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Abstract

The industrial yeast Saccharomyces cerevisiae Ethanol Red is widely used in large-scale
bioethanol production and is generally considered phenotypically stable because of its
heterothallic diploid background. Here, we investigated whether extensive sporulation of this
highly domesticated strain could generate functional diversification without genetic
engineering. Thirty monosporal cultures (MSCs) were randomly selected and profiled for
growth kinetics, CFU-based cultivability and Fourier-Transform Infrared (FTIR) fingerprints

under three industrially relevant stressors, namely furfural (3 g L), formic acid (3 g L) and



sodium chloride (50 g L), applied at the half maximal effective concentration (ECso) of the
parental strain. Sporulation generated reproducible phenotypic variability among MSCs, with
the greatest divergence observed under furfural stress. Sodium chloride caused moderate
differences, whereas formic acid was associated with reduced cultivability across the tested
MSCs. FTIR analysis highlighted stressor-specific biochemical fingerprints, with the widest
dispersion observed under furfural exposure, consistent with the marked phenotypic
heterogeneity detected at the physiological level. Furfural exposure generated spectral
signatures compatible with envelope perturbation and redox imbalance, whereas formic acid
affected protein- and phospholipid-associated regions and sodium chloride elicited membrane—
protein adjustments linked to osmotic adaptation. Overall, sporulation revealed hidden adaptive
potential, supporting classical non-GMO diversification as a promising strategy for strain
improvement in bioethanol and lignocellulosic biorefinery appiications.

Keywords Saccharomyces cerevisiae, bioethano!, lignocellulosic inhibitors, formic acid,
furfural, sodium chloride, heterothallism, sporulation, non-GMO strategies, stress response,
FTIR.
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1. Introduction



Beyond its central role as a eukaryotic model organism, Saccharomyces cerevisiae is a
cornerstone of modern industrial biotechnology, particularly in bioethanol production and
other large-scale fermentation processes [1-3]. Centuries of domestication under human-driven
selective pressures have shaped industrial yeast lineages toward rapid sugar utilization, high
ethanol productivity and tolerance to multiple environmental stresses, often accompanied by
reduced outcrossing, clonal propagation, and lineage-specific restructuring of genetic diversity
[4,5]. Therefore, many industrial strains currently in use are highly specialized and
predominantly clonally propagated, often displaying reduced sexual competence and lineage-
specific genomic signatures of domestication. With the advancement of microbiological
knowledge applied to fermentation processes, bakers and brewers recognized the pivotal role
of S. cerevisiae strains and began selecting pure cultures. This practice contributed to the
standardization of industrial fermentations and to a narrowing of the strain repertoire used in
many applications. Consequently, many strains cuirently employed in industrial applications,
particularly in bioethanol, wine, and heer fermentations, remain in use because of historical
adoption, process compatibility and proven robustness, rather than systematic re-evaluation
under updated selectiori criteria [6]. Moreover, the evolving demands of consumers and
industrial stakeholders highlight that, despite their long history of domestication, industrial
yeast strains still offer considerable scope for further improvement and optimization.

Non-genetically modified (non-GMO) strategies remain highly attractive for the improvement
of industrial yeast strains, especially in applications related to food, feed, and biofuels, where
regulatory constraints and public acceptance limit the deployment of genetically engineered
organisms. Within this framework, classical genetic approaches, including sporulation and
selection, have been proposed as tools to reveal and reshuffle standing variation within
industrial strains [7,8], thereby generating phenotypic diversity and potentially uncovering

hidden or cryptic variability.



Compared with self-cloning or targeted genetic engineering strategies, sporulation-based
diversification exploits naturally occurring meiotic segregation and does not require the
introduction of exogenous DNA or induced mutagenesis [9]. Moreover, unlike the direct
selection of resistant derivatives under selective pressure, sporulation may provide access to
broader combinations of segregating traits, making it a useful exploratory approach for
phenotypic screening in industrial yeast backgrounds [10].

