Li et al. AMB Express (2026) 16:51 AMB Express
https://doi.org/10.1186/s13568-026-02046-0

. : : ®
Multi-omics analysis reveals the response e
mechanism of Pichia kudriavzevii to high-
concentration lactic acid stress

Weiwei Li"?", Ning Wang'?", Jia Zheng?, Ahmed H. El-Sappah*?, Huibo Luo'?, Weiming Jiang®, Rongfei Wang'?,
Linjuan Li"? Puyu Zhang'?, Dalong Liao'?, Hong Wang?, Hui Zhu'?" and Muhammad A. Mehmood '

Abstract

Pichia kudriavzevii tolerance mechanisms are not well understood, even though strong-flavor Baijiu fermentation
places a heavy burden on yeast metabolism due to the accumulation of lactic acid (LA). This study utilized growth
kinetics, electron mi-croscopy, antioxidant tests, and integrated metabolomic-transcriptomic studies to an-alyze
strain Y2-1, which was isolated from Baijiu pit yellow water. Y2-1 showed a de-layed biphasic growth pattern and
could withstand up to 80 g/L of LA. It appears that morphological adaptation plays a role in stress resistance, as
scanning electron mi-croscopy showed that cells elongated significantly at high LA levels. Enrichment in pyruvate
metabolism, glutathione metabolism, and ABC transporter pathways was among the 1,125 differentially expressed
genes and 817 different metabolites found using multi-omics analysis. In order to maintain membrane integrity,
ergosterol homeo-stasis, and mitochondrial function, mechanistically speaking, LA tolerance entailed three
strategies: (i) activating pyruvate metabolism, which channeled lactate into energy metabolism and mitigated
proton imbalance; (ii) enhancing the glutathione antioxidant system, which included spermidine synthase
upregulation and improved ROS scavenging and intracellular pH buffering; and (iii) induction of ABC transporters
(SNQ2, ABCB7?). Molecular insights into yeast acid tolerance and a foundation for creating robust strains to boost
Baijiu fermentation efficiency are offered by these findings, which indicate a metabolic-transport-linked defense
strategy.
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Introduction

Organic acids serve multiple functions as essential ele-
ments influencing the flavor character of Baijiu during
fermentation. Conventional research has predominantly
concentrated on the direct effects of four principal
organic acids—acetic acid, lactic acid, butyric acid, and
hexanoic acid—on sensory attributes, frequently under-
appreciating the role of lactic acid (LA) (Wang et al.
2022; Zhu et al. 2025a). Recent research suggests that
suitable concentrations of LA not only alleviate the sen-
sory impacts of ethanol and provide a balanced sourness
(Li et al. 2019a, b), but also function as aroma enhancers
that markedly increase the volatility of ethyl hexanoate—
a distinctive scent constituent of robust-flavored Baijiu
(Zhang et al. 2022). In a typical multi-microbial fermen-
tation system, organic acids in Baijiu fermentation func-
tion as both flavor precursors and ecological regulators:
short-chain acids (e.g., lactic and acetic acids) directly
impart cheesy and sour notes, while long-chain fatty
acids mitigate the volatility of ethyl esters, thus modu-
lating flavor expression; concurrently (Wang et al. 2019,
2022; Liu et al. 2023), lactic and acetic acids specifically
promote the proliferation of functional pit mud microbi-
ota (such as Clostridium sensu stricto and acid-producing
Clostridia), optimizing microbial community structure
(Chai et al. 2021; Qian et al. 2021). The dynamic equilib-
rium of organic acids significantly regulates fermentation
in both directions: excessive accumulation alters cellular
proton gradients, resulting in membrane damage, inacti-
vation of genetic material, and enzyme inhibition, which
ultimately hinders microbial metabolism (Giannattasio et
al. 2005; Jeong et al. 2008). In the manufacture of strong-
flavor Baijiu, the concentration gradient of lactic acid in
the fermented broth (yellow water) directly influences
the metabolic activity of yeast. Moderate amounts refine
microbial interactions, while excessive concentrations
induce cellular stress, leading to variable fermentation
efficiency and product inconsistencies (Zhou et al. 2019;
Ying et al. 2023; Zhu et al. 2025b). Consequently, unravel-
ing the tolerance mechanisms of yeast to lactic acid has
emerged as a critical scientific concern for refining con-
ventional brewing procedures and obtaining accurate fla-
vor management.

