of Hoglp activity levels to regulate the xylose utilization
ability and strain robustness. Mutation optimization of the Hoglp
domain revealed that HOG17?*7¢ and HOG120~3%04 ¢ould improve the
ethanol production from xylose while maintaining yeast robustness. The
mutants HOGI¥°?Y, HOG1%73%%4 and HOG1%%27314 reduced yeast
robustness, but improved the utilization capacity of xylose. Applying
HOG1P?37G, 302316 4 the industrial strain 6M — 15 reduced Hoglp
activity and increased the ethanol production from simulated hydroly-
sate. However, single mutants HOGI%%?~314 and HOG1?¥’ demon-
strated an improvement in strain robustness and a reduction in the
xylose utilization ability (data not shown). This could be attributed to
strain 6M-15’s Hog1p being in a state of lower activity than the mutant
Hoglp from the haploid strain.

Most Hoglp target genes are associated with stress, and some of
them have been identified to positively impact xylose metabolism. We
studied the transcriptome of strains including LF1, LF1-6M and 6M — 15
with varying degrees of antagonism between strain robustness and
xylose utilization capacity, and discovered that Hoglp target genes in
6M-15 were generally at low expression levels, such as ASK10, TDH1,
FPS1 and phosphorylation-related genes in the HOG-MAPK pathways.
Subsequent verification indicated that the deletion of 3-phosphoglyc-
erate dehydrogenase TDH1 significantly improved both the xylose uti-
lization capacity and robustness of strains (data not shown). TDHI,
known for its positive impact on gluconeogenesis [88], might contribute
to the enhancement of central carbon metabolism upon its deletion.
Similarly, the deletion of a transcription factor CAT8 has been reported
to promote xylose metabolism [94]. Wei et al. reported an enhancement
in the xylose-to-ethanol conversion rate in the FPSIA mutant, sup-
pressing xylitol production, a by-product, and reducing NADPH con-
sumption [95]. Xiong et al.’s study demonstrated deletion of FPS1 and
GPD2, coupled with the overexpression of GLN1, effectively improved
the xylose utilization of the strain, resulting in a 97 % xylose utilization
rate compared to 65 % in the control strain when fermented in a syn-
thetic medium of 50 g L™ glucose and 50 g L ™! xylose for 48 h [96].

Hou et al. conducted a study on the transcription factor ASK10M#7°R
mutant and the deletion of ASK10, revealing improved xylose meta-
bolism in respiration-deficient xylose-utilizing yeast through reverse
metabolic engineering. Their analysis indicated increased xylose isom-
erase XI activity, attributed to the elevated XI copy numbers. Further
investigation found significant transcriptional upregulation of molecu-
lar chaperone HSP26, SSA1 and HSP104 in ASK10M*°R and ASK104
strains showed, promoting the protein folding of XI [87].

3.2. TFs regulates the PPP pathway and respiration to improve xylose
utilization

The distribution of carbon flux between glycolysis and the PPP is a
key bottleneck in xylose metabolism. Dynamic regulation of these
pathways through the activation or repression of transcription factors
can significantly enhance xylose utilization. The deletion of the
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phosphatase gene PHO13 in most engineered strains has been under-
taken, as it facilitates the expression of non-oxidative PPP pathway
genes. Shin et al. uncovered a connection between PHO13 and the
transcription factor GCR2. Deletion of either GCR2 or PHO13 improves
xylose utilization, with GCR24 reducing glycolysis and promoting the
oxidative and non-oxidative stages of PPP, while PHO13A enhances
glycolysis and only promotes the expression of genes involved in non-
oxidative PPP pathway. Simultaneous deletion of the two genes, how-
ever, does not lead to an increase in xylose utilization [89]. Further-
more, Usher et al. reported that the deletion of the ribosomal synthesis
gene BUD21 boosted xylose utilization [97]. It is speculated that this
deletion decreases the production of non-essential substances, conse-
quently minimizing the competition with the PPP pathway, possibly
related to the negative regulation of the Ras-cAMP pathway. The
expression of BUD21 is controlled by transcription factor Znflp,
involved in the regulation of glycolysis for ethanol production and yeast
osmotic tolerance [98]. Songdech et al. found that overexpression of
ZNF1 positively affects xylose usage, leading to further enhancements in
the BUD21A strain [90]. Analysis indicates that overexpression of ZNF1
enhances xylose transport [90].