In principle, however, the extent of variability that can be generated through sporulation
critically depends on the ploidy, heterozygosity and overall genetic architecture of the parental
strain [10-12]. In a diploid industrial strain such as the widely used bioethanol yeast S.
cerevisiae Ethanol Red, sporulation followed by germination would be expected to yield
limited phenotypic variability if the parental genome were largely hemiozygous, because only
a restricted amount of genetic variation would be available for meiotic segregation [13,14].
Consequently, spore-derived populations from sucii strains are often assumed to display limited
phenotypic segregation, at least for many traits under standard conditions. Contrary to this
expectation, in the present study we demonstrate that extensive sporulation of S. cerevisiae
Ethanol Red generates @ measurable and reproducible phenotypic variability under industrially
relevant stress conditions typical of bioethanol and biorefinery processes (ie, sodium chloride,
furfural, and formic acid). Improved tolerance to such stressors resulted in better ethanol
performances and/or shorter lag phase. For instance, mutant strains of S. cerevisiae via ionizing
radiation combined with adaptive laboratory evolution [15] displayed a much shorter lag phase
(-40%). Similarly, the enhanced salt tolerance in S. cerevisiae has been linked to nearly 1-2-
fold ethanol productivity and yields [16]. Recent studies demonstrated that S. cerevisiae strains
resistant to formic acid maintain high fermentative performance under inhibitory conditions
with improved growth and ethanol productivity by at least 50 and 40%, respectively [18, 19].

In this work, specifically, variability emerged in response to sodium chloride, furfural, and



formic acid, three key stressors associated with bioethanol and biorefinery processes [19-21].
Both growth responses and FTIR metabolomic fingerprints of selected monosporal colonies
displayed substantial variability. These findings suggest that sporulation can uncover
functionally relevant diversity even in highly domesticated, heterothallic industrial yeasts,
raising important questions about the contribution of cryptic genetic variation, meiotic
segregation and stress-dependent phenotypic expression.

By systematically assessing the stress tolerance of spore-derived isolates, this work provides
new insights into the potential of classical, non-GMO approaches to reveal exploitable
phenotypic variation in established industrial yeast strains, with possible implications for strain
improvement strategies in biofuel and bioproduct applications.

2. Materials and Methods

2.1 Cultures, media and cultivation conditions

The industrial Saccharomyces cerevisiae strain (Etlianol Red) was adopted in this study. Unless
otherwise specified, reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA). The
strain was stored as glycerol stock (20% v/v) at -80°C. For routine cultivation, 5 uL of glycerol
stock was streaked onto YFPD agar plates containing yeast extract (10 g L), peptone (20 g L
1, glucose (20 g L), agar (15 g L*; Liofilchem S.r.l., Roseto degli Abruzzi, Italy) and
incubated at 30°C for 48h. Sporulation ability was assessed by cultivation on McClary’s acetate
medium (MAM:; glucose 1 g L™, potassium chloride 1.8 g L%, yeast extract 2.5 g L%, sodium
acetate trihydrate 8.2 g L) and modified sporulation medium (MSM; potassium acetate 10 g
L1, yeast extract 0.5 g L2, glucose 1 g L, agar 15 g L™ Liofilchem S.r.l., Roseto degli
Abruzzi, Italy), incubated at 30°C for 7-21 days [22]. All media were sterilized by autoclaving
at 121°C for 20 min (Fedegari FVG2, Fedegari Group, Albuzzano, Italy).

2.2 Sporulation assay



Sporulation was performed according to Gupte et al. [7] with minor modifications. Briefly, a
single colony grown on YPD agar was inoculated into 5 mL of YPD broth in a 15 mL tube and
incubated at 30°C for 16h under orbital shaking. Cells were harvested by centrifugation (4500
x g, 5 min), and the resulting pellet was washed with sterile saline solution (NaCl, 9 g L™).
Washed cells were resuspended in 0.5 mL saline solution. To identify the optimal sporulation
medium, 0.1 mL of the cell suspension was spread onto both MAM and MSM agar plates to
obtain lawn growth. Plates were sealed with Parafilm (Bemis Company, Inc., USA), to prevent
moisture loss and incubated at 30°C for 7-21 days. Sporulation was monitored by weekly
microscopic observations. The number of dyads, triads and tetrads was quantified using a
Thoma counting chamber (Marienfeld, Germany). Sporulation efficiency was calculated as
described by Budroni et al. [23].

