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A B S T R A C T

We applied targeted metabolic inhibitors to 145 Lachancea thermotolerans strains to uncover fermentation traits 
with direct relevance to wine quality. Oxamate, a lactate dehydrogenase inhibitor, reduced lactic acid and total 
titratable acidity by 21% and 26%, respectively, while increasing succinic acid and pH without affecting ethanol 
levels, offering a promising strategy to fine-tune wine freshness and balance. Notably, industrial grape-associated 
strains (clusters C4–C6) maintained robust growth under oxamate stress, unlike wild strains, positioning oxamate 
resistance as a practical marker for selecting high-performing, acidifying yeasts for winemaking. Additional 
inhibitors such as metformin shifted redox metabolism, significantly enhancing glycerol (+25%) and acetic acid 
(+319%) production. Transcriptomic analyses showed that OXA alone, and even more so the DSF + OXA 
combination, repressed LDH2 and upregulated GPD1 and oxidative phosphorylation genes, whereas MET caused 
only moderate changes. This integrated phenomic-transcriptomic approach not only provides valuable tools for 
yeast screening but also defines a roadmap for optimizing wine composition through the precision selection of 
L. thermotolerans strains.

1. Introduction

Lachancea thermotolerans, formerly Kluyveromyces thermotolerans 
(Kurtzman, 2003), is a ubiquitous spherical-ellipsoidal yeast (Benito, 
2018; Kurtzman, Fell, & Boekhout, 2011), commonly associated with 
winemaking environments but also found in a wide range of both nat
ural and anthropogenic environments (Freel, Friedrich, Hou, & 
Schacherer, 2014; Kogan et al., 2023; Porter, Divol, & Setati, 2019; 
Robinson, Pinharanda, & Bensasson, 2016; Sipiczki, 2016; НауМова, 
Serpova, & НауМов, 2007). These diverse environments have contrib
uted to the evolution and current diversity of the species L. thermoto
lerans (Hranilović, Bely, Masneuf-Pomarède, Jiranek, & Albertin, 2017; 
Vicente, Benito, Marquina, & Santos, 2025; Vicente et al., 2025).

L. thermotolerans possesses lactate dehydrogenase (LDH) enzymatic 
activity, which gives it the ability to carry out lactic fermentation. This 
acidification differs from that of malolactic bacteria in that it does not 
consume malic acid to produce lactic acid (Benito, 2020). Lactic acid 
production typically ranges from 1 to 9 g/L and contributes to total 

acidity in the range of 1–6 g/L (Benito, 2018). This lactic acid helps to 
decrease the pH by 0.1–0.5 units. These values depend on the strain, 
yeast inoculation, and the conditions under which fermentation occurs 
(Gobbi et al., 2013; Sgouros, Mallouchos, Filippousi, Banilas, & Nisio
tou, 2020; Vicente et al., 2021). Sequential inoculation with S. cerevisiae 
has yielded better results, as it allows L. thermotolerans to perform its 
fermentative activity without competition that could interfere with 
acidification (Vicente et al., 2022). Furthermore, the use of 
L. thermotolerans in fermentation has additional advantages beyond 
lactic acid production, such as higher concentrations of glycerol, poly
saccharides, thiols, and terpenes, and lower concentrations of higher 
alcohols, ethanol, and acetaldehyde (Vicente et al., 2021).

However, L. thermotolerans also has disadvantages that hinder its use 
in the wine industry compared to other yeasts (Vicente et al., 2021). 
L. thermotolerans is a moderate fermentative yeast, unable to tolerate 
ethanol concentrations above 10%, which are typically exceeded in dry 
wines (Benito, 2020; Vicente et al., 2022). Additionally, this yeast 
cannot withstand sulfur dioxide concentrations above 20 mg/L (Benito, 
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2018), which is used as a corrective to improve the sanitary conditions 
of grapes. Therefore, its use is limited to grapes with good sanitary 
conditions or fermentations using chitosan or other sulfur dioxide al
ternatives that protect fermentation without inhibiting L. thermotolerans 
(Vicente, Baran, et al., 2022). Lastly, another disadvantage is its very 
slow fermentative activity below 20 ◦C, resulting in very low lactic acid 
production at these temperature ranges (Benito et al., 2015). However, 
most of these issues have been resolved through strain selection pro
grams, and several commercial strains are now available for enological 
use.

Fig. 1 illustrates the main characteristics of the fermentative meta
bolism in L. thermotolerans. Three genes involved in this pyruvate to 
lactic acid conversion (LDH1, LDH2, LDH3) and two genes involved in 
the transport of lactic acid from the intracellular to the extracellular 
medium (JEN1, ADY2) have been identified (Sgouros et al., 2020; Gatto 
et al., 2020; Vicente et al., 2022). Although the exact lactate transport 
mechanism is not fully understood, these transporters (MCTs -mono
carboxylate transporters-) are likely to consume ATP to expel lactate in a 
symport with protons. When the extracellular pH is low, this lactate is 
protonated, converting into lactic acid. Lactic acid can diffuse through 
the cell membrane into the cytoplasm, where the intracellular pH causes 
it to dissociate back into lactate, which the cell must then expel again 
(Sauer, Porro, Mattanovich, & Branduardi, 2010). The accumulation of 
lactic acid in the extracellular medium activates a negative feedback 
loop that inhibits the expression of genes encoding lactate dehydroge
nase (Gatto et al., 2020). However, it has been found that the genes 
encoding lactate dehydrogenase have a greater influence on lactic acid 
accumulation than the genes encoding the transporters (Soares-Silva, 
Paiva, Diallinas, & Casal, 2007; Vicente et al., 2021).

Metabolic regulation plays a crucial role in metabolic engineering, 
enhancing microbial productivity by targeting key regulatory nodes in 
pathways such as fermentation (Kern, Tilley, Hunter, Legisa, & Glieder, 
2007). The application of metabolic inhibitors is a valuable approach to 
elucidate the phenotypic diversity within microbial species, such as 

L. thermotolerans. By selectively inhibiting specific enzymes, researchers 
can redirect metabolic fluxes, thereby uncovering variations in meta
bolic pathways and end-product synthesis among different strains. This 
method not only enhances our understanding of microbial metabolism 
but also aids in identifying strains with desirable traits for industrial 
applications. Research has explored various inhibitors to refine the 
design and efficiency of microbial yeast cell factories (Lu, Shen, Liu, 
et al., 2023; Rocha et al., 2024).

In the context of L. thermotolerans, the use of metabolic inhibitors 
could shed light on its metabolic flexibility and phenotypic variability 
(Fig. 1). This approach allows for the assessment of how different strains 
adapt their metabolic processes in response to specific enzymatic 
blockages, thereby revealing the underlying genetic and regulatory 
mechanisms that contribute to phenotypic diversity. As stated before, 
studies have demonstrated that the production of lactic acid in 
L. thermotolerans is highly variable among strains. This variability is not 
solely attributed to the presence of LDH genes but also to differences in 
their expression levels and the regulation of associated metabolic 
pathways (Vicente, Benito, et al., 2025; Gatto et al., 2020). By 
employing metabolic inhibitors, researchers can dissect these pathways 
to determine the contribution of specific enzymes and regulatory nodes 
to the overall metabolic output.