P. kudriavzevii is a dominant species within the genus
Pichia during Baijiu fermentation (Jiang et al. 2019),
serving a dual function in flavor development and fer-
mentation safety management. This yeast generates taste
precursors, including higher alcohols and volatile acids
(Liu et al. 2017), while simultaneously diminishing the
buildup of harmful chemicals such as ethyl carbamate,
thereby improving product safety (Du et al. 2018). The
exceptional stress tolerance provides ecological benefits
in the intricate brewing environment: research indicates
that specific strains (e.g., grape-derived isolate NG7) can
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endure up to 4% lactic acid at 50 °C (Park et al. 2018).
Strains derived from Baijiu fermentation must further
acclimatize to various stresses, including high acidity,
increased ethanol levels, and interspecies competition.
The yeast’s response to lactic acid is strain-specific and
concentration-dependent: adaptive metabolic pathways
may be activated under mild acid conditions, whereas
high amounts result in growth suppression. Subsequent
research suggests that P kudriavzevii preserves intra-
cellular homeostasis via the dynamic control of trans-
membrane transport, antioxidant defenses, and energy
metabolism networks; however, its specific tolerance
mechanisms have yet to be clarified entirely (Stratford
et al. 2013). Integrated metabolomic and transcriptome
analysis yields precise insights into gene—metabolite
interaction networks, facilitating a systematic explora-
tion of the production and regulation of metabolic pro-
cesses (Li et al. 2019a, b).This methodology addresses the
shortcomings of single-omics investigations and provides
a more accurate interpretation of the expression patterns
and pathways associated with essential functioning genes
(Ying et al. 2023). Research indicates that Saccharomyces
cerevisiae reacts to lactic acid stress in acidic environ-
ments by adjusting its antioxidant capacity, intracellular
glycerol concentrations, and metabolic pathways (Jiang et
al. 2023; Zhang et al. 2023a, b). Acid stress triggers the
formation of reactive oxygen species (ROS) in yeast cells,
activating antioxidant defense mechanisms such as the
glutathione metabolic pathway and increasing superoxide
dismutase (SOD) activity (Zhang et al. 2023a, b). While
prior research has substantially elucidated the adaptation
processes of P kudriavzevii in low-lactate setting (Du et
al. 2022), its precise tolerance mechanisms under high
lactic acid stress are still inadequately investigated. The
morphological changes in P kudriavzevii under elevated
lactic acid stress, together with the dynamic modifica-
tions and regulatory networks of essential intracellular
metabolic pathways, remain inadequately characterized.
This study examined the tolerance mechanism of the P,
kudriavzevii strain Y2-1, isolated from the fermentation
broth (yellow water) of strong-flavor Baijiu, to elevated
lactic acid stress by conducting a thorough analysis of
its growth characteristics, cellular morphology, antioxi-
dant capacity, metabolomic profile, and transcriptomic
responses at different lactic acid concentrations. Initially,
we evaluated the growth curves and biomass variations
of the strain under varying lactic acid conditions, then
used scanning electron microscopy to examine morpho-
logical changes and measure total antioxidant capac-
ity (T-AOC). Additionally, by untargeted metabolomics
and transcriptome sequencing, we examined alterations
in metabolites and gene expression under elevated lac-
tic acid stress and identified critical metabolic pathways
through KEGG enrichment analysis. The results offer
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multi-omics data for comprehending the adaptation
mechanisms of yeast to high acid stress and establish a
theoretical basis for improving the stress resistance of
brewing microorganisms.

Materials and methods

Strain, culture medium, and culture conditions

The yeast strain P kudriavzevii Y2-1, isolated from the
yellow water of strong-flavor Baijiu, was preserved in the
China General Microbiological Culture Collection Cen-
ter (CGMCC), CGMCC No.33254. All yeast strains were
stored at — 80 °C in YPD broth supplemented with glyc-
erol. For subsequent seed culture preparation, the strains
were first revived by incubating on YPD agar plates at
37 °C for 24 h.

Growth curve measurement and Gompertz model fitting
YPD liquid medium was acidified using different con-
centrations of lactic acid: 0 g/L (pH=6.50), 40 g/L
(pH=2.1), 80 g/L (pH=1.96), and 120 g/L (pH=1.87),
with three replicates per group. The growth dynamics
of the strain were monitored using a MicroScreen HT
real-time microbial growth analysis system (Gerering,
Tianjin, China). A yeast seed suspension at a concentra-
tion of 1.0x 10°CFU/mL was inoculated at 5% (v/v) into
a 48-well plate, with each well containing a total volume
of 1000 pL. The plate was incubated at 37 °C with shaking
at 180 rpm, and the ODy,, was automatically measured
every 10 min until the late plateau phase was reached.
Growth curves were plotted with fermentation time (h)
on the x-axis and ODg, on the y-axis.

