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Abstract

Background Thermotolerance is a critical trait for yeasts employed in industrial settings, and the utilization of uncon-
ventional yeasts has gained notable attention in recent years. However, the mechanisms underlying thermotolerance
in unconventional yeasts, particularly Pichia spp., remain insufficiently elucidated.

Results This study focuses on the thermotolerance of a non-traditional yeast strain Pichia kudriavzevii LC375240,
renowned for its remarkable thermotolerance. Through transcriptomic analysis of both short-term and long-term heat
shock exposures, we uncovered an intricate regulatory response in R kudriavzevii. During long-term heat treatment,
the yeast exhibited elevated expression of genes involved in the tricarboxylic acid (TCA) cycle and suppressed expres-
sion of genes in the pentose phosphate pathway (PPP). Additionally, long-term heat treatment led to an upregulation
of heat shock proteins (HSPs) and an increase in trehalose, glutathione (GSH), and superoxide dismutase (SOD) levels,
along with a reduction in the intracellular NADPH/NADP™ ratio and pyruvate content. These changes collectively
contribute to the thermotolerance of P kudriavzevii. CRISPR-Cas9-mediated knockout experiments further high-
lighted the critical roles of HSPs, antioxidases, and the trehalose metabolic pathway in the yeast’s response to high
temperatures.

Conclusions Taken together, this study demonstrates that P kudriavzevii adapts to thermal stress through a combi-
nation of enhanced TCA cycle, reduced PPP, increased HSPs, trehalose, GSH, and SOD levels. These findings provide
a comprehensive understanding of the molecular mechanisms underlying thermotolerance in P kudriavzevii.
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present in lignocellulosic hydrolysates, such as weak
acids, furan aldehydes, and phenolic compounds [6-9].

Beyond its role in bioethanol production, S. cerevisiae
serves as a predominant player in various bioprocesses
and protein expression systems, producing a multitude
of bioproducts [10-12]. Nevertheless, limitations such
as hyperglycosylation, poor secretion, incorrect folding
of heterologous proteins, and relatively low robustness
against osmotic and temperature stresses in industrial
applications persist [13]. Consequently, further optimiza-
tion is essential for Saccharomyces-mediated bioethanol
production, bioprocesses, and protein expression. Ongo-
ing research is actively exploring the natural diversity of
S. cerevisiae to identify strains with enhanced stress and
inhibitor tolerance. Additionally, superior S. cerevisiae
strains are being developed through evolutionary engi-
neering and targeted genetic modification, aiming to
overcome existing limitations and improve its applicabil-
ity in industrial settings [5].

Utilizing non-conventional yeast species with inher-
ent tolerance to challenging environmental conditions
presents an alternative strategy. This category encom-
passes various candidates, including Yarrowia lipolytica
(known for salt and oxidative stress tolerance), Ogataea
polymorpha (exhibiting heat tolerance), Pichia pastoris,
Pichia stipitis, Kluyveromyces marxianus (recognized for
extreme thermotolerance) and Kluyveromyces lactis, each
noted for their adaptability to diverse harsh environ-
ments and suitability for different bioprocesses [12-16].
Furthermore, these non-conventional yeasts are recog-
nized for their efficient mass production capabilities and
can serve as safe and authentic sources for producing
various pharmaceutical proteins [12, 17].

In addition to extensively studied non-conventional
yeasts such as Y. lipolytica, O. polymorpha, P. pastoris,
and K. lactis, recent reports highlight several strains of
P. kudriavzevii capable of thriving and producing high
levels of ethanol at elevated temperatures [18—-24]. Cer-
tain strains of P kudriavzevii also exhibit multi-stress
tolerance, including resistance to acid, ethanol, thermo,
and salt [25, 26]. A noteworthy finding from our previous
study is that the newly isolated P. kudriavzevii 1L.C375240
demonstrates thermotolerance at high temperatures of
37 and 42 °C. Impressively, this strain exhibits robust
growth and ethanol productivity with strong tolerance to
various stresses, such as acetic acid, furfural, formic acid,
H,0O,, and high concentrations of ethanol at 42 °C [27].
These distinctive traits suggest a highly promising appli-
cation of P. kudriavzevii LC375240 in industrial settings.
Given this, to delve into the molecular mechanism of the
thermotolerance exhibited by P kudriavzevii LC375240,
this study conducted transcriptomic analysis, genetic,
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and biochemical validations by subjecting the strain to
short- and long-term heat treatments.