Additionally, the use of inhibitors targeting other enzymes, such as 
those involved in respiratory metabolism (e.g., sodium azide inhibiting 
mitochondrial complex IV), can provide insights into the balance be
tween fermentative and respiratory pathways in L. thermotolerans. This 
balance is crucial for understanding how different strains manage en
ergy production and redox balance, which in turn affects their growth 
and metabolite production profiles (Tyibilika, Setati, Bloem, Divol, & 
Camarasa, 2024).

The main objective of this study is to advance our understanding of 
the metabolic and transcriptional diversity of L. thermotolerans by 
characterizing its chemico-phenotypic responses to selected metabolic 
inhibitors under winemaking fermentation conditions. By analyzing 

Fig. 1. Schematic representation of the main fermentative pathways in Lachancea thermotolerans, highlighting key enzymes and metabolic inhibitors used in this 
study. Pyruvate is decarboxylated by pyruvate decarboxylase (PDC) to acetaldehyde, which is then reduced to ethanol via alcohol dehydrogenase (ADH) or oxidized 
to acetate by aldehyde dehydrogenase (ALD). A portion of pyruvate is converted into lactate by lactate dehydrogenase (LDH), while glycerol is synthesized through 
the dihydroxyacetone phosphate pathway involving triosephosphate isomerase (TPI) and glycerol-3-phosphate dehydrogenase (GPD). Additional key enzymes 
include mitochondrial NADH dehydrogenase and cytochrome c oxidase (electron transport chain), as well as monocarboxylate transporters (MCTs: JEN1, ADY2) 
responsible for lactic acid export. The inhibitory effects of gossypol (GOS), oxamate (OXA), fomepizole (FMZ), quercetin (QRC), syrosingopine (SYR), reserpine 
(RES), metformin (MET), disulfiram (DSF), sodium azide (AZS), and methylisothiazolinone (MIT) on these pathways are illustrated. Adapted and modified from 
Hranilović et al. (2018).
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strain-specific variations in growth kinetics and fermentation-related 
parameters, this work reveals how genotypic background and ecolog
ical origin influence the biochemical adaptability of this yeast. The 
approach offers novel insights into the modulation of key metabolic 
pathways—such as lactic acid and ethanol production—relevant to food 
fermentation chemistry, with implications for improving acidification 
and redox balance in wine production. The addition of inhibitors such as 
oxamate and metformin significantly altered wine-relevant chemical 
parameters. In L. thermotolerans, oxamate notably reduced lactic acid 
and total acidity (− 21% and − 26%, respectively), while increasing 
succinic acid and pH, suggesting redirection of carbon flux and acid 
metabolism. Metformin elevated acetic acid and glycerol levels (+319% 
and +25%, respectively), affecting both wine acidity and mouthfeel. 
Combined treatments (e.g., Disulfiram+Oxamate) revealed synergistic 
effects, intensifying metabolic shifts. These findings provide novel in
sights into the modulation of fermentation pathways via chemical 
intervention and underscore the potential of L. thermotolerans as a target 
for metabolic engineering in the development of wine yeasts with 
improved acidification profiles and tailored compositional outcomes.

2. Materials and methods

2.1. Yeasts strains, culture media and metabolic inhibitors

We utilized 145 strains of L. thermotolerans along with a single strain 
of S. cerevisiae (AWRI796) used as control. For comparative analysis, the 
strains were categorized based on their origin, either anthropized or 
wild, and grouped into six clusters (C1 to C6) according to genotypic 
studies (Vicente, Friedrich, et al., 2025). Clusters C1, C2, and C3 
(Americas, Asia, or Canada-trees, respectively) primarily consist of wild 
strains from natural environments, whereas clusters C4, C5, and C6 
(Europe/Domestic-1, Europe/Domestic-2, and Europe-mix, respec
tively) are predominantly composed of strains associated with enolog
ical settings. Detailed information on strain collection, genotypic 
clustering, and geographic origin is provided in the Supplementary 
Material (Table S1).

All strains were maintained on YMA agar Petri dishes (containing 10 
g/L glucose, 3 g/L yeast extract, 3 g/L malt extract, 5 g/L proteose 
peptone, and 15 g/L agar), derived from a cryopreserved stock in 25% 
glycerol. Synthetic Grape Must (SGM) was prepared following the 
methodology described by Henschke and Jiranek (1993) and Vicente 
et al. (2023).

Ten metabolic inhibitors (gossypol (GOS), oxamate (OXA), fomepi
zole (FMZ), quercetin (QRC), syrosingopine (SYR), reserpine (RES), 
metformin (MET), disulfiram (DSF), sodium azide (AZS) and methyl
isothiazolinone (MIT)) were used throughout the study. All of them were 
purchased from Sigma-Aldrich (St. Louis, MO, USA), except for OXA, 
which was obtained from Med Chem Express (Monmouth Junction, NJ, 
USA). The stock solutions of the inhibitors, prepared in the most 
adequate solvent, are shown in Table S2, with most inhibitors dissolved 
in DMSO, except for RES, AZS, and MIT, which were dissolved in 
distilled water.

2.2. MIC determinations and analysis of growth parameters in the 
presence of inhibitors

All selected strains were precultured in 250 μL SGM using 96-well 
microplates for 16 h at 25 ◦C and 100 rpm and then diluted in fresh 
SGM to achieve a final OD600 of 0.01. These standardized precultures 
were subsequently used for both Minimum Inhibitory Concentration 
(MIC) determinations and growth parameters analysis.

Before assessing the growth parameters of the entire L. thermotolerans 
strain collection in the presence of metabolic inhibitors, a set of four 
representative L. thermotolerans strains was selected for MIC determi
nation. These strains (Lt023, Lt033, Lt085 and Lt166) were chosen to 
encompass the genetic diversity of the previously identified clusters and 

their ability to produce lactic acid (Vicente, Friedrich, et al., 2025). 
Subsequently, growth kinetics studies were conducted on the complete 
collection of 145 strains.

MIC values for each metabolic inhibitor were assessed using a serial 
microdilution in SGM of each inhibitor (Table S2). Inhibitors were tested 
in quadruplicate by making twelve 1:2 serial dilutions in 96-well 
microplates using the Vialab robot arm with the VOYAGER-300 μL- 
8CH pipette (INTEGRA Biosciences, Zizers, Switzerland). Inoculated 
microplates using the same pipetting robot were incubated at 25 ◦C for 
48 h and growth was assessed by determining the OD600nm using a 
Varioskan Lux microplate reader (Thermo Scientific, Waltham, MA, 
USA). Additionally, negative controls were prepared in the same way, 
but without yeast inoculation. To determine the MIC of each inhibitor, 
growth efficiency at the end of the culture was calculated (Final OD600nm 
- Initial OD600nm).