To quantitatively characterize the growth kinetics
under different lactic acid concentrations, the growth
curves were fitted to the Gompertz model using non-
linear regression. Fitting was performed using the non-
linear regression (growth curve) module of GraphPad
Prism 9.0. The kinetic parameters (Y)s, Yy, K) for each
treatment group were estimated by an iterative method,
and the inflection time (1/K) and goodness of fit (R?
) were calculated. Three biological replicates were used
for each group, and the results are expressed as the fitted
value + 95% confidence interval.

Effect of lactic acid on yeast morphology

Yeast morphological changes were examined with
minor modifications based on a previously described
method (Wang et al. 2024). Briefly, a seed suspension
of 1.0 x 10°CFU/mL was inoculated at 5% (v/v) into 100
mL of YPD liquid medium containing different lactic
acid concentrations (0, 40, and 80 g/L) in 500 mL coni-
cal flasks. Cultures were incubated at 37 °C with shaking
at 180 rpm until the mid-to-late logarithmic phase was
reached. Cells were harvested by centrifugation at 3000 r/
min for 3 min.
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The harvested cells were washed three times with
0.1 M phosphate-buffered saline (PBS, pH 7.0) and fixed
with 2.5% (v/v) glutaraldehyde at 4 °C for 24 h. After dis-
carding the fixative, the cells were rinsed three times with
0.1 M PBS (pH 7.0), each for 15 min. The samples were
then dehydrated stepwise in an ethanol series (50%, 60%,
70%, 80%, 90%, and 100%), each for 15—20 min. Subse-
quently, the dehydrated samples were transferred to
a mixture of ethanol and isoamyl acetate (v: v=1:1) for
approximately 30 min, followed by pure isoamyl acetate
for 1 h. Finally, the samples were critical-point dried
using liquid CO,, sputter-coated with gold-palladium,
and observed under a scanning electron microscope
(SEM, VEGA3 TESCAN), Cell lengths were then mea-
sured using image analysis software (Image]).

Determination of total antioxidant capacity (T-AOC)

Yeast seed culture was inoculated at 5% (v/v) into 50 mL
of YPD liquid medium containing 0, 40, or 80 g/L lac-
tic acid and incubated at 37 °C with shaking at 180 rpm
until the mid-logarithmic phase. Cells were collected by
centrifugation at 3000 r/min for 3 min. The total anti-
oxidant capacity (T-AOC) was determined using the
FRAP method. A standard curve was established, and the
T-AOC of the samples was calculated according to the
instructions of the Total Antioxidant Capacity Assay Kit
(FRAP Method).

Untargeted metabolomics analysis

Based on the comprehensive analysis of growth pheno-
types and antioxidant responses, high concentrations of
lactic acid were found to trigger more intense oxidative
stress and systemic regulatory processes. To maximize
the capture of key genes and metabolic pathway changes
related to lactic acid tolerance, the control group (C)
and the high-concentration lactic acid group (LH) were
selected for subsequent transcriptomic and metabolomic
analyses, aiming to further elucidate the tolerance mech-
anism of P. kudriavzevii to high-concentration lactic acid
stress. Beijing Novogene Co., Ltd, measured metabolo-
mic bioinformatics data.

Briefly, metabolite extraction was first performed for
LC-MS detection. Liquid chromatography (Thermo
Fisher) and mass spectrometry (Thermo Fisher) were
used for identification in both positive (ESI+) and nega-
tive (ESI-) ion modes. The raw data files were imported
and processed using CD 3.3 software for preliminary
screening based on retention time and mass-to-charge
ratio parameters of each metabolite. Peak area correc-
tion was performed using the first quality control (QC)
sample as a reference. Identified metabolites were anno-
tated using public databases, including HMDB, Lipid-
Maps, and KEGG. For multivariate statistical analysis,
the metabolomics data processing software metaX was
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used to perform principal component analysis (PCA)
and partial least squares-discriminant analysis (PLS-DA),
from which VIP values for each metabolite were derived.
For univariate analysis, a t-test was applied to calculate
the statistical significance (P value) of each metabolite
between the two groups, and the fold change (FC) was
computed. Differential metabolites were screened with
default thresholds of VIP > 1, P value<0.05, and FC>2 or
FC< 0.5.

lllumina transcriptome sequencing

RNA extraction, sequencing, and bioinformatic analy-
sis were conducted by Beijing Novogene Co., Ltd. Cells
for RNA extraction were collected from three biologi-
cal replicates each of the high-concentration lactic acid
group (LH) and the control group (C). Total RNA was
extracted using Trizol reagent according to the manu-
facturer’ s instructions (Invitrogen, Carlsbad, CA, USA).
RNA quality and quantity were assessed, libraries were
constructed, and pairedend sequencing (150 bp) was
performed on the Illumina HiSeq X Ten platform. Dif-
ferential expression analysis between the two compari-
son groups was performed using the DESeq2 R package
(v1.20.0). Enrichment of differentially expressed genes in
KEGG pathways was analyzed using the cluster-Profiler
R package (v3.8.1).