Results

Heat treatment triggered global gene expression in P.
kudriavzevii

The yeast strain P. kudriavzevii LC375240 has been pre-
viously identified for its exceptional tolerance to a vari-
ety of stressors, including high temperature, acetic acid,
furfural, formic acid, H,0,, and high concentrations of
ethanol [27]. This study aimed to unravel the molecu-
lar mechanism underlying thermotolerance in P kudri-
avzevii by analyzing global gene expression profiles using
RNA sequencing (RNA-seq). To achieve this, P kudria-
vzevii LC375240 was cultivated at 37 °C in fresh medium
until the mid-exponential phase (ODgy~0.8, approxi-
mately 4 h). The culture was then subjected to either a
short-term heat shock (SHS) at 42 °C for 0.5 h or a long-
term heat treatment (LHT) at 42 °C for 2 h. Differential
gene expression analysis was conducted with three bio-
logical replicates to ensure high consistency (Additional
file 1: Fig. S1A). Applying a false discovery rate (FDR)
0of<0.01 and |log,FC|>1, a total of 1409 differentially
expressed genes (DEGs) were identified during SHS, with
763 downregulated genes (Additional file 2: Table S1)
and 646 upregulated genes (Additional file 2: Table S2)
(Fig. 1A and Additional file 1: Fig.S1B). Under LHT, 2659
DEGs were identified, consisting of 1277 downregulated
genes (Additional file 2: Table S3) and 1382 upregulated
genes (Additional file 2: Table S4) (Fig. 1A and Additional
file 1: Fig. S1B).

Notably, 955 DEGs exhibited differential expression
between SHS and LHT, encompassing 358 downregu-
lated (Additional file 2: Table S5) and 597 upregulated
genes (Additional file 2: Table S6) (Fig. 1A and Additional
file 2: Fig. S1B). These findings highlight the significant
impact of temperature and exposure duration on gene
expression. A Venn diagram revealed that 162 genes were
uniquely regulated under SHS, 848 genes under LHT,
and 65 genes showed differential expression between
SHS and LHT (Fig. 1B), suggesting that LHT induced
more extensive changes in gene expression. Moreover,
KOG function classification unveiled that the most sig-
nificant changes occurred in genes related to translation,
ribosomal structure, and biogenesis, with approximately
200 DEGs identified under both SHS and LHT (Fig. 1C).
Additionally, pathways with over 50 DEGs, such as trans-
lation, ribosomal structure and biogenesis, and post-
translational modification, showed significant variations
between SHS and LHT (Fig. 1C). In summary, exposure
to SHS and LHT triggered global changes in gene expres-
sion in P. kudriavzevii, activating or deactivating distinct
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Fig. 1 Differential gene expression in P kudriavzevii under long or short heat treatment. A Statistics of the differentially expressed genes. B Venn
diagram showing the co-regulated genes of P kudriavzevii under different temperature. C KOG function classification of the DEGs

functional pathways and revealing the yeast’s adaptive
responses to heat treatment.

Metabolic adaptations of P. kudriavzevii to heat treatment:

enhanced TCA cycle and altered redox homeostasis

The TCA cycle is a cornerstone of central carbon metab-
olism, providing the primary energy source for aerobic
organisms. RNA-seq analysis revealed that the majority
of genes associated with the TCA cycle were upregulated
in P kudriavzevii under LHT. In contrast, SHS resulted
in minimal changes in TCA cycle gene expression, except
for the upregulation of IscI (Table 1). To assess whether
there is an increase in carbon fluxes within the TCA
cycle, we measured the intracellular pyruvate levels at
various temperatures. As shown in Fig. 2A, intracellular
pyruvate content remained unchanged under SHS com-
pared to growth at 37 °C and significantly reduced under
LHT. This reduction is likely attributed to the increased
energy demand at elevated temperatures, which acceler-
ates the TCA cycle and depletes pyruvate. These results
underscore the critical role of the TCA cycle in meeting
the heightened energy requirements of P kudriavzevii
during heat treatment, particularly under prolonged
exposure.

NADPH, primarily generated by the pentose phos-
phate pathway (PPP), is vital for reducing oxidized glu-
tathione (GSSG) and maintaining redox homeostasis
[28, 29]. Transcriptomic analysis indicated a downregu-
lation of PPP genes during heat shock, with a signifi-
cant decrease in the expression of 6-phosphogluconate
dehydrogenase, the rate-limiting enzyme in the PPP,
particularly under LHT (Table 2). Consistent with these
findings, the intracellular NADPH/NADP™ ratio was
significantly lower under heat shock conditions com-
pared to growth at 37 °C (Fig. 2B).