With the aim of phenotyping the complete collection of 145 
L. thermotolerans strains, fermentations were conducted in SGM to 
determine growth parameters in the presence of the inhibitors. The 
concentrations of inhibitors used were obtained from the MIC results, 
ensuring a representative inhibitory effect while allowing comparative 
growth assessments. Only those inhibitors that exhibited the highest 
inhibitory effect (AZS and DSF) or caused the greatest phenotypic dif
ferentiation (MET, MIT, and OXA) among L. thermotolerans strains were 
selected. To evaluate the impact of the five selected inhibitors on the 
growth parameters of the 145 strains, each compound was tested at 50% 
of its determined MIC value (Table S2): AZS (0.05 μM), DSF (1.95 μM), 
MET (31.3 mM), MIT (156.3 μM), and OXA (22.3 mM). When used, 
combination treatments employed each inhibitor at its same 50% MIC 
concentration as in single-agent assays. The OD600nm was measured 
every 2 h starting from 12 h of cultivation up to 45–49 h depending on 
the inhibitor. The analysis of growth parameters (lag phase, maximum 
growth rate, and growth efficiency) for strains phenotyping was per
formed using the GrowthRates library (v0.8.4) in R (v4.4.0). Wilcoxon- 
Mann-Whitney test was applied to assess the significance of the growth 
parameters difference between the different groups of strains (Fig. 2).

2.3. Metabolic and transcriptional responses to inhibitors during 
fermentation

The strains L. thermotolerans Lt106 and S. cerevisiae AWRI796 were 
selected for these experiments. Precultures were prepared in 50 mL of 
SGM in 100 mL borosilicate bottles at 25 ◦C and 100 rpm for 24 h and 
used to inoculate 470 mL of SGM in 500 mL bottles at 104 cells/mL by 
triplicate. At 30 h, axenic cultures were divided into 40 mL aliquots in 
50 mL borosilicate bottles and the necessary volume of each selected 
inhibitor (OXA, MET and DSF) or combination (DSF + MET and DSF +
OXA) was added. The final concentration of each inhibitor was: OXA 
(22.3 mM), MET (31.3 mM), and DSF (1.95 μM). For the combination 
treatments (DSF + MET and DSF + OXA), each inhibitor was used at 
these same per-agent concentrations (i.e., 50% MIC). For the control 
condition, sterile distilled water was added up to the same volume as 
treatments.

The concentration of various metabolites related to alcoholic 
fermentation was determined using a Y15 enzymatic analyzer (Bio
systems, Barcelona, Spain) for samples collected at 48 h and a Bacchus 3 
MultiSpec (Tecnología de Difusión Ibérica, Madrid, Spain) infrared 
analyzer for final time-point samples (~ 430 h). At 48 h, glucose- 
fructose, L-lactic acid, acetaldehyde, acetic acid, and glycerol were 
analyzed, while for the final time-point samples, ethanol, total acidity, 
and pH were additionally measured.

Transcriptomic analysis samples were collected 1.5 h after the 
addition of the inhibitors at their respective 50% MIC concentrations 
during the mid-exponential growth phase. Five samples from each of the 
three biological triplicates were taken in 2 mL tubes and immediately 
frozen using liquid nitrogen and stored at − 80 ◦C until further pro
cessing. Total RNA was extracted from one of the samples stored at 

S. Jimena-López et al.                                                                                                                                                                                                                          Food Chemistry: Molecular Sciences 11 (2025) 100301 

3 



− 80 ◦C using the Quick-RNA Fungal/Bacterial MicroPrep kit (Zymo 
Research, Orange, CA, USA). The quality of the RNA was evaluated with 
a Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA), and 
samples with an RNA Integrity Number (RIN) ≥ 7.5 were selected for 
further analysis. Directional mRNA libraries were prepared using polyA 
enrichment, and their quality was validated with a Qubit 3.0 (Thermo 
Fisher, Waltham, MA, USA) and a 2100 Bioanalyzer (Agilent Technol
ogies, USA). The libraries were then sequenced on an Illumina NovaSeq 
X Plus sequencer (Illumina, San Diego, CA, USA) using 150 bp paired- 
end sequencing, with an output of 3 Gb per sample.

Illumina paired-end reads were quality assessed with FastQC and 
trimmed using Trimmomatic (v.0.39) (Bolger, Lohse, & Usadel, 2014). 
The HISAT2 pipeline (v.2.2.1) (Kim, Paggi, Park, Bennett, & Salzberg, 
2019) was employed to align the reads to the indexed reference genome 
L. thermotolerans CBS 6340 (assembly ASM14280v1, obtained from 
https://www.ncbi.nlm.nih.gov/, last accessed September 2024) and 
S. cerevisiae S288C (R64) and to assemble the alignments into full-length 
transcripts. Counting of reads mapping to each genomic feature was 
performed using featureCounts (v.2.0.6) (Liao, Smyth, & Shi, 2014). The 
differential expression analysis was performed on read counts using the 
DESeq2 R package (v.1.44.0) (Love, Anders, & Huber, 2014). Library 
size normalization was performed with the default method implemented 
by DESeq2. Gene expression in each condition was compared to that in 
control samples (without inhibitor). Each gene was considered differ
entially expressed if their false discovery rate (FDR)- adjusted P-values 
were below 0.05. To conduct functional annotation of the DEGs, Kyoto 
Encyclopedia of Genes and Genomes (KEGG) enrichment analysis was 
performed using the enrichKEGG function from the clusterProfiler R 

package (v4.12.2) (Wu et al., 2021). The analysis included only those 
genes with an accumulated absolute log2 fold change greater than 1, 
focusing on metabolic pathways that showed altered expression relative 
to the control condition. The ranked “top-100” gene sets used for in
spection are supplied as Supplementary Tables S7-S10.

3. Results

3.1. MIC determinations, growth parameters and cluster analysis

For MIC determination, a representative subset of four 
L. thermotolerans strains was selected, ensuring coverage of the species’ 
genetic diversity and their ability to produce lactic acid (Vicente, Frie
drich, et al., 2025). The tested inhibitors displayed substantial differ
ences in their MIC values (Table S2), with AZS and DSF showing the 
highest inhibitory potency, with MICs of 0.1 μM and 3.9 μM, 
respectively.

The phenotypic characterization of 145 L. thermotolerans strains was 
then conducted by analyzing their growth parameters under 
winemaking-related conditions in the presence of inhibitors. Growth 
curves for each strain were obtained, and a Principal Component 
Analysis (PCA) was performed to simplify the study of growth param
eters (Fig. S1). The lag phase duration (Lag) was primarily associated 
with the component explaining 99.84% of the variability, while growth 
efficiency (Eff) and maximum growth rate (μmax) were mainly related to 
the component explaining 0.13% of the variability.