Integrated metabolomic and transcriptomic analysis

KEGG pathways enriched with metabolites were selected
for correlation analysis with corresponding genes. All dif-
ferentially expressed genes and metabolites were mapped
to the KEGG pathway database to identify shared path-
ways, thereby determining the key biochemical and signal
transduction pathways commonly involved. Enrichment
of pathways common to both differential metabolites and
genes was further performed via the iPath website, and
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Fig.1 Biomass of P kudriavzeviiY2-1 during fermentation under lactic acid
stress at different concentrations (40 g/L, 80 g/L, and 120 g/L) (Control)
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metabolic pathway maps were generated based on the
enrichment results.

Data processing

All experimental data are presented as the mean * stan-
dard deviation (SD) of three replicates. Statistical dif-
ferences among groups were assessed using one-way
analysis of variance (ANOVA) followed by Tukey’s mul-
tiple comparisons test in GraphPad Prism 9.0. A P
value <0.05 was considered statistically significant, and
P<0.01 was considered highly significant.

Results

Analysis of lactic acid resistance in acid-tolerant yeast

The growth curves of P. kudriavzevii Y2-1 under different
lactic acid concentrations were fitted using the Gompertz
model. Compared to the control group (0 g/L), both the
40 g/L and 80 g/L treatments increased the maximum
asymptote (YM). The 80 g/L group exhibited the high-
est YM (11.57); however, its rate constant (K) was signifi-
cantly lower (0.01583) than that of the control (0.3826),
and its inflection time (1/K) was as long as 63.19. This
indicates that while this concentration enhances the final
biomass, it results in extremely slow growth and a signifi-
cantly prolonged lag phase. Although the 40 g/L group
had a very low starting value (Y0=0.0004), its relatively
high K value (0.2703) suggests rapid growth from a low
initial point. In contrast, the 120 g/L treatment severely
inhibited growth, with a YM of only 0.3397, and exhib-
ited low K values (0.03881) and a poorer goodness of fit
(R* = 0.8517), alongside wide confidence intervals for
the parameters, suggesting a potential toxic effect at this
concentration. The high R* values (>0.97) for all treat-
ments except 120 g/L indicate that the Gompertz model
accurately describes the growth dynamics. In conclusion,
lactic acid concentrations of 40 and 80 g/L enhance the
final growth peak at the cost of extending the lag phase
and reducing the growth rate, whereas a concentration
of 120 g/L completely suppresses the growth of the strain

(Fig.1).

Morphological changes of yeast under different lactic acid
concentrations

Figure 2 illustrates that the control cells displayed a com-
plete oval morphology. As evidenced by the quantified
cell length data, Following treatment with low-concentra-
tion lactic acid (40 g/L), P. kudriavzevii Y2-1 cells exhib-
ited modest morphological alterations, demonstrating a
propensity for elongation, The cell length was 1.61 times
that of the control group. In high-concentration lactic
acid (80 g/L), most cells showed a fully elongated shape,
The cell length was 2.49 times that of the control group.
The results indicate that lactic acid significantly elongates
P kudriavzevii cells, with the extent of morphological
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Fig. 2 SEM morphology and cell length analysis of P. kudriavzevii Y2-1 under different lactic acid concentrations. “C" indicates negative control, “LL" indi-

cates 40 g/L, and “LH"indicates 80 g/L
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Fig. 3 Changes in the total antioxidant capacity of yeast under lactic acid
stress at different concentrations. “C”" indicates negative control, “LL" indi-
cates 40 g/L, and “LH"indicates 80 g/L

LL

change accelerating as lactic acid concentration rises.
This suggests that strain Y2-1 may acclimatize to elevated
lactic acid stress via morphological alterations.

Changes in total antioxidant capacity of yeast under lactic
acid stress

The total antioxidant capacity (T-AOC) of yeast cells
subjected to varying doses of lactic acid was assessed
using the T-AOC Assay Kit, and a Fe** standard curve
was generated. The standard curve was established as
y=10.633x+0.0632 (R? = 0.9996), utilized for calculating
the T-AOC of the samples. The findings indicated that
the T-AOC values of yeast subjected to 40 g/L and 80 g/L
lactic acid stress were 2.27 times and 3.67 times greater,
respectively, than those of the control group. This sug-
gests that the antioxidant ability of strain Y2-1 progres-
sively enhances with increasing lactic acid concentration
(Fig. 3).