2.3 Isolation of monosporal colonies (MSCs)

Monosporal colonies (MSCs) were obtained foilowing a modified version of the ascospore
isolation protocol described by Bahalul et al. [24], omitting the diethyl ether step. Sporulated
biomass from MSM plates was scraped and resuspended in sterile demineralized water to
obtain a high-density ascus suspension. The suspension was heat-treated at 65 °C for 10
minutes to kill vegetative cells. Ascus wall digestion was then performed with Zymolyase
(Zymolyase-100T, ICN) at a final concentration of 100 U mL™? in 1 M sorbitol, following
Bahalul et al. [18] with an extended incubation time of 1 h. Mechanical disruption was
subsequently achieved by vortexing using a ZX3Vortex Mixer (VELP Scientifica, Usmate
Velate, Italy) in the presence of sterile glass beads (400-600 um). The resulting spore
suspension was examined by light microscopy following methylene blue (MB) staining to
evaluate the presence of viable and non-viable asci or vegetative cells. MB uptake was
interpreted as loss of cell membrane integrity. The suspension was then diluted and plated on

YPD agar plates supplemented with 5% (w/v) glucose (YPD 5%). Colonies recovered on YPD



plates were designated as MSCs. Up to 100 MSCs were cryopreserved as glycerol stocks (20%
v/v) at -80 °C. For phenotypic verification, MSCs were re-cultured on YPD 5%, transferred to
MSM plates and incubated at 30°C for 7-21 days to evaluate their ability to sporulate upon re-
induction.

2.4 Experimental validation of heterothallism in the parental strain

The heterothallic nature of parental strain (PS) was initially assessed by microscopic
observation of MSCs to evaluate ascus formation as well as by genomic insights on HO locus
structure and nature. Microscopic observation of monosporal cultures derived from the parental
strain did not reveal recurrent ascus formation after re-inoculation on sporulation medium,
supporting a heterothallic life cycle. The absence of asci formation was taken as indicative of
a heterothallic phenotype. Genomic analyses were then performed to confirm heterothallism at
the molecular level. Whole-genome sequencing of the parental strain has been previously
carried out using a hybrid strategy combining liiumina short-read sequencing and Oxford
Nanopore MinlON long-read sequencing [25]. Assemblies from both platforms were
integrated to generate a high-quality genome assembly [17]. The assembled sequence was
screened by nBLAST for the presence of the HO gene, which is responsible for mating-type
switching in homothallic strains. The occurrence of a truncated or incomplete HO sequence in
the parental strain was used to further confirm its heterothallic life cycle.

2.5 Phenotypic characterization of monosporal cultures

The phenotypic variability among MSCs was evaluated by growth profiling. Thirty MSCs were
randomly selected and pre-cultured in Synthetic Defined medium (SD) containing glucose (20
g L) and yeast nitrogen base without amino acids (YNB, 6.7 g L; Difco Laboratories, USA)
at 30°C for 16 h. Pre-cultures were then inoculated into fresh SD medium at initial ODgoo = 0.1
and a final volume of 200 pL per well. Growth assays were run in triplicate in 96-well flat-

bottom plates using a Spark 10M plate reader (TECAN, Austria). Optical density was



monitored over time, and growth curves were generated using the Pyphe-growthcurves
pipelines.

2.6 Determination of ECso values for the heterothallic parental strain

The parental strain was pre-cultured in SD medium (glucose 20 g L™*; YNB 6.7 g L) at 30°C
for 16 h and then inoculated into fresh SD medium supplemented with increasing concentration
of the selected stressors (sodium chloride, furfural and formic acid) to a final ODeyo = 0.1 in a
final volume of 200 pL per well. Growth assays were performed in triplicate in 96-well plates
using a Spark 10 M plate reader (TECAN, Austria).