The global PCA, which integrates all experimental conditions, re
veals a more balanced distribution of strains (Fig. S1, panel F). This 

Fig. 2. Analysis of growth parameters in the presence of inhibitors in a collection of 145 Lachancea thermotolerans strains. Boxplots represent the mean values of the 
following growth parameters: proliferative efficiency (Eff), lag phase (Lag), and maximum growth rate (μmax) for 145 L. thermotolerans strains cultivated in the 
presence of different metabolic inhibitors (AZS, DSF, MET, MIT, and OXA). The strains were classified into anthropized (A) and wild (W) categories based on 
previously determined genoclusters (Vicente et al., 2025). Growth parameters were normalized against control conditions in each experiment, and p-values are 
provided. This figure highlights only the most statistically significant results, while fig. S2 presents the complete dataset.

S. Jimena-López et al.                                                                                                                                                                                                                          Food Chemistry: Molecular Sciences 11 (2025) 100301 

4 

https://www.ncbi.nlm.nih.gov/


suggests that, despite the specific effects of each inhibitor, the overall 
variance in the dataset remains primarily structured around the three 
growth parameters in a balanced manner. Among these, lag phase ex
hibits the most pronounced projection, indicating that it serves as a more 
effective tool for differentiating strains across conditions. Variations in 
adaptation time significantly contribute to the observed diversity in 
L. thermotolerans responses to metabolic inhibitors.

To facilitate comparisons, strains were categorized based on their 
origin -anthropized or wild- and their previously defined genetic clusters 
(Table S2). Significant differences were observed in the resistance of 
different strains to DSF, MET, and OXA, which inhibit alcoholic 
fermentation, the Krebs cycle, and lactic acid production, respectively 
(Fig. S1). The most affected parameter was proliferative efficiency at the 
end of culture, which was consistently higher in anthropized strains 
compared to wild strains (Fig. 1 and Fig. S2). Regarding OXA, the most 
striking result was observed in proliferative efficiency, where wild 
strains exhibited significantly lower values compared to anthropized 
strains (p = 1.2 × 10− 12). MET reduced efficiency in wild strains (p =
0.0015) and significantly decreased their growth rate (p = 0.0026), 
indicating that wild strains are more affected by MET in terms of growth 
capacity (Fig. S2). Lastly, DSF impacted overall growth by prolonging 
the lag phase of wild strains (p = 2.5 × 10− 5). In addition, the maximum 
growth rate was slightly but significantly higher in wild strains 
compared to anthropized ones (p = 0.02). Within individual genetic 
clusters, the same was observed under DSF treatment. Strains from Eu
ropean clusters (clusters C4 to C6), primarily composed of anthropized 
strains from winemaking environments, exhibited a shorter lag phase 
and higher proliferative efficiency (Fig. S3).

While not absolute, the presence of the inhibitors aided in differen
tiating the distinct strain groups within the clusters based on the 
phenotypic analysis of their behavior. This differentiation allows us to 
predict that anthropized strains exhibit different growth patterns under 
inhibitor exposure compared to wild strains.

3.2. Fermentation kinetics and metabolite analysis

The application of inhibitors resulted in notable changes in the 
metabolite profiles of both Lt106 and AWRI796 strains at the initial (48 
h) stages of fermentation (Table S3). In Lt106, the most significant effect 
was observed with OXA and DSF + OXA, which led to a marked 
reduction in lactic acid production (from 10.05 g/L in the control to 
7.28 g/L and 7.69 g/L, respectively). These treatments also resulted in 
increased residual sugars, indicating a possible inhibition of fermenta
tion efficiency. In AWRI796, which did not produce lactic acid, OXA and 
DSF + OXA significantly increased acetaldehyde levels (from 18.67 mg/ 
L in the control to 25.00 mg/L and 26.67 mg/L, respectively), suggesting 
altered yeast metabolism under these conditions. On the other hand, 
glycerol and acetic acid levels remained relatively stable across treat
ments in both strains, indicating that these pathways were less affected 
by the inhibitors. Notably, DSF alone did not reduce residual sugar 
relative to the control at 48 h in either species (Table S3).

Considering the finalized fermentations, after approximately 430 h, 
no significant differences in fermentation kinetics were observed among 
treatments (data not shown). The impact of inhibitors and their com
binations on the physicochemical parameters of the resulting wines 
resulted in notable changes in the fermentation chemical profiles of both 
Lt106 and AWRI796 strains (Table 1). In Lt106, the OXA and DSF + OXA 
treatments significantly reduced total acidity (from 13.97 g/L in the 
control to 10.32 g/L and 10.53 g/L, respectively), as well as lactic acid 
production, which decreased from 17.12 g/L in the control to 8.75 g/L 
and 8.67 g/L, respectively. Additionally, these treatments led to lower 
residual sugar levels, suggesting a more complete fermentation process. 
By contrast, under DSF alone, residual sugar in L. thermotolerans Lt106 
was comparable to the control (5.30 vs 5.32 g/L; Table 1), indicating no 
material impairment of sugar consumption by DSF. In combinations, 
particularly DSF + OXA, residual sugar was lower than in the control, 

consistent with a rerouting rather than stalled uptake. In AWRI796, 
treatments with MET and DSF + MET resulted in a sharp increase in pH 
(from 3.57 in the control to 4.26 and 4.24, respectively) and a significant 
reduction in total acidity, indicating a shift in acid metabolism. More
over, the OXA and DSF + OXA treatments increased succinic acid levels, 
particularly in AWRI796, suggesting a metabolic compensation 
mechanism.

In L. thermotolerans, metabolic changes were even more pronounced 
than in S. cerevisiae. OXA and DSF + OXA significantly reduced lactic 
acid production, which correlated with lower total acidity and increased 
pH (Table 1). OXA-treated fermentations exhibited lower residual sugar 
concentrations. Glycerol production increased in MET- and OXA-treated 
fermentations, both alone and in combination, while MET specifically 
increased acetic acid concentration. These results highlight the strong 
metabolic impact of the inhibitors, potentially affecting wine composi
tion and sensory properties.

3.3. Transcriptomic responses to inhibitors

Table 2 presents the differential gene expression of L. thermotolerans 
and S. cerevisiae in response to various inhibitor treatments (DSF, MET, 
OXA, and their combinations) (raw data are deposited in the NCBI 
BioProject PRJNA1145308 (Tables S4-S6). For readability, we addi
tionally provide ranked lists with the top 100 differentially expressed 
genes (up- and down-regulated) for each focal strain across the five in
hibitor conditions (Tables S7–S10). OXA triggered the most pronounced 
transcriptional response, with S. cerevisiae showing 15% upregulated 
and 13% downregulated genes, while L. thermotolerans also exhibited 
significant differential expression. The combination of DSF and OXA 
further amplified this effect, suggesting a synergistic interaction be
tween these inhibitors. MET treatment resulted in moderate gene 
expression changes, particularly in L. thermotolerans, where 1.7% of 
genes were upregulated and 2.6% were downregulated, whereas 
S. cerevisiae showed a comparatively lower response. DSF alone induced 
minimal changes in both species, with only a small fraction of genes 
differentially expressed. This minimal DSF-driven transcriptional effect 
aligns with the modest phenotypic impact observed at 48 h and 430 h 
(Tables S3 and 1). Overall, S. cerevisiae displayed a stronger transcrip
tional response than L. thermotolerans, particularly under OXA and DSF 
+ OXA treatments, indicating a higher sensitivity or regulatory adap
tation to these inhibitory conditions (Table 2).