Dynamic changes in the metabolic profile of yeast under
high-concentration lactic acid stress

PCA results showed a clear separation between the
metabolic profiles of the two groups, with the cumula-
tive contribution rate of PC1 and PC2 reaching 85.89%
(Fig. 4A). PLS-DA (Fig. 4B) further confirmed significant
intergroup differences. The model was validated as reli-
able (Fig. 4C) with permutation test intercepts of R* =
0.89 and Q* = -2.00. The volcano plot (Fig. 4D) revealed
a total of 817 differential metabolites, of which 361 were
upregulated and 455 were down-regulated. Further
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Table 1 Genes related to pyruvate metabolism

(2026) 16:51

Enzyme GenelD log2FoldChange
Phosphoenolpyruvate C5L36_0A03670 3.96
carboxykinase

L-lactate dehydrogenase C5L36_0C03700 2.24
Acetyl-CoA hydrolase C5L36_0A09950 1.84
Malate dehydrogenase C5L36_0E04340 1.83
Pyruvate dehydrogenase C5L36_0B09180 140
Pyruvic carboxylase C5L36_0A02450 1.73
Pyruvate dehydrogenase com-  C5L36_0B12580 1.06
plex component

Malate synthase C5L36_0E02440 1.79
Aldehyde dehydrogenase C5L36_0C08090 1.72
D-lactate dehydrogenase C5L36_0B11920 2.35
Pyruvate kinase C5L36_0A06840  -2.71
Acetyl-CoA carboxylase C5L36_0C09260  -2.57
Homocitrate synthase C5L36_0C01170  -2.00
Acetyl-coenzyme A synthetase  C5L36_0C06790 2.65
Homocitrate synthase C5L36_0D05690  -1.27
Acetyl-coenzyme A synthetase  C5136_0C05470  -1.16
2-isopropylmalate synthase C5L36_0D05520  -1.70
Pyruvate dehydrogenase C5L36_0B02890 1.02
Lactoylglutathione lyase C5L36_0A01040  -1.01
Acetyl-CoA acetyltransferase C5L36_0B09210  -1.01
lactate dehydrogenase C5L36_0B09360 127
K(+)-activated acetaldehyde C5L36_0E03210 1.62

dehydrogenase

D-lactate dehydrogenase C5136_0B11920 235

screening (VIP>1.25, P<0.01, FC>10 or <0.2) identi-
fied 89 key differential metabolites (Table 1), including
heterocyclic compounds, organic acids and derivatives,
lipids, nucleoside analogues, and other categories. Clus-
tering heatmap (Fig. 4E) showed that 45 metabolites
were upregulated and 44 were down-regulated. Pathway
enrichment analysis (Fig. 4F) indicated that p-alanine
metabolism, ABC transporters, glutathione metabolism,
and nicotinate and nicotinamide metabolism are core
metabolic pathways in the response of P. kudriavzevii to
lactic acid stress.

Transcriptomic analysis of yeast under high-concentration
lactic acid stress

Transcriptomic sequencing generated a total of
275,334,208 raw reads, with 264,956,718 clean
reads retained after quality control. Principal
component analysis (PCA) demonstrated good
reproducibility within groups and significant dif-
ferences between groups, supporting subsequent
analyses (Fig. 5A). Using the criteria |LogFC| =
1 and Padj<0.05, a total of 1,125 differentially
expressed genes (DEGs) were identified, including
444 up-regulated and 681 down-regulated genes
(Fig. 5B). KEGG enrichment analysis (Fig. 5C and D)
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showed that the DEGs were significantly enriched in
pathways such as biosynthesis of secondary metab-
olites (107 genes), oxidative phosphorylation (53
genes), and amino acid biosynthesis. These results
indicate that P. kudriavzevii enhances its tolerance
to high-concentration lactic acid by regulating the
expression of genes related to secondary metabolism
and energy metabolism.

Integrated metabolomic and transcriptomic analysis
Particular features at the gene expression and metabolite
levels were derived from transcriptomic and metabolo-
mic data. Transcription and metabolism are not inde-
pendent processes in biological systems (Zhou et al.
2019). Joint KEGG pathway analysis of metabolites and
genes (Fig. 6A and B) revealed that pathways significantly
down-regulated following high-concentration lactic acid
treatment were predominantly associated with amino
acid biosynthesis (e.g., valine, leucine, isoleucine, argi-
nine, cysteine, and methi-onine metabolism), second-
ary metabolite biosynthesis, energy metabolism (e.g.,
pentose phosphate pathway, pyruvate metabolism, TCA
cycle), and fatty acid metabolism. Conversely, markedly
upregulated pathways encompassed antioxidant response
(e.g., glutathione metabolism), energy metabolism (oxi-
dative phosphorylation, carbon me-tabolism), nucleotide
metabolism (purine and pyrimidine metabolism), cofac-
tor synthesis (e.g., riboflavin and thiamine metabolism),
and specific amino acid metabolisms (e.g., tryptophan
and phenylalanine metabolism).