Formic acid, furfural and sodium chloride were selected as representative inhibitory
compounds commonly encountered in industrial bioethanol fermentations. Concentration
ranges were defined based on their known inhibitory effects on yeast growth. Formic acid was
evaluated at 1-4.3 g L%, as it can arise from the degradation of HMF and furfural under acidic
conditions [26,27]. Furfural, representing furan derivatives commonly generated during
biomass pre-treatment processes, was tested at 0.1-5 g L™ [28]. Sodium chloride was included
as an osmotic stressor and tested at 15-90 g L. Cultures were incubated at 30°C under static
conditions for 48 h, with optical density measurements recorded at 60 min intervals. To
minimize evaporation, the instrument lid and humidity cassette were used throughout the
experiment. Growth curves were generated using the Pyphe-growthcurves pipeline, and growth
parameters (max_slope, t_max, and Lag) were extracted as described above. The half maximal
effective concentration (ECso) was determined for each stressor based on the growth-curve
analysis and the corresponding derived parameters.

2.7 Growth assessment of MSCs under stress conditions at ECso concentration

Thirty MSCs derived from the sporulation of the parental strain were randomly selected from
the preserved monosporal collection following a conservative sampling strategy previously

adopted for sporulation-derived yeast populations [7]. This approach was intended to obtain an



exploratory subset while limiting the repeated analysis of potentially redundant isolates. The
sample size was chosen because extensive phenotypic diversification was not expected a priori
in the highly domesticated and presumed genetically stable Ethanol Red background. The
selected MSCs were pre-cultured in SD medium at 30°C for 24 h. Growth assays were
performed in triplicate in 96-well plates. Each culture was inoculated at an initial ODggo = 0.1
into fresh SD medium supplemented with the stressor-specific ECso concentration previously
determined for the parental strain, in a final volume of 200 pL per well. Cultures were
incubated for 24 h under the same conditions used for the parental strain growth assay (30 °C,
static incubation, ODeoo readings every 60 min) and growth parameters were extracted using
the Pyphe-growthcurves pipeline (Table S1). For furfural and sodium chloride, six MSCs were
selected for more detailed growth and stress-response characterization based on their final
ODs0o Values relative to the parental strain: two with significantly higher growth, two with
significantly lower growth and two with growih comparable to that of the parental strain.
Differences in final ODeoo values were assessed using Student’s t-test, with significance
thresholds set at p < 0.01 and p < 0.001. For formic acid, since all MSCs displayed lower final
ODsoo Vvalues than the parental strain, the six MSCs selected were those with growth values
closest to the parental phenotype.

2.8 FTIR bioassay and viability assessment

Fourier Transform Infrared (FTIR) spectroscopy was employed to profile the stress-associated
biochemical changes in the selected MSCs cultures exposed to formic acid, furfural or sodium
chloride, using the parental strain as a reference [29,30]. Precultures were inoculated at ODsoo
= 0.1 in 100 mL of YNB medium (6.7 g L*; Difco Laboratories, USA) supplemented with
glucose (20 g L) and incubated at 30°C (FOC Connect cooled incubator, VELP Scientifica,
Usmate Velate, Italy) with orbital shaking at 120 rpm using an Unimax 1010 orbital shaker

(Heidolph Instruments GmbH & Co. KG, Schwabach, Germany) for 16-18 h. For stress assays,



MSCs and parental cultures were inoculated at ODgoo = 12 in the same medium and incubated
for 4 h to allow metabolic adaptation prior to stress exposure. Stressors were then added to
final concentrations of 3 g L™ (formic acid and furfural) and 50 g L* (NaCl), and incubation
was continued for additional 4 h at 30 °C with shaking at 120 rpm. Control samples were
processed in parallel by continuing incubation for additional 4 h under identical conditions, but
without the addition of any stressor. All experiments were performed in biological triplicate.
At the end of the incubation, whole-cell pellets were collected by centrifugation (4500 x g, 5
min), washed twice with distilled sterile water and re-suspended in 5 mL HPLC (High-
Performance Liquid Chromatography) grade water to the final concentration of ODgoo = 20,
prior to FTIR analysis. FTIR spectra were acquired in transmission mode using a TENSOR 27
spectrometer equipped with an HTS-XT screening module (Bruker Optics GmbH, Ettlingen,
Germany). Spectra were recorded in the 3200-900 cm™ range at a resolution of 4 cm™ sampling
256 scans per sample.