Functional enrichment analysis indicated species-specific responses. 
Fig. 3 presents the KEGG pathway enrichment analysis inferred from the 
transcriptomic analysis under different inhibitor treatments. Each panel 
illustrates the accumulated fold change (FC) of differentially expressed 
genes associated with various metabolic pathways. Overall, 
L. thermotolerans underwent significant metabolic and biosynthetic 
shifts depending on the inhibitor applied, with OXA exerting the most 
pronounced transcriptional effect (Fig. 3, panel A). In response to DSF 
treatment, the most significantly enriched pathways included oxidative 
phosphorylation, carbon metabolism, and glycolysis/gluconeogenesis, 
indicating a metabolic adjustment to energy production. MET treatment 
had a broader impact, with notable enrichment in amino acid biosyn
thesis, carbon metabolism, and oxidative phosphorylation, suggesting 
metabolic adaptation and stress response mechanisms. OXA treatment 
induced the most extensive transcriptional reprogramming, affecting 
multiple biosynthetic pathways, including amino acid, secondary 
metabolite, and cofactor biosynthesis, along with various central carbon 
metabolic pathways. The combination DSF + OXA resulted in a similar 
expression pattern to OXA alone, with increased enrichment in path
ways related to amino acid biosynthesis and metabolic processes. The 
DSF + MET combination primarily affected proteasome activity and 
oxidative phosphorylation, reflecting a potential stress-related proteo
lytic response.

Compared to L. thermotolerans, S. cerevisiae exhibited distinct tran
scriptomic responses under the same inhibitor treatments (Fig. 3, panel 
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B). In S. cerevisiae, ribosome biosynthesis was significantly enriched 
across DSF, MET, and OXA treatments, suggesting strong regulation of 
the translation machinery, which was less pronounced in 
L. thermotolerans. While DSF and MET primarily affected energy meta
bolism in L. thermotolerans, S. cerevisiae showed a stronger impact on 
amino acid biosynthesis and anabolic pathways. OXA also induced 
broader transcriptional reprogramming in S. cerevisiae, affecting car
bohydrate, fatty acid, and cofactor metabolism more extensively than in 
L. thermotolerans. The DSF + OXA combination led to pronounced 
metabolic shifts in both species, but S. cerevisiae displayed a stronger 
adaptive response in biosynthetic pathways. Overall, S. cerevisiae ap
pears to prioritize translational and anabolic regulation, whereas 
L. thermotolerans primarily focuses on adjustments in energy 
metabolism.

Further analysis of fermentative and respiratory metabolism genes 
revealed similar expression patterns across treatments but species- 
specific responses (Fig. S4 and Fig. S5). The two treatments (OXA and 
DSF + OXA) produced the clearest expression pattern in both 
S. cerevisiae and L. thermotolerans, highlighting their strong impact on 
metabolic regulation in both yeast species.

In L. thermotolerans, OXA and DSF + MET treatments downregulated 
Krebs cycle, LDH, and ADH genes, while alternative ADH and ALD gene 
expression increased (Fig. S4). Notably, MET upregulated LDH genes 
(KLTH0D00440g and KLTH0G19558g), while DSF and DSF + OXA 
increased the expression of a different LDH gene (KLTH0G19536g). The 
transcriptional response of L. thermotolerans to OXA alone and in com
bination with DSF showed distinct expression patterns. While OXA 
treatment led to the upregulation of ARO5 (KLTH0G04026g), 
KLTH0D00594g, and ILV6 (KLTH0H12342g), the combined treatment 
also induced changes in genes such as CCP1 (KLTH0F05170g), URA1 
(KLTH0A05104g), and QCR10 (KLTH0D06512g). These additional 
upregulated genes suggest an enhanced metabolic stress response, 
possibly due to the dual inhibition of lactate dehydrogenase and alde
hyde dehydrogenase. Furthermore, genes KLTH0G10406g and 
KLTH0G09636g, which were downregulated in the OXA-only condition, 
exhibited a similar trend in the combined treatment, indicating persis
tent suppression of pathways dependent on LDH activity. However, the 
co-treatment seemed to broaden the impact on other metabolic path
ways, as observed in the differential clustering of gene expression. These 
findings suggest that the addition of DSF intensified the metabolic stress 
in L. thermotolerans, potentially shifting its adaptation strategies beyond 
the response to OXA alone.

In S. cerevisiae, DSF-containing combinations led to a global reduc
tion in ALD gene expression and increased ADH gene expression, while 
Krebs cycle-related genes expression showed mixed trends (Fig. S5). The 
transcriptional response of S. cerevisiae to OXA and OXA + DSF showed 

distinct patterns of gene expression. In the OXA treatment, genes such as 
YNL117W, YMR034C, and YLL055W were significantly upregulated, 
suggesting metabolic adaptations to compensate for LDH inhibition. 
These genes may have been involved in alternative NAD+ regeneration 
pathways or cellular stress responses. In the OXA + DSF treatment, 
additional changes were observed, including the upregulation of 
YJR137C, YHR208W, and YBR045C, indicating a more pronounced 
metabolic disturbance. The presence of DSF, an inhibitor of aldehyde 
dehydrogenase, likely intensified cellular stress, forcing S. cerevisiae to 
activate broader compensatory mechanisms beyond those seen in the 
OXA condition alone. These results confirm that OXA + DSF elicited the 
most distinct transcriptional response, reinforcing the idea that dual 
inhibition of LDH and ALDH significantly impacts yeast metabolism.

4. Discussion

4.1. The phenotypic characterization, fermentation kinetics and 
metabolite analysis

The phenotypic characterization of L. thermotolerans under enolog
ical conditions has been previously explored, particularly in relation to 
its genotype and ecological origin (Banilas, Sgouros, & Nisiotou, 2016; 
Hranilović et al., 2018; Porter et al., 2019; Vicente, Friedrich, et al., 
2025). However, the present study expands on these findings by utiliz
ing a diverse set of metabolic inhibitors to assess their impact on 
metabolic pathways and growth parameters in order to provide a more 
comprehensive understanding of the metabolic regulation in this yeast. 
Moreover, we compared these effects between strains from anthropized 
and wild environments to gain deeper insights into the metabolic flex
ibility of this yeast. Additionally, a transcriptomic analysis was con
ducted to evaluate the molecular responses to these inhibitors, allowing 
comparisons with S. cerevisiae, a well-established model yeast in wine
making fermentation. We used pathway-targeted inhibitors because 
they provide rapid, reversible, and scalable perturbations across 145 
strains, enabling uniform pathway biasing even in non-model yeasts for 
which genetics is impractical at panel scale. Applying each compound at 
50% MIC ensured a partial, pathway-directed inhibition while preser
ving fermentative activity, allowing like-for-like comparisons among 
strains. In contrast, gene-regulation approaches would require strain- 
specific toolchains and are not readily deployable at this breadth.