To clarify the regulatory mechanisms between gene
expression and metabolites, we mapped and investigated
various metabolic pathways strongly enriched in KEGG
categories using integrated omics data. As illustrated in
Fig. 6C, genes associated with lactate breakdown were
markedly up-regulated in strain Y2-1 under high-concen-
tration lactic acid stress relative to the control Table 1).
The expression of the L-lactate dehydrogenase gene (EC:
1.1.2.3) was upregulated by 2.24-fold, which is crucial for
catalyzing the conversion of L-lactate to pyruvate. The
expression levels of genes encoding pyruvate dehydroge-
nase (EC: 1.2.4.1), malate synthase (EC: 2.3.3.9), malate
dehydrogenase (EC: 1.1.1.37), and phosphoenolpyruvate
carboxykinase (EC: 4.1.1.49) were upregulated by fac-
tors of 1.01, 1.79, 1.82, and 3.96, respectively. Pyruvate is
initially transformed into acetyl-CoA by pyruvate dehy-
drogenase (EC: 1.2.4.1); thereafter, acetyl-CoA is enzy-
matically changed by malate synthase (EC: 2.3.3.9) and
malate dehydrogenase (EC: 1.1.1.37) to yield (S)-malate
and oxaloacetate. Ultimately, one molecule of oxaloac-
etate is subsequently coupled with phosphoenolpyruvate
by the action of phosphoenolpyruvate carboxykinase
(EC: 4.1.1.49) to create pyruvate, while another molecule
enters the TCA cycle.
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The expression levels of genes encoding spermidine
synthase (EC: 2.5.1.16) and ornithine decarboxylase (EC:
4.1.1.17) in the glutathione (GSH) metabolic pathway
were considerably up-regulated by 1.25-fold and 1.19-
fold, respectively (Table 2). These enzymes function syn-
ergistically to transform intermediates from the arginine
biosynthesis route into glutathione, thereby augmenting
cellular antioxidant potential. Subsequent study demon-
strated a substantial enhancement of intracellular GSH
synthesis in low pH settings (Fig. 6C).

Under high-concentration lactic acid stress, the expres-
sion of genes encoding NADH dehydrogenase (EC:
1.6.5.3) and NADH oxidase (EC: 1.6.99.3) was consider-
ably up-regulated by 2.11-fold and 2.02-fold, respectively
(Table 3). The collaborative function of these enzymes

efficiently transforms intracellular NADH into NAD*
and H*, preserving cellular redox equilibrium. Simulta-
neously, the expression of genes producing CoQ-cyto-
chrome ¢ reductase (EC: 1.10.2.2) and cytochrome c
oxidase (EC: 1.9.3.1) was markedly upregulated, attain-
ing 11.62-fold and 2.04-fold of the control levels, respec-
tively. These enzymes collectively engage in the electron
transport chain, transporting H* to the mitochondrial
intermembrane space through the actions of Complexes
IIT and IV, ultimately facilitating ATP synthesis via Com-
plex V (mitochondrial ATP synthase, EC: 3.6.3.14), which
catalyzes the phosphorylation of ADP while releasing H*.

In summary, high-concentration lactic acid treatment
significantly impacts the metabolic network of P. kudria-
vzevii, down-regulating various anabolic pathways while
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pathway of P, kudriavzevii Y2-1 to high-concentration lactic acid stress

up-regulating those associated with energy production,
stress response, and nucleotide metabolism, indicating
that lactic acid reconfigures metabolic processes to affect
cellular function.

Discussion

This study thoroughly examined the growth, morphology,
antioxidant capacity, metabolomics, and transcriptomics
of P. kudriavzevii Y2-1 under varying concen-trations of
lactic acid stress, elucidating its tolerance mechanisms
and adaptive responses under high-lactate conditions.
The findings demonstrate that the strain had a brief
adaptation phase and fast proliferation at low lactic acid
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Table 2 Genes related to glutathione metabolism

Enzyme GenelD log2FoldChange
Glucose-6-phosphate C5L36_0A11100  —343
dehydrogenase

6-phosphogluconate C5L36_0C07630 —1.77
dehydrogenase

Ribonucleotide reductase C5L36_0A10760 —2.07
Mitochondrial peroxiredoxin C5L.36_0E00560 1.86
Ribonucleotide reductase C5L36_0A12560 —1.20
Spermidine synthase C5L36_0C06150 1.26