From each suspension, 105 pL was col'ected for three independent FTIR readings (35 L each)
[31], while 100 pL were seriaily diiuted to assess viability by plate counting on YPD agar
supplemented with chloramiphenicol (0.5 g L™). Mortality (%) was calculated as [1 — (CFU test
| CFU contro)] X 100. Stress tolerance, i.e. cultivability under stress, was reported (i) as
percentage mortality for each culture and (ii) as relative cultivability, expressed as fold change
(FC), calculated both for each culture [FC = CFU test / CFU control] and for each MSC relative
to the parental strain [FC = CFUwmsc / CFU parental]. An FC = 1 indicates no change, FC > 1
increased cultivability and FC < 1 decreased cultivability (Table 1, Table 2).

Overall, the experimental approaches described in paragraphs 2.7 and 2.8 were designed to
assess different components of the stress response. The growth assay described in paragraph
2.7 evaluated the ability of MSCs to adapt and resume growth over prolonged cultivation under

stress conditions, whereas the FTIR bioassay and viability assessment described in paragraph



2.8 specifically measured short-term survival and cultivability after acute stress exposure at
high cell density.

2.9 Statistical Analyses

2.9.1 Growth parameters data analysis

Optical density was recorded over time and growth curves were generated using the Pyphe-
growthcurves pipeline as described by Kamrad et al. [32]. From each curve, growth parameters
including maximum growth rate (max_slope), time at maximum growth rate (t_max) and lag
phase duration (Lag) were extracted using the same computational framework. Parameter
extraction was performed on biological triplicates and mean values were calculated for
downstream analyses. Phenotypic variation among MSCs was investigated by Principal
Component Analysis (PCA) using R software [33]. PCA was applied to the matrix of extracted
growth parameters after centering and scaling of variables to account for differences in
parameter magnitude. The analysis was used to reduce dimensionality and to identify the main
sources of variance associated with strain-dependent growth behavior. PCA score plots were
generated using the ggplot2 package, and samples were grouped according to strain identity
and experimental condition to visualize clustering patterns and dispersion.

2.9.2 FTIR Spectral Data

FTIR spectra were pre-processed using OPUS software version 6.5 (Bruker Optics GmbH,
Ettlingen, Germany) by baseline and vector normalization and transferred to MS Excel for
further analysis in R [33]. Mean spectra were obtained by averaging three independent
technical replicates for each biological replicate (Tables S2, S3, S4). Significant Wavelengths
Analysis (SWA) script was then carried out on the FTIR spectra by partitioning it into four
spectral regions (W1: 2800-3200 cm™; W2: 1500-1800 cm™; W3: 1200-1500 cm™ and W4:
900-1200 cm™), following the procedure described by Corte et al. [34]. For each tested

condition, spectra of each MSC were compared with those of the parental strain by applying a



two-tailed Student’s T-test to each wavelength independently within each spectral region. To
reduce the likelihood of false-positive results arising from simultaneous statistical testing
across a large number of wavenumbers, p-values were corrected for multiple testing using the
Benjamini—Hochberg false discovery rate (FDR) procedure. Wavenumbers were considered
significant when FDR-adjusted p < 0.01. Bubble plots were then generated by using the ggplot2
function to visualize, for each stress condition, the number of significantly different
wavelengths observed in the parental-MSC comparisons across the six selected MSCs.
Significant wavenumbers with FDR-adjusted p < 0.05 were then grouped into contiguous
intervals and assigned to predefined spectral windows. Significant peaks were defined as the
wavenumber with maximum intensity within each interval and assigned to the bond vibrations
listed in Table 2. Mean spectra were plotted with significant peaks marked (Figure S1, S2,
S3).

PCA was conducted using the prcomp function with centering and scaling enabled. The
analysis was performed on the full spectral matrix to reduce dimensionality and identify major
sources of variance associated with treatment effects. PCA score plots were generated with
ggplot2, where samples were colored according to treatment group and technical/biological
replicates were retained to preserve within-group variability. Ninety-five percent confidence
ellipses were computed using a multivariate normal model to visualize group dispersion.

3. Results and Discussion

3.1 Growth response under stress

Increasing concentration of furfural (1-5 g L), formic acid (1- 4.3 g L™!) and sodium chloride
(15-90 g L) produced a clear dose-dependent inhibition of growth in the parental S. cerevisiae
Ethanol Red strain. For each compound, the half-maximal effective concentration (ECso) was
determined, defined as the dose causing marked but incomplete growth inhibition over 24 h.