The response to metabolic inhibitors varied among L. thermotolerans 
strains, highlighting potential metabolic adaptations. We observed that 
three of the tested inhibitors induced significant differences in prolif
erative efficiency, lag phase, and maximum growth rate between 
anthropized and wild strains. Each of these inhibitors affects key 
metabolic pathways: respiration, alcoholic fermentation, and lactic acid 

Table 1 
The concentration of various metabolites related to alcoholic fermentation from samples collected at approximately 430 h (final time). Means of the 3 replicates ±
standard deviation for L. thermotolerans and S. cerevisiae in each treatment. t-test p-value: *,<0.05; **,<0.01; ***,<0.001.

Strain Lt106 Ethanol (%, v/ 
v)

pH Total acidity (g/ 
L)

Acetic acid (g/ 
L)

Lactic acid (g/ 
L)

Succinic acid (g/ 
L)

Residual sugars (g/ 
L)

Glycerol (g/ 
L)

Control 9,11 ± 0,43 3,12 ± 0,05 13,97 ± 0,52 0,16 ± 0,01 11,1 ± 0,53 0,58 ± 0,04 5,32 ± 0,88 2,64 ± 0,12
DSF 8,97 ± 0,99 3,14 ± 0,02 13,61 ± 0,2 0,11 ± 0,03 10,88 ± 0,22 0,59 ± 0,12 5,3 ± 0,46 2,53 ± 0,09
MET 9,78 ± 0,27 3,92 ± 0,01** 11,7 ± 0,12** 0,67 ± 0,01*** 11,06 ± 0,25 1,02 ± 0,07** 3,79 ± 0,3 3,3 ± 0,21*
OXA 9,35 ± 0,48 3,35 ± 0,01* 10,32 ± 0,39*** 0 ± 0** 8,75 ± 0,17* 1,7 ± 0,36* 3,2 ± 0,42* 2,91 ± 0,28
DSF + MET 9,61 ± 0,4 3,93 ±

0,02***
12,03 ± 0,29** 0,66 ± 0,05** 11,32 ± 0,3 1,16 ± 0,22* 4,25 ± 0,24 3,19 ± 0,22*

DSF + OXA 9,48 ± 0,32 3,37 ± 0,01* 10,53 ± 0,22** 0 ± 0** 8,67 ± 0,22** 1,52 ± 0,15** 2,25 ± 1,95 3,09 ± 0,14*
Strain 

AWRI796
Ethanol (%, v/ 
v)

pH Total acidity (g/ 
L)

Acetic acid (g/ 
L)

Lactic acid (g/ 
L)

Succinic acid (g/ 
L)

Residual sugars (g/ 
L)

Glycerol (g/ 
L)

Control 10,13 ± 0,37 3,57 ± 0,01 5,21 ± 0,23 0,48 ± 0,05 0,02 ± 0,03 0,56 ± 0,06 0 ± 0 4,49 ± 0,17
DSF 9,7 ± 0,14 3,56 ± 0,01 5,6 ± 0,26 0,65 ± 0,08* 0 ± 0 0,67 ± 0,07 0 ± 0 4,49 ± 0,14
MET 10 ± 0,17 4,26 ± 0*** 4,07 ± 0,21** 0,84 ± 0,03* 0,74 ± 0,02*** 1,04 ± 0,08*** 0 ± 0 4,75 ± 0,23
OXA 10,07 ± 0,16 3,59 ± 0,01* 5,05 ± 0,24 0,23 ± 0,11* 0,24 ± 0,05** 1,37 ± 0,05*** 0 ± 0 4,31 ± 0,14
DSF + MET 10,01 ± 0,16 4,24 ±

0,01***
4,29 ± 0,16** 0,87 ± 0,1** 0,74 ± 0,12** 1,06 ± 0,08** 0 ± 0 4,81 ± 0,15

DSF + OXA 9,97 ± 0,14 3,58 ± 0,01 5,08 ± 0,04 0,23 ± 0,06** 0,24 ± 0,06** 1,4 ± 0,02*** 0 ± 0 4,6 ± 0,21
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production, three essential processes for regenerating redox cofactors 
required for glycolysis, energy production and cell survival (Duncan, 
Setati, & Divol, 2024; Shekhawat, Patterton, Bauer, & Setati, 2019). It 
has been hypothesised that lactic acid production in L. thermotolerans, in 
addition to providing an alternative redox system to ethanol production 
during fermentation, acts as an anthropization trait. Strains associated 
with winemaking environments exhibit higher ADH and LDH activity 
together with higher lactic acid production (Vicente, Benito, et al., 2025, 
Vicente, Friedrich, et al., 2025). Thus, inhibition of any of these path
ways is expected to impact cell growth.

MET, a well-known inhibitor of NADH dehydrogenase activity in 
mitochondrial complex I (Kim & You, 2017), affects energy production 
and alters metabolic flux distribution. In this work, MET induced dif
ferential effects depending on the strain subset, with anthropized strains 
showing increased efficiency and maximum growth rate if compared to 
wild ones. This could be explained by the metabolic adaptation of these 
strains to fermentative environments, where the Crabtree effect domi
nates. Inhibiting residual respiratory metabolism, already playing a 
minor role under fermentative conditions, may enhance the fermenta
tive carbon flux in anthropized yeasts, which exhibit an increased car
bon flux towards ethanol and lactic acid production as alternative 
pathways (Vicente, Benito, et al., 2025). Studies in S. cerevisiae have 
demonstrated that overexpression of NADH dehydrogenase can coun
teract MET’s antiproliferative effects (Wheaton et al., 2014), suggesting 
that LDH enzymes in L. thermotolerans may serve as a compensatory 
mechanism through their role as NADH dehydrogenases (Shekhawat 
et al., 2019, Shekhawat, Bauer, & Setati, 2020).

Similarly, DSF, which targets alcohol and aldehyde dehydrogenases 
(Barth & Benvenuto, 2015; Wright & Moore, 1990), significantly 
extended the lag phase in L. thermotolerans, with a more pronounced 
effect in wild strains compared to anthropized ones. Similar results have 
been reported in Brettanomyces bruxellensis and S. cerevisiae. Given its 
broad inhibitory effects on both alcohol and aldehyde dehydrogenases, 
DSF is expected to redirect metabolic fluxes towards alternative 
fermentative products beyond ethanol and acetate. The observed 
disparity between L. thermotolerans strains may be attributed to differ
ences in fermentative enzyme pools, which could confer greater resil
ience to anthropized strains against fermentative pathway inhibition via 
lactic acid production. Additionally, oxidative stress induced by DSF 
may contribute to these differences, as a S. cerevisiae strain deficient in 
Cu, Zn-superoxide dismutase (Sod1p), the enzyme responsible for 
decomposing superoxide anions, has been shown to exhibit hypersen
sitivity to DSF (Kwolek-Mirek, Zadrag-Tecza, & Bartosz, 2011). In 
L. thermotolerans, anthropized strains have shown a positive correlation 
between stress response gene expression and LDH gene expression levels 
(Vicente, Benito, et al., 2025).