Ornithine decarboxylase C5L.36_0C09900 1.20

Table 3 Genes related to oxidative phosphorylation

Enzyme

GenelD

log2FoldChange

Mitochondrial ATP synthase

NADH-ubiquinone
oxidoreductase

NADH dehydrogenase

cytochrome reductase
cytochrome c reductase

Cytochrome c oxidase

ATP synthase

C5L36_0C01220
C5L36_0E01197

C5L36_0B06150
C5L36_0D02015
C5L36_0D01770
C5L36_0B00140
C5L36_0A03310
C5L36_0D06100
C5L36_0C06880
C5L36_0C01360
C5L36_0C05850
C5L36_0C02225
C5L36_0C06665
C5L36_0B11815
C5L36_0E00715
C5L36_0D00980
C5L36_0D01450
C5L36_0B03540
C5136_0B04280
C5L36_0B03180
C5L36_0E01710
C5L36_0A09510
C5L36_0B06050
C5L36_0B06090
C5L36_0A08450
C5L36_0A08440
C5L36_0D05180
C5L36_0D01820
C5L36_0C02290
C5L36_0A07530
C5L36_0E04590
C5L36_0B08710
C5L36_0A01530
C5L36_0C10810
C5L36_0B06570
C5L36_0C09830
C5L36_0B08000
C5L36_0B01110
C5L36_0A06200

1.90
2.03
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concentration (40 g/L), whereas its growth rate markedly
diminished at elevated concentrations (80 g/L). None-
theless, it ensured survival by extending the adaptation
phase and regulating metabolic pathways.

Morphological research indicated that elevated lac-
tic acid stress caused significant alterations in yeast cell
morphology, potentially linked to osmoregulation mech-
anisms. This morphological adjustment, characterized by
cellular elongation, may increase the surface area-to-vol-
ume ratio, thereby facilitating proton efflux, enhancing
the diffusion of hazardous compounds, and improving
the distribution density of surface ABC transporters. In
contrast, a previous study reported that lactic acid stress
had no significant effect on the colony and cell mor-
phology of P. kudriavzevii (strain PY1) (Pan et al. 2024).
However, using strain Y2-1, our study observed a distinct
morphological response: exposure to high concentra-
tions of lactic acid (80 g/L) induced pronounced cellular
elongation. This discrepancy suggests that the morpho-
logical response to lactic acid stress may be strain-depen-
dent within the P kudriavzevii species. The elongation
observed in Y2-1 could represent a specific adaptive
mechanism to mitigate high lactic acid stress, poten-
tially by altering the surface-to-volume ratio for nutrient
uptake or waste export. The measurement of antioxi-
dant capacity revealed that the total antioxidant capacity
(T-AOC) of the yeast markedly increased with elevated
lactic acid concentrations. Under lactic acid stress of
40 g/L and 80 g/L, total antioxidant capacity (T-AOC)
rose by 2.27-fold and 3.67-fold, respectively, demonstrat-
ing that the yeast augments its antioxidant defense sys-
tem to mitigate lactate-induced oxidative stress.

Integrated metabolomic and transcriptome investiga-
tions demonstrated that pathways including oxidative
phosphorylation, pyruvate metabolism, and glutathi-
one metabolism are essential to the lactic acid tolerance
mechanism in yeast. Previous investigations have dem-
onstrated that cells exposed to low levels of weak acid
have time to adapt, but fast exposure to high concentra-
tions causes distinct stress responses (Giannattasio et
al. 2005). Consistent with prior research, P. kudriavzevii
destroys lactate via the pyruvate metabolic route (Deng
et al. 2020). Under elevated lactate stress, strain Y2-1
markedly stimulated the pyruvate metabolism pathway,
evidenced by the coordinated overexpression of criti-
cal enzymes, including L-lactate dehydrogenase (Ll1dD),
pyruvate dehydrogenase, and malate synthase (Lin et al.
2018). LIdD facilitates the transformation of lactate into
pyruvate and is important to this process. This regulatory
network enables lactate metabolism through two path-
ways: first, lactate is transformed into pyruvate by LldD,
subsequently entering the TCA cycle for energy genera-
tion; second, oxaloacetate supports gluconeogenesis via
phosphoenolpyruvate carboxykinase, creating a closed
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loop in carbon metabolic flux (Fig. 6C). This mecha-
nism alleviates proton imbalance due to intracellular
lactate accumulation and sustains efficient ATP synthe-
sis through the interplay of the TCA cycle and oxidative
phosphorylation (e.g., upregulation of genes encoding
NADH dehydrogenase and CoQ-cytochrome c reduc-
tase), thereby supplying energy for stress responses.