Under the ECso concentration, the 30 randomly selected MSCs revealed a broad distribution of



growth responses, ranging from parental-like to reduced or, depending on the stressor,
improved growth performance. For clarity, the complete growth dataset for all the 30 MSCs is
reported in the Supplementary Materials (Table S1). Based on this preliminary screening, six
representative MSCs per stressor were selected for detailed growth characterization, as
previously described (Material and Methods, 2.7 paragraph).

3.1.1 Growth response to formic acid (ECso =3 g L™?)

At the formic acid ECso concentration (3 g L), growth was uniformly constrained, leading to
reduced biomass accumulation across all MSCs at 24 h (Figure 1B). Under weak-acid stress,
the parental strain consistently displayed the highest growth, whereas all monosporal cultures
exhibited comparable or lower growth profiles. Relative growth data (Supplementary
Materials, Table S1), identified MSC14 and MSC48 as the closest to the parental phenotype,
reaching 80% and 77% relative growth, respectively. in contrast, MSC3 (42%) and MSC44
(50%) were the most severely affected by formic acid, whereas MSC33 (67%) and MSC70
(64%) displayed intermediate phenotypes. Overall, formic acid elicited graded growth
reductions across MSCs, with ng¢ isciates outperforming the parental strain. This pattern is
aligned with the mechanism of action of weak organic acids, which primarily challenge
intracellular pH homeostasis and increase the energetic cost of proton extrusion [35], thereby
making growth largely dependent on the ability to maintain cellular homeostasis rather than on
gains in metabolic efficiency. Accordingly, although sporulation revealed quantitative
differences in growth impairment among MSCs, formic acid imposed a strong growth-limiting
constraint that restricted phenotypic diversification compared with the more heterogeneous

responses observed under the other stress conditions tested.
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Figure 1. Growth curves of selected MSCs under different stress conditions.

Mean growth curves are shown for monospora! colonies cultivated in the presence of formic
acid (panels A-B), furfural (panels C-D), and sodium chloride (panels E-F). Panels A, C, and
E represent control conditions in glucose-containing synthetic defined medium, while panels
B, D, and F correspond to cultures exposed to the respective stressors. Growth was monitored
by optical density (ODsoo) measurements over time, and curves represent mean values obtained
from biological triplicates.

3.1.2 Growth response to furfural (ECso =3 g L)

Growth at the furfural ECso concentration (3 g L) revealed a culture-dependent growth
response among the selected monosporal colonies (Figure 1D). The initial lag phase was
comparable across MSCs, whereas clear differences were observed during the exponential
growth and in the final cellular densities detected (ODeoo values). Relative growth at 24 h,
expressed as percentage of that of the parental strain (Table S1), showed that MSC12 (129%)

and MSC48 (109%) outperformed the parental strain in both growth rate and final biomass.



MSC53 (86%) and MSC39 (83%) displayed growth profiles comparable to the parental,
whereas MSC44 (71%) and MSC38 (55%) exhibited reduced growth, with slower kinetics and
lower final ODeoo. Furfural is widely reported to impair growth primarily by disrupting cellular
redox balance and inhibiting metabolic activity, leading mainly to delayed growth kinetics
rather than a marked reduction in final biomass accumulation [36]. Consistent with this mode
of action, growth differences among monosporal colonies reflected variable efficiency in
coping with furfural stress. The superior performance of MSC39 and MSC12 suggests
enhanced stress response capacity, whereas MSC38 and MSC53 appear more sensitive.
MSC44 and MSC48 displayed an intermediate phenotype comparable to the parental strain.
Overall, furfural stress revealed intrinsic phenotypic variability, allowing the identification of
isolates with higher or lower tolerance than the parental strain.