Additionally, optimizing respiration regulation plays a vital role in
further enhancing xylose metabolism [16]. Palermo et al. investigated
metal ion transporter genes, revealing that deletion of the Fe-S cluster
scaffold protein ISU1, vacuolar Fe*t/Mn?" transporter CCCI or heavy
metal homeostasis protein BSD2 significantly improved yeast xylose
metabolism. Notably, the xylose-specific consumption rate of the ISU1A
strain increased by 142 % compared to the control strain [99]. In Dos
Santos et al.’s study, simultaneous deletions of ISU1 and SSK2 achieved
better results than the deletion of ISU1 alone [92]. Osiro et al. discov-
ered ISU1 deletion transformed yeast sugar sensing from a low-sugar to a
high-sugar signal, thereby enhancing xylose metabolism rate [86].
Palermo et al. ’s analysis showed that the deletion of ISU1, SSK2, BUD2
or CCC1 led to a significant up-regulation of genes involved in the
glycolysis and PPP pathways during the early stages of fermentation.
Simutaneously, gene transcription related to respiratory chain, TCA and
glyoxylate cycle was significantly down-regulated [99], consistent with
changes in sugar signaling. Sato et al.” s study revealed that the deletion
of HOG1 and ISU1 enhanced aerobic fermentation of xylose [100]. The
loss of Isulp function is speculated to impair Fe-S cluster synthesis,
increase iron availability in heme biosynthesis, and promote the for-
mation of cytochrome oxidase (COX), resulting in increased aerobic
respiration using xylose as carbon source. Additionally, the deletion of
IUS1 facilitates anaerobic fermentation of xylose [100,101]. In addition,
our research group found that overexpression of the heme oxygenase
HXM1 increased the metabolic rate of xylose (data not shown). CCC1 is
regulated by iron sensing [102]. ISU1, CCC1 and HXM1 are all regulated
by the iron balance transcription factor Aftlp, suggesting that Aftl/2p
plays an important role in regulating xylose metabolism.

3.3. Transcription factor regulate xylose metabolism through cAMP-PKA
signaling pathway

The cAMP-PKA pathway regulates cell growth and differentiation in
response to nutrients, such as glucose and xylose, by phosphorylating
TFs. Dihazi et al. demonstrated that phosphorylation of cytoplasmic
target genes activates glycolysis [103]. Nguyen et al. observed a close
relationship between cAMP concentration and sugar metabolic rate.
They successfully regulated the 8-bromo-cAMP concentration to control
sugar metabolic rate in cAMP-deficient strains [104]. In the cAMP-PKA
pathway, Wu et al. reported that deletion of the phosphodiesterase genes
PDE1 and PDE2, responsible for cAMP degradation, significantly
increased cAMP concentration and trehalose content, closely linked to
PKA activity. The PDE1APDE2A mutant exhibited a 50 % increase in
xylose consumption rate and a 70 % increase in ethanol production rate
compared to the wild type [105]. Myers et al. demonstrated that the
deletion of GTPase IRA2 slowed the conversion of active RAS-GTP into
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inactive RAS-GDP, boosting anaerobic xylose utilization [100]. Deleting
BCY1, encoding a negative regulatory subunit for PKA activity increased
PKA activity, enabling xylose anaerobic fermentation, although cells
could not grow anaerobically on xylose [91]. Subsequent verification
revealed defective lipid homeostasis of the BCY1A mutant, leading to
uncoupling between cell growth and metabolic pathways [106]. Tran-
scriptomic analysis found that BCY1 was associated with the
iron-responsive transcription factor Aftl/2p and the inositol synthesis
phospholipid-related transcription factor Ino4p [106,107].

In Myers et al.’s study, transcriptome and proteome of strains under
aerobic and anaerobic conditions with different xylose metabolism
characteristics revealed that 68 of 128 transcripts that were induced
progressively stronger when shifted to anaerobic-xylose conditions were
regulated by transcription factor AZF1 which is responsible for different
carbon source response. Elevated AZF1 expression enhanced xylose
anaerobic fermentation. Further analysis found reduced expression of
HAP4, a respiratory regulation transcription factor, MSN2/4,stress
response TFs, and the xylose transport inhibitor MTHI [91]. Moreover,
the expression of the sterol and lipid synthesis-related transcription
factor MGA2 was upregulated. Examination confirmed that augmented
MGA2 expression stimulates xylose anaerobic fermentation [91,108].
Overexpression of HAP4 or deletion of mitochondrial glycerol-3-P de-
hydrogenase GUT2 also favors aerobic fermentation of xylose [109].