Glutathione reductase converts GSSG and NADPH
to reduced glutathione (GSH), a key antioxidant.
Measurements showed elevated GSH levels under
heat shock, especially during LHT (Fig. 2C). Interest-
ingly, total thiol content remained unchanged (Fig. 2D),
while protein thiols increased significantly (Fig. 2F),
likely due to oxidative stress from high temperatures,
which can oxidize protein thiol groups. In summary,
these findings suggest that heat shock in P. kudriavzevii
induces a lower NADPH/NADP™" ratio and elevated
GSH levels, reshaping redox homeostasis. Addition-
ally, the activation of the TCA cycle and suppression of
the PPP pathway under heat treatment underscore the
yeast’s metabolic flexibility in responding to prolonged
thermal challenges.
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Table 1 Differentially expressed genes in TCA cycle upon heat shock
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ID Name Log,FC Regulated Annotation
42°C0.5hvs37°C
EVMO0002137 Iscl 1.5952104 Up Succinyl-CoA synthetase alpha subunit
42°C2hvs37°C
EVMO0000971 pcka 5.3745075 Up Phosphoenolpyruvate carboxykinase (ATP)
EVMO0002875 pyc 3.2252527 Up Pyruvate carboxylase
EVMO0004091 acna 2.7306367 Up Aconitate hydratase
EVM0002256 glta 3.2250419 Up Citrate synthase
EVM0002137 Isc1 3.7014484 Up Succinyl-CoA synthetase alpha subunit
EVMO0000479 Isc2 1.5526949 Up Succinyl-CoA synthetase beta subunit
EVMO0001734 mdh2 3.8520108 Up Malate dehydrogenase
EVMO0003487 mdh2 2.0422207 Up Malate dehydrogenase
EVMO0004003 mdh2 3.8640342 Up Malate dehydrogenase
EVMO0003832 idh3 1.9739856 Up Isocitrate dehydrogenase (NAD™)
EVM0000875 idh3 23464930 Up Isocitrate dehydrogenase (NAD™)
EVMO0004363 idh3 1.5641766 Up Isocitrate dehydrogenase (NAD™)
EVMO0004556 sdh2 1.3259453 Up Succinate dehydrogenase
EVM0002949 sdh2 -1.97126207 Down Succinate dehydrogenase
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Fig. 2 Intracellular pyruvate, NADPH/NADP* ratio, GSH, total thiols, non-protein thiols and protein thiols in P kudriavzevii. A The content of pyruvate.
B NADPH/NADP™ ratio. C The content of GSH. D The content of total thiols. E The content of non-protein thiols. F The content of protein thiols.
Values are the average of six independent experiments+SD. *, p < 0.05; **, p<0.01; ***, p <0.001; **** p <0.0001

Comprehensive metabolic reprogramming in P.

kudriavzevii under LHT

LHT induced differential expression of genes across
multiple metabolic pathways (Fig. 3), including the TCA
cycle, PPP, trehalose metabolism, steroid biosynthesis,

pyrimidine metabolism, purine metabolism, glycer-
ophospholipid metabolism, and aminoacyl-tRNA bio-

synthesis. Notably, most genes associated with the
TCA cycle and trehalose metabolism were upregulated
(Tables 1 and 4), reflecting their critical roles in meeting
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Table 2 Differentially expressed genes in PPP pathway upon heat shock

ID Name Log,FC Regulated Annotation
42°C0.5hvs37°C
EVM0004270 rpia —2.68021140 Down Ribose 5-phosphate isomerase A
EVMO0000404 prsa —1.64089848 Down Ribose-phosphate pyrophosphokinase
EVM0001894 prsa —145331325 Down Ribose-phosphate pyrophosphokinase
42°C2hvs37°C
EVMO0001415 pgls —1.13694238 Down 6-phosphogluconolactonase
EVMO0003113 pgd —1.57422204 Down 6-phosphogluconate dehydrogenase
EVMO0004435 rpe —1.7659663 Down Ribulose-phosphate 3-epimerase
EVMO0004270 rpia —248690958 Down Ribose 5-phosphate isomerase A
EVMO0000824 talb —1.02132482 Down Transaldolase
EVM0000404 prsa —1.53125485 Down Ribose-phosphate pyrophosphokinase
EVM0001894 prsa —1.41849464 Down Ribose-phosphate pyrophosphokinase
EVMO0002559 prsa —1.48571351 Down Ribose-phosphate pyrophosphokinase
EVMO0004971 rbsk 347225864 Up Ribokinase
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Fig. 3 Metabolic regulatory networks governing thermotolerance in P, kudriavzevii under long-term heat treatment (LHT). Genes in various
metabolic pathways are depicted in green or red, denoting upregulation or downregulation, respectively