3.1.3 Growth response to sodium chloride (ECso =50 g L)

Growth at the NaCl ECso concentration (50 g L), remained largely sustained across cultures,
with well-defined exponential phases ard substantial biomass accumulation (Figure 1F).
Under salt stress, MSC37 and MSC4G grew slightly over the parental (107%, 103%), whereas
MSC24 and MSC20 showed moderate reductions (84%, 81%). By contrast, MSC57 (57%) and
MSC12 (52%) exhibited delayed kinetics and reduced final cell density. Sodium chloride
primarily imposes stress by inducing osmotic and ionic imbalance. As a result, survival and
growth depend mainly on restoring osmotic balance and maintaining ion homeostasis, rather
than on systems for enzymatic detoxification of a reactive toxic molecule as required for
inhibitors such as furfural [37]. The observed growth differences among monosporal cultures
therefore likely reflect variation in the efficiency of osmotic adaptation rather than intrinsic
limitations in metabolic capacity. Accordingly, NaCl stress revealed quantitative differences

in adaptive efficiency within the population, contrasting with the growth-limiting constraint



imposed by formic acid and the heterogeneous, detoxification-driven responses observed under
furfural stress.

Overall, the three stressors elicited distinct ODesoo profiling, in line with their specific
mechanisms of action. Formic acid seemed to impose a stringent energetic burden that may
have limited growth improvements beyond the parental phenotype. Furfural primarily affected
growth kinetics, revealing pronounced phenotypic heterogeneity and the emergence of high-
performing isolates. By contrast, sodium chloride mainly shifted growth performance across
isolates, potentially reflecting differences in osmotic adaptation efficiency, without generating
extreme phenotypes.

3.2 Stress tolerance in Ethanol Red and derived monosporal cultures

The six MSCs, selected according to phenotypes similar to, higher than or lower than that of
the parental S. cerevisiae ER strain, were further investigated by FTIR bioassay and viability
assessment following exposure at high cell density to the ECso of each individual inhibitor.
CFU-based plate counts revealed a clear stressor-dependent effect on cultivability and survival
of both parental and derived MSCs (Table 1).

In the parental strain, a moderate effect was observed upon exposure to formic acid (FC = 0.47;
53% mortality), whereas furfural caused the strongest reduction in cultivability (FC = 0.28),
corresponding to a mortality of 72%. By contrast, sodium chloride had a limited impact, with
high residual cultivability (FC = 0.88; 12% mortality).

Table 1. CFU-based cultivability and mortality of the parental S. cerevisiae strain Ethanol Red

and the selected monosporal cultures (MSCs) under stress.

Control CFU (mL™) Test CFU (mL™) Mortality
Stressor Culture mean + SD mean + SD (%) FC
Formic Acid Par 433E+08 + 2.52E+07 2.05E+08 =+ 5.51E+06 53 0.47
14 1.80E+10 + 1.80E+10 5.30E+09 + 1.80E+10 71 0.29



03 8.97E+08 =+ 8.74E+07 7.60E+08 + 2.00E+07 15 0.85
33 2.00E+09 + 1.53E+07 2.33E+08 + 1.10E+07 88 0.12
44 2.35E+09 + 4.04E+07 3.50E+08 + 1.00E+07 85 0.15
48 1.66E+09 + 2.00E+07 1.23E+08 * 5.51E+06 93 0.07
70 1.77E+09 + 4.04E+07 4.53E+08 =+ 2.08E+07 74 0.26
Furfural Par | 7.83E+08 + 1.00E+08 2.20E+08 + 1.53E+06 72 0.28
12 1.24E+09 + 2.00E+07 2.44E+08 =+ 2.12E+07 80 0.20
38 6.87E+08 + 1.53E+07 1.31E+08 + 1.00E+07 81 0.19
39 3.26E+09 + 2.85E+08 9.60E+08 =+ 5.57E+07 71 0.29
44 450E+08 =+ 2.00E+07 1.75E+08 + 8.00E+06 61 0.39
48 3.50E+08 =+ 2.00E+07 1.59E+08 =+ 2.00E+07 55 0.45
53 450E+08 =+ 1.00E+07 3.50E+08 + 1.00E+07 22 0.78
Sodium Par | 2.52E+08 + 4.00E+07 2.21E+08 + 5.00E+07 12 0.88
chloride 12 2.28E+08 + 3.79E+07 1.40E+08 + 1.37E+07 39 0.61
24 2.54E+08 + 3.61E+07 1.03E+08 + 2.31E+07 59 0.41
35 3.00E+08 =+ 8.50E+06 2.26E+08 =+ 1.72E+07 25 0.75
37 2.04E+08 + 1.40E+07 1.44E+08 + 1.25E+07 30 0.70
43 2.71E+08 + 451E+07 2.16E+08 + 1.55E+08 20 0.80
57 2.09E+08 =+ 2.52E+07 2.04E+08 + 3.06E+07 2 0.98