4. Transcription factor regulatory network alleviates
antagonism between xylose utilization and strain robustness

The antagonistic relationship between xylose utilization ability and
strain robustness is pervasive and challenging to eliminate [4,12,110].
Numerous studies have effectively alleviated antagonism by expressing
functional genes and TFs [94,99,111]. Our conclusion is that the
enhancement of xylose utilization under hydrolysate conditions depends
on the antagonism between xylose utilization ability and strain robust-
ness and the toxicity of hydrolysate.

In case where the hydrolysate is highly toxic, the growth and
metabolism of strains with lower robustness are significantly inhibited
when glucose is used as a carbon source. Therefore, the primary
consideration should be to improve strain robustness to toxic hydroly-
sate. This is crucial as normal glucose utilization is a prerequisite for
xylose utilization. Lam et al.’s investigation demonstrated the wild-type
strain was insufficient to resist the toxicity of a simulated hydrolysate
containing 100 mM acetic acid, furfural, and 5-HMF. Glucose remained
at approximately 70 g L™}, xylose around 25 g L™}, and ethanol pro-
duction at 22 g L. However, by overproducing the evolved aldehyde
dehydrogenase GREZ to increase stain robust, glucose and xylose were
nearly completely utilized, yielding 66 g L ethanol [112]. In our study,
the low-robust engineered strain LF1 was fermented in a corn stalk
hydrolysate (containing 4.3 g L™ acetic acid, 5-HMF 1.0 g L™}, furfural
0.35 g L7! and 4.78 g L™! phenolic compounds) with 50 g L™! glucose
and 25 g L1 xylose, showing 50 % glucose consumption and almost no
xylose consumption after 96 h. Although the xylose utilization ability of
engineered strain 6M — 15 was weaker than LF1, 6M — 15 rapidly uti-
lized glucose during the fermentation in this hydrolysate due to its high
robustness, resulting in almost complete xylose consumption [113].

If the hydrolysate toxicity isn’t sufficient to significantly hinder the
strain’s growth and metabolism when glucose is used as a carbon source,
deliberately reducing the strain’s robustness logically enhances its
xylose utilization. It is possible that highly robust strains have excess
resistance to inhibitors, and low-robust strains allocate excess resources
to improve the xylose metabolism rate [109]. For instance, in corn bran
hydrolysate containing 2.65 g L™* acetic acid, 0.53 g L™! furfural, 0.08 g
L~! 5-HMF and 2.01 g L™! phenolic compounds, low-robust LF1 can
metabolize glucose normally and exhibits significantly better xylose
metabolic performance than high-robust 6M — 15 [114]. Additionally,
our study showed that HOGIA mutants maximized xylose utilization
compared to other HOGI mutants, with a corresponding significant
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decrease in robustness. The PKA activity, stimulated by glucose in the
cAMP-PKA pathway, facilitates anaerobic xylose fermentationbut does
not enhance cell robustness, as it weakens cellular aerobic respiration
and stress response resistance [91]. Moreover, the sufficient biomass
accumulated during the glucose phase ensuresrapid xylose consump-
tion. Results from many lignocellulose hydrolysate fermentations have
shown that xylose enters a short period of rapid consumption due to
activated PKA activity and accumulated biomass when glucose is nearly
consumed, and xylose consumption rate becomes slower after glucose
consumption [113-115]. To address this, strategies such as maintaining
low glucose concentration in simultaneous saccharification fermenta-
tion, and fed-batch fermentation with low-concentration glucose addi-
tion or hydrolysate fermentation using recombinant yeast expressing
p-glucosidase for converting cellobiose into glucose, have been used to
promote xylose utilization, and increase ethanol production [116,117].
In our study, a recombinant strain expressing j-glucosidase improved
xylose utilization by 50 % compared to the control strain in the cello-
biose containing hydrolysate, attributed to the glucose-induced sugar
signaling pathway [118]. Low glucose alleviates Miglp's repression of
xylose metabolism, and the high activity of PKA caused by glucose ac-
tivates the EMP pathway, driving xylose fermentation.

5. Transcription factor regulatory network mitigate post-
glucose effect

Over the past few years, there have been notable advancements in
improving the xylose metabolism rate of yeast in a xylose-only medium
through metabolic pathway optimization and adaptive evolution.
However, despite these efforts, the rate still lags significantly behind
that of glucose. The post-glucose effect plays a crucial role in dimin-
ishing the xylose metabolism rate in hydrolysates.