the heightened energy demands and maintaining stress
tolerance under high-temperature conditions. In con-
trast, genes involved in steroid biosynthesis, pyrimidine
metabolism, purine metabolism, and aminoacyl-tRNA
biosynthesis pathway were predominantly downregu-
lated (Additional file 2: Tables S7-S11). Conversely,
genes involved in glycerophospholipid metabolism

displayed a mix of upregulation and downregulation
(Additional file 2: Table S8). These findings highlight
the complex metabolic adaptations of P kudriavzevii
under LHT, demonstrating the necessity for fine-tuned
regulation of multiple pathways to enhance thermo-
tolerance and ensure survival under high-temperature
conditions.
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Heat shock proteins drive adaptation to thermal stress

Heat shock proteins (HSPs) play a pivotal role in pro-
tecting organisms from thermal stress by preventing
protein aggregation, refolding damaged proteins, clear-
ing irreversibly aggregated proteins, and enhancing the
thermal stability of soluble proteins [30, 31]. Consist-
ent with these roles, P kudriavzevii exhibited significant
upregulation of HSP-related genes under heat treatment.
Specifically, during SHS, three HSP genes—stil (Hsp90
co-chaperone), hsp78, and hsplO—were upregulated.
Under LHT, additional genes, including /sfI (heat shock
factor), ssa2 (Hsp70 family), ssel (Hspl10 family), and
sscl, showed increased expression (Table 3). Quantita-
tive real-time reverse transcription PCR (QRT-PCR) con-
firmed that all seven HSP genes exhibited significantly
higher expression levels under LHT compared to 37 °C
(Fig. 4A), reflecting the increased demand for HSPs in
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facilitating adaptation to prolonged high-temperature
environments.

Among the HSPs, Hsp70 is particularly critical in
responding to heat shock. It functions as both a sensor
for Hsfl-mediated cytoprotection [32, 33] and a facilita-
tor of protein folding and resolubilization of aggregated
proteins under stress conditions [34]. The interaction
between Hsfl and Hsp70 forms a two-component feed-
back loop that regulates the heat shock response in yeast
[33]. Notably, Hsp70 is a direct target of Hsfl, and upon
heat shock, the dissociation of Hsp70 from Hsfl1 activates
Hsfl, leading to increased hsp70 expression [33, 35].
Hsp90’s activity is intricately linked to Hsp70, as it relies
on Hsp70 chaperones for remodeling and activation of
proteins [36]. Additionally, Hsp70 and Hspl11l0 fami-
lies collaborate in the degradation of misfolded proteins
through the ubiquitin-proteasome system [37]. Based on
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Fig. 4 Expression of HSPs in P kudriavzevii under LHT. A Transcription levels of HSP genes at 37 or 42 °C. gRT-PCR analysis was performed
as described in the “Methods” section, utilizing actT as an internal standard. Six independent experiments were performed and results are presented
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Table 3 Heat shock proteins with upregulated gene expression level under heat shock stress

ID Name log,FC Regulated Annotation
42°C0.5hvs37°C

EVMO0000198 stil 1.682096 Up hsp90 family protein Sti1
EVMO0000521 hsp78 2278416 Up heat shock protein Hsp78
EVMO0003787 hsp10 1.748119 Up heat shock protein Hsp10
42°C2hvs37°C

EVMO0000198 stil 24487666 Up hsp90 family protein Stil
EVMO0000521 hsp78 5.1647458 Up heat shock protein Hsp78
EVMO0001440 ssa2 26322678 Up hsp70 family protein Ssa2
EVMO0001793 hsf1 1.5004229 Up heat shock transcription factor Hsf1
EVMO0002817 ssel 1.7379203 Up hsp110 family protein Ssel
EVMO0003787 hsp10 3.5868202 Up heat shock protein Hsp10
EVMO0004039 sscl 2.8340037 Up heat shock protein Ssci
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the elevated expression of heat shock-related proteins, we
propose a model for the role of HSPs in the heat shock
response (Fig. 4B). In this model, Hsfl and molecular
chaperones establish a negative feedback loop to regulate
Hsp70 expression. Upon heat treatment, activated Hsp70
interacts with Hsp90 to refold damaged proteins and col-
laborates with Hsp110 to enhance Hsp70-dependent pro-
tein folding rates. This coordinated response enables P
kudriavzevii to maintain protein homeostasis and survive
under high-temperature conditions.