Further analysis of the metabolic impact of MET, DSF, OXA, and their 
combinations under fermentative conditions in a wine-related 
L. thermotolerans strain (Lt106) confirmed their effects on yeast meta
bolism, revealing substantial impacts on fermentation outcomes. As 
expected, OXA significantly reduced lactic acid production in 
L. thermotolerans, both alone and in combination with DSF. This is 

consistent with OXA’s inhibitory action on lactate dehydrogenase, as 
previously observed in cancer metabolism studies (Moreno-Sánchez, 
Marín-Hernández, Del Mazo-Monsalvo, Saavedra, & Rodrı́guez- 
Enrı́quez, S., 2017). However, the observed metabolic shifts suggest that 
OXA’s effects extend beyond LDH inhibition, potentially impacting 
glycolysis and other fermentative pathways (as evidenced by decreased 
lactic acid and increased succinic acid and glycerol). Transcriptomic 
data support this hypothesis, showing marked repression of LDH2 as 
well as several glycolytic genes. Regarding other acidity-related pa
rameters, MET and OXA significantly reduced total acidity and 
increased pH in L. thermotolerans. The effect of OXA is directly linked to 
LDH inhibition, whereas MET’s influence, particularly its increase in 
acetic acid production at the end of fermentation, supports the idea of 
carbon flux deviation through alternative pathways.

A similar trend was observed in S. cerevisiae, although only DSF 
treatments clustered independently in ethanol concentration analyses. 
These results suggest that DSF might slightly reduce ethanol yield. 
Although this trend was not statistically significant, it is consistent with 
its role in aldehyde metabolism, as evidenced by an increase in acetal
dehyde production when alcoholic fermentation is inhibited alongside 
respiration or lactic acid production. Overall, these findings indicate 
that the inhibition of major metabolic pathways in S. cerevisiae (i.e., 
alcoholic fermentation) impacts sugar consumption and the accumula
tion of metabolic intermediates (acetaldehyde) (Scott, Smid, Block, & 
Notebaart, 2021).

Both S. cerevisiae and L. thermotolerans demonstrate that the presence 
of complementary and redundant metabolic pathways enhances adapt
ability and enables more efficient carbon metabolism. This flexibility is 
necessarily associated with different production levels of various me
tabolites, whether final products such as ethanol and lactic acid or 
metabolic intermediates such as acetaldehyde, in each route. Such ad
aptations allow yeasts to withstand metabolic inhibition by different 
compounds. The redirection of metabolic fluxes towards specific path
ways to maintain an appropriate ratio of redox intermediates during 
fermentation is essential for cellular viability (Duncan et al., 2024; 
Tyibilika et al., 2024). In other yeasts, such as S. uvarum, this equilib
rium under specific fermentation conditions is linked to the expression 
of alternative pathways producing erythritol as a compensatory mech
anism for redox balance (Albillos-Arenal, Minebois, Querol, & Barrio, 
2023).

To translate these findings into winery-relevant actions, we propose 
an integrated approach: first, pre-screen growth under OXA 22.3 mM 
(≈50% MIC) to enrich for robust, enology-adapted performers; then 
validate top candidates in SGM fermentations for high lactic acid yield, 
acetic acid below target, and sensory-relevant markers. In our dataset, 
OXA reduced lactic acid by ~21–22% and total acidity by ~25–26%, 
increased pH, and left ethanol unchanged (Table 1), supporting its use as 
a selective pressure for screening (Table S2). To balance acetic acid, 
avoid conditions that elevated acetate at endpoint (e.g., MET ± DSF) 
and favor LDH-centric routing (OXA ± DSF in Lt106 reduced acetate to 
~0 g/L; Table 1). Operational levers (oxygen supply, YAN, and tem
perature) can bias flux towards lactate over acetate; where appropriate, 
employ sequential inoculation with S. cerevisiae to fine-tune total acidity 
and redox. Finally, combine strain choice, especially anthropized clus
ters C4–C6, with dose/condition tuning to reach the desired pH/TA 
while maintaining mouthfeel (glycerol/polysaccharides), leveraging the 
shorter lag and higher proliferative efficiency observed for C4–C6 under 
inhibition (see Results, section 3.1) together with endpoint chemistry 
(Table 1).

4.2. Transcriptomic analysis and pathway modifications

The transcriptomic responses observed in L. thermotolerans and 
S. cerevisiae under the influence of metabolic inhibitors provide valuable 
insights into species-specific regulatory strategies and metabolic plas
ticity. Overall, S. cerevisiae exhibited a more robust transcriptional 

Table 2 
Differential expression analysis L. thermotolerans y S. cerevisiae comparing the 
different treatments against the control condition. Only genes showing a FDR (p- 
adjusted value) <0.05 are included.

Treatment L. thermotolerans Lt106 S. cerevisiae AWRI796

UP- 
regulated

DOWN- 
regulated

UP- 
regulated

DOWN- 
regulated

DSF 3 (0,057%) 14 (0,23%) 15 (0,25%) 6 (0,098%)
MET 92 (1,7%) 135 (2,6%) 36 (0,59%) 8 (0,13%)
OXA 504 (9,6%) 606 (11%) 892 (15%) 806 (13%)
DSF + MET 80 (1,5%) 42 (0,8%) 170 (2,8%) 28 (0,46%)
DSF + OXA 404 (7,7%) 577 (11%) 788 (13%) 724 (12%)
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Fig. 3. Differential expression analysis (KEGG pathway enrichment analysis) under the different treatments in L. thermotolerans (A) and S. cerevisiae (B). The 
enrichment results are shown for five treatments: DSF, OXA, MET, DSF + OXA and DSF + MET. The y-axis represents the enriched metabolic pathways, while the x- 
axis indicates the accumulated fold change (FC) for each treatment. The bar colors correspond to the respective treatments. Differences in the modulation of key 
pathways, including amino acid metabolism, glycolysis/gluconeogenesis, carbon metabolism, and oxidative phosphorylation, highlight the distinct regulatory effects 
of the inhibitors on yeast metabolism.
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reprogramming than L. thermotolerans, particularly in response to OXA 
and the OXA + DSF combination, suggesting heightened sensitivity or a 
broader regulatory network in adapting to inhibitory stress. These 
findings align with previous studies indicating the high metabolic flex
ibility of S. cerevisiae in response to environmental and chemical 
stressors (Gasch et al., 2000; Godard et al., 2007; Ibáñez et al., 2017). 
The strong enrichment of ribosome biogenesis and amino acid biosyn
thesis pathways across various treatments in S. cerevisiae underscores 
the organism’s prioritization of anabolic processes and translational 
control under stress, a hallmark of its general stress response strategy 
(Causton et al., 2001). In contrast, L. thermotolerans appears to engage in 
more focused adjustments in energy metabolism, particularly within 
oxidative phosphorylation and central carbon metabolism pathways, 
echoing reports of its adaptation mechanisms in enological contexts.