5.1. Sugar sensitivity to glucose and xylose variance of S. cerevisiae

Upon introducing the xylose metabolic pathway in yeast, xylose
undergoes transformation to xylose 5-P and integrates into the PPP
pathway. However, some differences arise when yeast used glucose or
xylose as carbon sources. In the presence of high concentrations of
glucose or other fermented carbon sources such as maltose and sucrose,
cells exhibit Crabtree-positive behavior [119]. In this state, non-
fermenting carbon sources such as ethanol, glycerol, and acetic acid
cannot be used. Conversely, under low fermented carbon sources, the
cells become Crabtree-negative, and nonfermented carbon sources start
being utilized. In yeast with xylose metabolizing capacity, glucose is
preferentially used, followed by xylose, and finally nonfermented car-
bon sources. Salusjarvi et al. classify xylose as a semi-fermentative
carbon source [120,121]. It is precisely because xylose has the proper-
ties of a nonfermented carbon source that it promotes the synthesis of
terpenoids such as astaxanthin [122,123]. The metabolism of another
pentose, arabinose, in lignocellulose, exihibits a similar metabolic order
as xylose [124]. The underlying reason for the difference in metabolic
order lies in the distinct signal of the sugar sensing signaling pathway.
Sugar sensing signaling pathways Snf3p-Rgt2p, Snflp-Miglp and
cAMP-PKA connect carbon source recognition with transcriptional
regulation, forming interconnected signaling pathways [125]. While the
response mechanism of the sugar signaling pathway to fermented and
nonfermented carbon sources is well-documented, the response to
xylose remains less studied. Brink and Osiro et al. show that high con-
centrations of xylose (50 g L) can induce sugar signaling pathways as
low concentrations of glucose (1 g L™') in recombinant yeast that
metabolize xylose. The IRA2AISU1A mutant enhanced Snf3p-Rgt2p and
cAMP-PKA signaling concurrently [86,126], highlighting the plasticity
of the sugar signaling pathway under xylose carbon source [127].

Wei et al. conducted a study using haploid yeast BSGX01 and diploid
yeast XH7 to analyze transcriptomic differences caused by the post-
glucose effect. The study revealed diminished expression of genes
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involved in the EMP and PPP pathways during the GX phase. In contrast,
the expression of genes involved in TCA, glyoxylic acid cycle, and
electron transport chain was upregulated. Metabolic enzymes for the
consumption of carbon sources such as fructose, galactose and sucrose
were upregulated, while the expression of genes involved in ribosomal
biogenesis and translation was downregulated. Importantly, the levels of
sugar transport pathway Snf3p-Rgt2p in the sugar sensing pathway
remained essentially unchanged, while the activities of non-fermentable
carbon sources utilization pathway Snflp-Miglp and growth and
fermentation pathway cAMP-PKA pathway were reduced [13]. The
Snflp-Miglp pathway mainly regulates genes related to respiration,
gluconeogenesis and selective carbon source metabolism. And the
cAMP-PKA pathway emerged as the most important pathway influ-
encing growth and fermentation [128]. Therefore, inhibition of the
cAMP-PKA pathway is the fundamental factor of the post-glucose effect.
When cells were stimulated by glucose, cAMP concentration increased
rapidly, reaching a peak before decreasing to a level higher than the
initial value [129,130]. As mentioned earlier, examples have been
provided demonstrating the regulation of PKA activity to promote sugar
metabolism, particularly in the work of Nguyen et al. [104]. Therefore,
we infer that yeast cAMP also peaks when stimulated by xylose, but at a
level below that observed when stimulated by glucose. This corresponds
to a lower xylose metabolic rate compared to glucose. In a mixed sugar
medium, yeast was stimulated by glucose, and cAMP concentration
reached a peak before decreasing to a level higher than the initial value.
Importantly, it did not rise again after complete utilization of glucose.
This indicates that after glucose utilization, xylose no longer stimulates
an increase of cAMP, aligning with the lower xylose metabolic perfor-
mance in the GX stage compared to the X stage [13].