Trehalose biosynthesis and catabolism in P. kudriavzevii
contribute to heat treatment adaptation

Trehalose, a recognized storage carbohydrate in yeast,
plays a pivotal role in stabilizing biological membranes,
proteins, and nucleic acids under stress conditions [30].
Transcriptome analysis data revealed that genes asso-
ciated with trehalose biosynthesis (tpsi, ¢sl1, and tps2)
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and catabolism (nthl) were upregulated under both
SHS and LHT conditions, with a notably higher expres-
sion observed during LHT (Table 4). This upregulation
encompassed crucial enzyme subunits, including tre-
halose-6-phosphate synthase Tpsl, trehalose-6-phos-
phatase Tps2, and the regulatory subunits Tsll and
Tps3. Additionally, the gene encoding neutral trehalase
(Nth1), which catalyzes the conversion of trehalose to
glucose and facilitates the return to normal growth fol-
lowing thermal stress [38], was also upregulated under
heat shock stress.

To assess the impact of these gene expressions on
trehalose metabolism, we measured intracellular
trehalose content using the anthrone-sulfuric acid
method. As shown in Fig. 5A, the trehalose levels sig-
nificantly increased under both SHS and LHT com-
pared to growth at 37 °C. These results suggest that P
kudriavzevii enhances trehalose production as part

Table 4 Differentially expressed genes in trehalose metabolic pathway upon heat shock stress

ID Name Log,FC Regulated Annotation
42°C0.5hvs37°C
EVMO0002081 tps1 1.949210795 Up Trehalose 6-phosphate synthase
EVMO0003762 tsl1 1.820512506 Up Trehalose synthase complex regulatory subunit
EVM0004248 tps2 1.969955351 Up Trehalose 6-phosphate synthase/phosphatase
EVM0004304 nthi 2.551869191 Up Alpha-trehalase
42°C2hvs37°C
EVMO0002081 tps1 4.003381138 Up Trehalose 6-phosphate synthase
EVMO0003762 tsl1 3.119510827 Up Trehalose synthase complex regulatory subunit
EVM0004248 tps2 2.376911055 Up Trehalose 6-phosphate synthase/phosphatase
EVM0004304 nthi 3.186980852 Up Alpha-trehalase
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Fig. 5 Intracellular metabolites analysis of P kudriavzevii cultivated at 37 or 42 °C. A Measurement of trehalose content was conducted using visible
spectrophotometry after extraction with trichloroacetic acid; B SOD activity was evaluated by assessing its inhibition of the reduction of nitroblue
tetrazole (NBT) under light. Values are presented as mean + SD from six independent experiments. ¥, p <0.05; **, p < 0.01; ***, p < 0.001; ***¥,

p<0.0001
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of its thermal protective mechanism against high
temperatures.

Activation of antioxidant defense mechanisms in P.
kudriavzevii under heat treatment

Heat shock stress is known to accelerate the production
of reactive oxygen species (ROS), potentially leading
to oxidative damage in yeast cells [39]. In S. cerevisiae,
oxidative damage stands out as a prominent secondary
consequence of heat shock stress, prompting the acti-
vation of multiple antioxidant defense mechanisms.
These include enzymatic antioxidant defenses such as
superoxide dismutases (SOD) (cytoplasmic Sodl and
mitochondrial Sod2), catalases (peroxisomal catalase
A and cytosolic catalase T), and peroxiredoxin (Prx),
collectively serving as primary protective mechanisms
against oxidative damage [30, 40, 41].

Based on RNA-seq analysis, the upregulation of sod1
and sod2 transcription in P. kudriavzevii was observed
under both SHS and LHT conditions (Table 5). Strik-
ingly, the transcripts of the sod2 were significantly
higher under LHT compared to SHS, suggesting an
increased demand for mitochondrial Sod2 to counter-
act reactive oxygen species (ROS) during prolonged
heat treatment. Furthermore, an in-depth analysis of
SOD activities revealed that enzymatic activities were
markedly higher under LHT than SHS, emphasizing the
significance of elevated SOD levels under conditions
of extended heat treatment (Fig. 5B). Additionally, our
findings revealed that four peroxiredoxins were upreg-
ulated under LHT, whereas only one showed increased
expression under SHS. This disparity underscores P
kudriavzevii’s reliance on SOD and peroxiredoxins to
maintain intracellular redox environment under ele-
vated temperatures, particularly during prolonged heat
treatment.