OXA, a known inhibitor of lactate dehydrogenase (LDH), induced the 
most pronounced transcriptomic changes in both species. In 
L. thermotolerans, this included downregulation of genes encoding LDH, 
ADH, and TCA cycle components, while simultaneously upregulating 
specific aldehyde dehydrogenase (ALD) and alternative ADH isoforms. 
These patterns suggest metabolic rerouting to maintain redox balance, 
likely involving alternative NAD+ regeneration mechanisms, an adap
tation similarly observed in other non-Saccharomyces yeasts under 
metabolic constraint (Marsit et al., 2015).Interestingly, the combination 
of DSF and OXA led to an amplified transcriptional response, particu
larly in S. cerevisiae, where additional genes involved in NAD+ homeo
stasis and stress signaling (e.g., YHR208W, YJR137C) were upregulated. 
This supports the hypothesis of a synergistic effect between LDH and 
ALDH inhibition, leading to significant perturbation of redox and carbon 
metabolism. Such compensatory transcriptional shifts have also been 
reported in S. cerevisiae exposed to combined metabolic or oxidative 
stresses (Morano, Grant, & Moye-Rowley, 2012), where stress-induced 
reprogramming enables survival despite impaired metabolic fluxes.

In contrast, DSF alone elicited only mild transcriptional changes in 
both species. This limited response may reflect lower cellular uptake, 
metabolic buffering, or redundancy in aldehyde detoxification path
ways, especially in L. thermotolerans, which exhibits diverse ALDH gene 
families. MET also induced moderate effects, particularly in 
L. thermotolerans, with enrichment in amino acid biosynthesis and 
oxidative phosphorylation pathways, indicating a general stress 
response rather than a targeted inhibition. These results are consistent 
with previous reports of MET affecting mitochondrial metabolism and 
redox homeostasis in yeast models (Wu et al., 2016).

Notably, functional enrichment analyses revealed clear divergence in 
stress response strategies. While S. cerevisiae upregulated ribosomal and 
biosynthetic pathways, potentially linked to translational reprogram
ming, L. thermotolerans favored pathways related to energy metabolism 
and oxidative stress resilience, reinforcing its specialized ecological 
niche and metabolic profile. This distinction reflects broader evolu
tionary differences in the regulatory architecture of these two yeasts, 
with S. cerevisiae exhibiting a more complex and responsive gene regu
latory network (Borneman et al., 2011).

Taken together, these findings highlight the complexity and speci
ficity of yeast transcriptional responses to chemical inhibitors. They 
suggest that the dual inhibition of LDH and ALDH imposes significant 
metabolic stress, particularly in S. cerevisiae, requiring coordinated re
sponses across redox, biosynthetic, and energy pathways. Such data 
contribute to a growing body of knowledge on yeast stress biology and 
may inform the development of selective metabolic inhibitors or adap
tive yeast strains for industrial applications.

4.3. Integration of metabolite profiles and transcriptomic responses

The combination of metabolite analysis and gene expression data 
provides mechanistic insights into how L. thermotolerans modulates its 
fermentation metabolism under different inhibitory conditions. Notably, 
treatments with OXA and DSF + OXA led to significant reductions in 

lactic acid levels (− 21% and − 22%, respectively) and total acidity 
(− 26% and − 25%, respectively), accompanied by an increase in pH. 
These changes correlate with the downregulation of key genes involved 
in lactic acid production, including LDH1 (KLTH0D00440g) and LDH3 
(KLTH0G19536g), and with the repression of respiratory genes such as 
QCR10 (KLTH0D06512g), suggesting impaired redox balancing and 
energy metabolism under LDH inhibition. This suggests that inhibition 
of mitochondrial function via KLTH0D06512g repression may impact 
redox balance and acid metabolism in L. thermotolerans. The gene 
KLTH0D06512g in L. thermotolerans is annotated as homologous to 
QCR10 in S. cerevisiae, suggesting a conserved function in mitochondrial 
electron transport. However, specific functional studies on 
KLTH0D06512g in L. thermotolerans are limited.

Treatments with MET and DSF + MET significantly increased acetic 
acid levels (up to +319%) and succinic acid concentrations (up to 
+100%), indicating redirection of metabolic fluxes. These changes are 
consistent with a partial repression of ALD and ADH isoforms, poten
tially limiting ethanol and acetate recycling and favoring accumulation 
of acidic by-products. In parallel, our transcriptomic analysis revealed 
that GPD1 (KLTH0E04730g), a key gene in glycerol biosynthesis, was 
upregulated under oxamate (OXA) and DSF + OXA treatments (log2FC 
≈ +1.39), correlating with the observed increase in glycerol production 
under MET (+25%) and DSF-containing conditions. This suggests that, 
similar to S. cerevisiae, L. thermotolerans induces GPD1 expression as a 
compensatory mechanism to enhance glycerol synthesis in response to 
specific metabolic stresses. This supports the notion of a compensatory 
mechanism to maintain NAD+ regeneration via glycerol and acetic acid 
production. Although we did not directly measure the NADH/NAD+

ratio, the upregulation of GPD1 under LDH inhibition and the increases 
in glycerol/acids under MET or DSF-containing treatments support 
redox compensation via glycerol and organic acid pathways in 
L. thermotolerans.

Interestingly, despite the strong inhibition of lactic acid production 
by OXA, residual sugar levels were lower in OXA and DSF + OXA 
treatments, suggesting that carbon flux was redirected towards alter
native fermentation routes rather than being associated with incomplete 
sugar consumption. Overall, these results highlight the metabolic plas
ticity of L. thermotolerans in response to specific enzymatic inhibitions 
and illustrate how transcriptional rewiring is reflected in the final 
chemical composition of fermented products.

5. Conclusion

This study provides novel insights into the metabolic regulation of 
L. thermotolerans through a comprehensive analysis of its phenotypic and 
transcriptomic responses to targeted metabolic inhibitors under wine 
fermentation conditions. By chemically perturbing key enzymatic nodes 
such as lactate dehydrogenase, aldehyde dehydrogenase, and mito
chondrial complex I, we uncovered strain-specific shifts in central 
metabolic pathways that translated into measurable changes in wine- 
relevant chemical composition—including lactic acid, acetic acid, suc
cinic acid, and glycerol levels. These metabolic outcomes were sup
ported by transcriptional evidence, such as the downregulation of LDH 
and QCR10 homologs under oxamate treatment, and the upregulation of 
GPD1 in response to redox stress, highlighting the yeast’s adaptive 
mechanisms for maintaining fermentation balance. The integration of 
chemical inhibition, metabolite profiling, and gene expression provides 
a powerful framework for dissecting the biochemical flexibility of food- 
related yeasts. These findings not only advance our molecular under
standing of non-Saccharomyces fermentative metabolism but also sup
port the strategic development of customized yeast strains to modulate 
wine acidity, aroma, and mouthfeel—addressing key challenges in 
modern food and beverage chemistry.

S. Jimena-López et al.                                                                                                                                                                                                                          Food Chemistry: Molecular Sciences 11 (2025) 100301 

9 



CRediT authorship contribution statement
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