5.2. TFs responsible for regulation of post-glucose effect

TFs exhibiting co-variation at the X and GX stages of BSGX01 and
XH7 were identified [13]. Subsequent validation revealed that deleting
TFs related to carbon metabolism including ARD1, ZNF1 and NRGI
decreased xylose utilization, while deleting the transcription factor
THI2, or overexpressing NRM1 enhanced xylose utilization (Table 3).
Specifically, the deletion of THI2 in haploid yeast BSGXO01 led to a 67.7
% increase in xylose utilization rate at GX stage, while causing a
decrease at the X stage [13]. Therefore, THI2 deletion was found to in-
crease xylose metabolism primarily at the GX stage, rather than the X
stage. Transcriptomic analysis of THI2A mutant found that the expres-
sion of Thi2p target genes including THI4, THI5, THI4, THI6 and THI20
was not changed at the GX stage, indicating that the improvement of
xylose metabolism resulting from Thi2p deletion was unrelated to
thiamine synthesis [131].

Upon verifying genes with significant upregulation in THI2A mutant,
overexpression of cell wall integrity (CWI)-related genes containing
MID2, STT4 and CDC42 was found to increase the xylose utilization rate
by 45.9 %, 49.2 % and 13.1 %, respectively, at the GX stage. This
analysis also revealed a noteworthy reduction in the proportion of dead
cells in those mutants including the THI2A mutant at the GX stage. In
addition, overexpression of stress response-related genes ECM22, CSC1
and BDH2 as well as RNA polymerase II/IIl synthesis-related genes
GPN3 and TFC3, and genes BOP2 and RGI2 with unknown function was

Table 3

Genes involved in alleviating post-glucose effect.
Genes Gene function Reference
THI2, Cell survival rate [13]
NRM1, CIP1. YHP1, IXR1 Cell cycle [131]
ECM22, CSC1. BDH2, IXR1 Stress response [131]

GPN3, TFC3 RNA polymerase synthesis [131]
TECI Ribosome biogenesis (data not shown)
TEC1 Metal ion absorption (data not shown)
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observed to increase xylose utilization by alleviating the post-glucose
effect [131]. Deletion of CIP1, IXR1, YDR246W-A and YGLO15C which
are down-regulated in the transcriptomic analysis resulted in an
increased xylose utilization rate of 26.2 %, 36.1 %, 16.4 % and 14.8 %,
respectively, at the GX stage. Notably, the deletion of CIP1 accelerated
the G1/S cell cycle transition [132,133], and overexpression of cell
cycle-related genes NRM1 and YHP1 also demonstrated an alleviation in
the post-glucose effect [13]. Deleteion of IXR1, encoded a protein
associated with the cell cycle [134] upregulated the expression of
stress-related genes [135], with this upregulation occurring exclusively
during aerobic fermentation. The subsequent studies found that the
post-glucose effect was also associated with transcription factor Teclp
mediated regulation of ribosome biosynthesis and iron absorption (data
not shown). Nevertheless, more regulation mechanism and effective
methods to alleviate post-glucose effect remain to be discovered.

6. Conclusions

S. cerevisiae stands out as the most promising strain for second-
generation fuel ethanol production. However, the antagonism between
high xylose utilization capacity and strain robustness, along with the
post-glucose effect, poses challenges to efficient xylose utilization in
lignocellulosic hydrolysates. We believe that S. cerevisiae with high
robustness is indispensable, as investigations into the antagonistic
mechanism reveal that improving the xylose utilization in hydrolysates
often involves compromising robustness, a strategic trade-off to alleviate
antagonism. Numerous TFs have been explored to overcome these bot-
tlenecks, achieving some progress (Table 4). Although IF regulation has
shown promising results, current strategies primarily target single mo-
lecular levels. Moving forward, identifying new TF targets, co-regulating
multiple TFs, or dynamically regulating a single TF across different
metabolic pathways may help balance xylose utilization and strain
robustness while mitigating the post-glucose effect. For example, upre-
gulating Hoglp enhances robustness, whereas downregulating it can
improve xylose utilization. Thus, Hoglp expression could be required
during the growth phase, followed by inducible inactivation during
xylose utilization. Alternatively, studying the effect of gradient Hoglp
expression under promoter control could help identify the optimal
expression level that balances both xylose utilization and strain
robustness. The inhibition of xylose metabolism by highly toxic hydro-
lysates, while it can be alleviated, remains resistant to complete elimi-
nation. To further improve fermentation efficiency, besides
enhancement of xylose utilization and strain robustness, another focus
should shift towards minimizing the toxicity of the hydrolysates.
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