Page 8 of 13

Contribution of heat shock proteins, superoxide
dismutases, and trehalose metabolism to thermotolerance
in P. kudriavzevii

Through transcriptome analysis, we identified a set of
robustly upregulated genes, including heat shock pro-
teins (hsp78 and hspl0), superoxide dismutases (sod2),
and related proteins in trehalose metabolism (¢psi, tsl,
and nthl), which may play a crucial role in responding
to heat treatment. To assess the impact of these genes on
heat treatment, we employed CRISPR-Cas9 technology
to construct in-frame deletion mutations, resulting in
five mutants (Ahsp78, Ahsp10, Asod2, Atsll, and Anthl),
with the exception of ¢psi. The thermotolerance of these
mutants was compared to the wild-type strain (Aura3) at
both 37 and 42 °C (Additional file 1: Fig. S2), where no
significant growth differences were observed.

In a subsequent experiment, cultures of the five
mutants and the Aura3 strain, all adjusted to equal cell
densities, were incubated at 55 °C for varying durations.
As shown in Fig. 6, there was no significant difference in
percent survival between Akspl0 and the Aura3 strain
after incubation at 55 °C for up to 15 min. In contrast,
the percent survival of the other four mutants was dra-
matically reduced compared to the Aura3 strain. These
results indicate that heat shock proteins, superoxide dis-
mutases, and trehalose metabolism significantly contrib-
ute to thermotolerance in P. kudriavzevii.

Discussion

Non-conventional yeasts have gained recognition as
highly significant chassis strains for thermotolerance in
industrial applications [24]. While research on thermo-
tolerance has been extensively conducted using tran-
scriptome and proteome analyses in K. marxianus [42,
43], the molecular mechanisms of stress response in
Pichia species remain poorly understood. This study aims
to unravel the molecular mechanism of thermotolerance

Table 5 Expression of superoxide dismutase genes during heat shock stress

ID Name log,FC Regulated Annotation
42°C0.5hvs37°C

EVMO0001194 sod? 1308473183 Up Superoxide dismutase [Mn]
EVM0002820 prx 1.529593265 Up Peroxisomal peroxiredoxin
42°C2hvs37°C

EVMO0002560 sodl 1.022187449 Up Superoxide dismutase [Cu-Zn]
EVMO0001194 sod2 3.354683529 Up Superoxide dismutase [Mn]
EVM0002820 prx 2.022500341 Up Peroxisomal peroxiredoxin
EVMO0003456 aphc 2094914174 Up Glutathione peroxidase-like peroxiredoxin
EVMO0003786 tsal 1636383225 Up Peroxiredoxin Tsal
EVMO0004105 prx 1.111130565 Up Peroxisomal peroxiredoxin
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Fig. 6 Heat sensitivity of thermotolerance-related gene deletion mutants. Cells in the mid-log phase were subjected to high temperatures of 55 °C
for heat shock durations of 0, 5, 10, and 15 min. Subsequently, the cells were serially diluted and inoculated onto YPD plates, followed by incubation

at 30 °C for 2 days

in P kudriavzevii through a comprehensive approach,
encompassing genetic analyses, transcriptome profil-
ing, and metabolic analysis. Our findings reveal sig-
nificant differential gene expression in response to heat
shock, particularly under LHT. Heat shock profoundly
influences the expression of genes involved in multi-
ple metabolic pathways, including the trehalose path-
way, ergosterol synthesis pathway, TCA cycle, and PPP.
Although a similar regulatory pattern of metabolic path-
ways is observed between SHS and LHT, more genes
and more significant differences are evident under LHT.
This implies that the molecular mechanisms involved in
adapting to short-term and long-term heat treatment are
distinct in P. kudriavzevii.

It has been demonstrated that HSPs serve as crucial
elements in conferring resistance to high temperatures,
activating silent proteins, or repairing damaged proteins
in yeast cells [44-46]. Chamnipa et al. identified key
genes, such as ssql and hsp90, playing a critical role in
thermotolerance in P kudriavzevii [24]. In our study, the
gene expression levels of several HSPs were upregulated,
consistent with qRT-PCR results. While only three HSPs
were upregulated upon SHS, seven HSPs were upregu-
lated under LHT. This implies that P kudriavzevii cells
require a heightened expression of HSPs to adapt to
LHT, particularly the transcription factor /sf1, known for

regulating the expression of /sp70. Functioning as a vital
molecular chaperone in yeast cells, Hsp70 participates in
critical cellular processes, including protein folding and
translocation across membranes [47, 48]. Given its ability
to interact with multiple proteins, a proposed regulatory
mode of the Hsp70 chaperone is depicted (Fig. 4B). Addi-
tionally, Hsp78 and Hsp10, chaperons found in the mito-
chondrial matrix, exhibit differential roles in temperature
sensitivity of S. cerevisiae [49, 50]. In P. kudriavzevii, only
Hsp78 plays a crucial function in cellular heat shock tol-
erance, while Hspl0 does not, distinguishing it from S.
cerevisiae and underscoring the unique role of Hsp78 in
thermotolerance in P. kudriavzevii.