Lactate accumulation has several detrimental effects
on cells, including intracellular acidification, anion accu-
mulation, membrane disruption, disturbed amino acid
transport, increased turgor pressure, ATP depletion, ROS
accumulation, metabolic dysregulation, and metal chela-
tion (Peetermans et al. 2021). In response to acid stress-
induced ROS in-crease, cells enhance the synthesis of
glutathione (GSH), a crucial ROS scavenger (Nugroho
et al. 2015). As a principal antioxidant, GSH neutralizes
lipid peroxides through glutathione peroxidase to pre-
serve membrane integrity, while its thiol groups regu-
late intracellular protons to reduce acid toxicity (Fan et
al. 2025). Moreover, GSH increase reduces intracellular
proton concentration, relieving acid-induced damage and
consequently boosting yeast cell adaptability and survival
in acidic environments (Zhu et al. 2022).

Oxidative phosphorylation not only produces the
majority of ATP necessary for higher animals and plants
to sustain life but also contributes to the establishment
and maintenance of metabolic equilibrium. This study
demonstrated substantial activation of oxidative phos-
phorylation-related genes (e.g,, NADH oxidase, cyto-
chrome c oxidase), which not only optimized proton
gradient efficacy and ATP production in the electron
transport chain but also preserved coenzyme equilib-
rium by enhancing NAD+ regeneration, thus averting
metabolic stagnation caused by redox imbalance. These
reactions provide crucial energy and successfully sustain
cellular homeostasis by modulating proton gradients and
redox states, hence improving yeast tolerance to elevated
lactate stress.

Lactate tolerance requires not only amino acid homeo-
stasis but also metal cation homeostasis. Genes associ-
ated with iron metabolism were significantly impacted
by lactate stress (Kawahata et al. 2006). ABCB7 mitigates
ROS accumulation through the regulation of iron-sul-
fur cluster transport (Kim et al. 2020), whereas plasma
membrane ABC transporters such SNQ2 dynamically
modulate ergosterol homeostasis, thereby preserv-
ing membrane integrity and reducing the dissipation of
transmembrane potential. This is indicated by reduced
membrane permeability and stabilized electrochemi-
cal gradients under chemical stress (Godinho et al
2018). This study demonstrated a substantial upregula-
tion of both SNQ2 and ABCB7. The systemic enhance-
ment of this protein family augments the efficiency of the
efflux system by actively transporting intracellular toxic
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substances, such as metabolic byproducts and exogenous
xenobiotics, for detoxification, a mechanism notably evi-
dent in carboxylic acid stress responses in Saccharomyces
cerevisiae (Yi et al. 2015; Du et al. 2022). ABC trans-
porters, the most significant family of transmembrane
transporters in living organisms, establish a complex
molecular barrier that contributes to cellular defense,
metabolic equilibrium, and environmental adaptation,
owing to their substrate diversity and functional versa-
tility (Wang et al. 2016). Compared to the unidirectional
detoxifying function of ScSnq2 in S. cerevisiae (Godinho
et al. 2018), strain Y2-1 demonstrated more complicated
regulatory network characteristics in transporter expres-
sion, showing evolutionary adaptive differences in acid
stress responses among yeast species.

Conclusions

The multi-omics research shows that P kudriavzevii
Y2-1 has a unified tolerance mechanism that allows it to
survive the intense lactic acid loads that are common in
Baijiu fermentations. In terms of phenotype, this strain
can withstand lactic acid concentrations up to 80 g L™,
grows slowly but steadily, and exhibits the telltale signs
of cell elongation. What’s more, its antioxidant capacity
grows in direct correlation with her stress levels. From a
mechanistic standpoint, integrated metabolomic-tran-
scriptomic analyses have shown a metabolic-transport
coupling that maintains energy homeostasis and limits
acid toxicity. This coupling involves the following steps:
(i) activating a carbon flux centered on pyruvate, which
includes L-lactate dehydrogenase and downstream TCA/
gluconeogenic nodes; (ii) strengthening the glutathi-
one axis, which improves intracellular pH buffering and
ROS scavenging; and (iii) upregulation of ABC transport
modules, such as SNQ2 and ABCB7, supports membrane
integrity, iron-sulfur homeostasis, and efflux of toxicants,
stabilizing mitochondrial function, and the transmem-
brane potential. All of these parts work together to create
a buffer zone that redirects biosynthesis away from anab-
olism and toward energy production and stress reduc-
tion. These discoveries do more than only shed light on
yeast acid tolerance at the systems level; they also identify
potential targets for rational strain engineering and pro-
cess control, including carbon flux nodes, glutathione/
polyamine metabolism, and specific ABC transporters.
The use of these levers provides a molecular foundation
for choosing or creating more robust starters and opti-
mizing fermentation conditions, which in turn improves
Baijiu’s resilience, flavor consistency, and production
efficiency.
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