Trehalose, known as a thermal protecting agent in
K. marxianus and S. cerevisiae, plays a role in shield-
ing cells from damage induced by heat stress [51]. In P
kudriavzevii, the expression of the genes in trehalose
pathway and intracellular trehalose were significantly
increased upon heat shock. It is interesting to note that
a higher content of trehalose was produced in P kudri-
avzevii under SHS. As the nthl gene that encodes neutral
trehalase Nthl was also upregulated in P. kudriavzevii,
it is likely that the relatively lower trehalose content in
P, kudriavzevii under long-term heat treatment was due
to degradation catalyzed by Nth1. And then, we revealed
that trehalose metabolic pathway played an important
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role in responding to high temperatures by the construc-
tion of deletion mutants. However, the deletion mutant of
tpsl gene was not obtained in selective media containing
trehalose as the sole carbon source, implying its essen-
tiality. The tpsl gene, encoding a trehalose-6-phosphate
synthase, play a different role in different yeast species,
such as its deletion eliminated the yeast ability to grow
on glucose as the sole carbon source in S. cerevisiae, but
not in K. lactis [52]. Based on our results, it is clear that P
kudriavzevii uses trehalose as a thermal protecting agent
and the defect of trehalose metabolic pathway has great
influence on resistance of cells to thermotolerant stress.

Previous studies have showed that mutation of the
erg3 and erg5, the genes encoding sterol dehydrogenases,
enhances thermotolerance and higher ergosterol content
in yeast cells [53, 54]. However, in this study, we found
that the expression of the genes in ergosterol synthesis
pathway was downregulated whereas ergosterol content
was not changed in P kudriavzevii (Additional file 2:
Table S12 and Additional file 1: Fig. S3). On the other
hand, the gpdi, a key gene for glycerol synthesis, was
upregulated in P kudriavzevii under LHT (Additional
file 2: Table S8), which suggests a role of glycerol as a
thermal protectant in P. kudriavzevii.

In addition to HSPs, trehalose and SOD, we also found
that most genes involved in TCA cycle was upregulated
in P kudriavzevii under LHT, a response similar to that
observed in S. cerevisiae. In contrast, genes involved in
PPP pathway were significantly suppressed under LHT.
This contrasts with findings in K. marxianus, where TCA
cycle gene expression is suppressed at temperatures rang-
ing from 30 to 45 °C [42, 55], and no significant changes
in PPP-related gene expression in either S. cerevisiae or
K. marxianus under heat stress [42, 56]. As the TCA
cycle and PPP pathway are two basic metabolic pathways
to supply NADH, NADPH and nitrogen metabolism [57],
we propose that P kudriavzevii enhances energy pro-
duction via these pathways during LHT to facilitate the
degradation of damaged proteins and DNA repair. These
responses differ markedly from those observed in other
yeast species, highlighting distinct long-term adaptations
to heat treatment in P. kudriavzevii.

The Iswi chromatin remodelers, including ATPases
Iswl and Isw2, are crucial for regulating nucleosome
positioning and are typically associated with transcrip-
tional repression [58]. These complexes influence gene
expression by contributing to chromatin organization.
In the context of thermotolerance, transcriptomic analy-
sis revealed significant downregulation of the isw2 gene
under both short-term and long-term heat treatment
conditions (Additional file 2: Table S1 and Table S3). This
downregulation suggests that P. kudriavzevii may modu-
late chromatin structure to promote the transcriptional
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activation of heat-responsive genes, enabling an adaptive
response to elevated temperatures.

Conclusions

In conclusion, our study explored the response of P
kudriavzevii to heat-induced environmental stress. We
found that P kudriavzevii effectively resists thermal
stress through several adaptive mechanisms, including
enhancement of the TCA cycle, modulation of the PPP
pathway, and upregulation of heat shock proteins (HSPs),
trehalose, glutathione (GSH), and superoxide dismutase
(SOD) activity. These findings provide a comprehensive
understanding of the mechanisms underlying the ther-
motolerance of P kudriavzevii, offering a theoretical
foundation for the rational engineering of more thermo-
tolerant Pichia strains for industrial applications.

Methods

Strains and medium

The yeast strain of Pichia kudriavzevii LC375240 strain
was preserved from our lab [27]. The P kudriavzevii
strain was pre-cultured overnight in YPD medium (10
g/L yeast extract, 20 g/L peptone, and 20 g/L glucose) at
37°C.

Global transcriptional analysis

The P. kudriavzevii strains were grown in fresh medium
to the mid-exponential phase (ODg;,x0.8) at 37 °C for 4
h and then continued to cultivate it at 42 °C for 0.5 or 2 h,
and collected by suction filtration at 37 or 42 °C. The cells
were washed with RNA-free water and send to the Bio-
Marker company (Beijing, China) for sample extraction
and sequencing. Total RNA was isolated from P kudri-
avzevii strains and quantity and quality was evaluated on
a Nanodrop spectrophotometer ND-8000 and Agilent
2100 bioanalyzer respectively. The sample was subjected
to RNA sequence in an Illumina NovaSeq6000 platform.
And the FASTQ files associated with this project have
been deposited in the NCBI database under accession
number PRJNA793071.

Real-time quantitative reverse transcription PCR (qRT-PCR)
The cDNA was synthesized from total RNA of returned
samples using HiScript III 1st Strand ¢cDNA Synthesis
kit (Vazyme) according to the manufacturer’s protocol.
The qRT-PCR was performed with different primer sets
using cDNA as templates and the primers for qRT-PCR
are listed in Additional file 2: Table S13, acti of P. kudria-
vzevii as an internal control. Relative expression level was
calculated with actI as control.
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Intracellular metabolite assays

The P kudriavzevii strains were grown to the mid-
exponential phase (ODg,,=0.8) at 37 °C and transferred
it to a new fresh medium for 0.5 or 2 h at 42 °C, and
then collected and washed using distilled water, ground
with liquid nitrogen and tested intracellular metabo-
lites. Pyruvate and NADPH/NADP* were measured
using kits (Pyruvate: BC2205, Solarbio, Beijing, China;
NADPH/NADP*, QYS-231039, QIYBio, Shanghai,
China). Total glutathione was extracted and used for
the measurement of thiol content using Ellman’s rea-
gent (DTNB), with spectrophotometric readings taken
at 412 nm [59]. The concentrations of total thiols and
non-protein thiols were determined according to
the method of Sedlak and Lindsay (1968) [60], using
Elman’s reagent [DTNB]. Protein thiol content was cal-
culated as the difference between total thiols and non-
protein thiols. Anthrone-sulfuric acid method was used
in the study to measure the intracellular trehalose [61,
62]. Measurement of superoxide dismutase activity is
referred to the article from Spitz et al. [63]. Extraction
and measurement of ergosterol is referred to the article
from Arthington-Skaggs et al. [64].

Construction of thermotolerance-related gene mutants

in P. kudriavzevii

The thermotolerance-related gene mutants in P kudri-
avzevii were constructed by CRISPR-Cas9 technology.
For construction of deletion mutant, 1000-bp upstream
and 1000-bp downstream fragments flanking ura3 were
amplified using the total DNA and then formed a 2000-
bp donor DNA by fusion PCR. The gRNA was cloned
onto optimized pHTX1-Cas9-AOXTT-Zeocin plasmid to
express the CRISPR/Cas9 [65], and then the recombinant
plasmid and donor DNA were introduced into the strain
by electroporation method. The cells were screened for
YPD plates containing 100 pg/mL Zeocin and 1 mg/mL
5-FOA. The obtained ura3 deletion mutant was further
confirmed by PCR and named Aura3. Next, ura3 gene
was cloned onto pHTXI1-Cas9-AOXTT-Zeocin plas-
mid and other deletion mutants were constructed using
Aura3 in the same way, and the deletion mutant was
screened for SD plates and further confirmed by PCR.

Heat shock assay

The yeast cells were cultured in YPD medium until they
reached an optical density at 600 nm (ODg,) of 1 and
then shifted to 55 °C in a water bath at different time (0,
5, 10 and 15 min). Subsequently, 3 pL aliquots of 10°,
1071, 1072 and 1072 dilutions were applied onto YPD
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plates after serial dilution. These plates were then incu-
bated at 30 °C for a duration of 2 days, and the growth
response was evaluated.

Abbreviations

SHS Short-term heat shock

LHT Long-term heat treatment
DEGs  Differentially expressed genes
TCA Tricarboxylic acid cycle

PPP Pentose phosphate pathway
HSPs  Heat shock proteins

GSH Glutathione

SOD Superoxide dismutase
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