Legend. Cells were cultivated for 4 h in YNB + 2% (w/v) glucose and then exposed for 4 h to
formic acid (3 g LY), furfural (3 g L) or sodium chloride (50 g LY). Cultivability was assessed
by plate counting and expressed as CFU m L™ (mean + SD). Control CFU and Test CFU refer
to unstressed and stressed conditions, respectively. Mortality (%) was calculated as [1 —

(CFUktest / CFUcontro1)] X 100. The fold change column (FC) reports the relative cultivability of



each culture under stress, calculated from plate counts as CFUtest / CFUcontrol): FC = 1 indicates
no change; FC > 1 increased cultivability; FC < 1 decreased cultivability.

After 4 h exposure to formic acid (3 g L), most MSCs displayed a pronounced loss of
cultivability, with mortality values exceeding 70% and fold changes (FC) < 0.29 in five out of
the six MSCs tested. MSC 48 was the most sensitive culture (93% mortality), followed by
MSC33 (88%), MSC44 (85%), MSC70 (74%) and MSC14 (71%), whereas MSC3 retained
substantially higher tolerance (FC = 0.85; 15% mortality). This pattern is in line with the known
inhibitory effects of weak acids in yeast, which have been associated with intracellular
acidification and increased ATP demand to restore pH homeostasis, thereby rapidly reducing
cultivability when compensatory responses are not sufficient [38]. However, in the present
study, CFU-based measurements directly demonstrate differences in cultivability and
mortality, while the intracellular mechanisms underlying these differences remain to be
specifically investigated. Accordingly, the marked!y improved survival of MSC3 indicates a
higher tolerance to formic acid under the tested conditions. This phenotype may be compatible
with more efficient homeostatic responses to weak-acid stress, but targeted analyses would be
required to identify the underlying cellular processes. Exposure to furfural (3 g L) resulted in
pronounced heterogeneity in the response of the selected MSCs. MSC12 and MSC38 were the
most affected (FC = 0.20 and 0.19; 80% and 81% mortality), whereas MSC53 retained the
highest tolerance (FC = 0.78; 22% mortality). MSC48 and MSC44 exhibited intermediate
sensitivity (FC = 0.45 and 0.39; 55% and 61% mortality) whereas MSC39 displayed a response
comparable to that of the parental strain (FC = 0.29; 71% mortality). The broader heterogeneity
detected in the MSCs response to furfural stress is in line with furfural activity, playing
primarily as a redox stressor. Detoxification relies on NAD(P)H-dependent reduction, so
tolerance is expected to scale with a strain’s ability to preserve reducing equivalents and

manage downstream stress propagation [15,21,38]. Moreover, furfural has been shown to



promote genome instability (e.g., chromosomal alterations and loss of heterozygosity), which
could further amplify phenotypic diversification among derived MSCs [28].

Under osmotic stress induced by NaCl (50 g L), the parental strain maintained high
cultivability (FC = 0.88; 12% mortality), consistent with robust osmoadaptation programs
centered on the high osmolarity glycerol (HOG) pathway and glycerol-based osmoregulation.
The divergent MSCs profiles likely reflect differences in the efficiency of these osmo-
protective responses [39,40]. MSC57 was the most tolerant (FC = 0.98; 2% mortality),
followed by MSC43 (FC = 0.80; 20% mortality) and MSC35 (FC = 0.75; 25% mortality). The
strongest reduction in tolerance was detected in MSC12 (FC = 0.61; 39% mortality) and
MSC24 (FC = 0.41; 59% mortality).

3.3 FTIR signatures reveal stressor-specific biochemical remodeling in MSC cultures

To quantify stress-associated spectral divergence, an unsupervised multivariate overview by
PCA on normalized FTIR spectra was first performed and then assessed parental vs. MSC
differences by wavelength-wise compariscns under each condition (Figure 2). PCA explained
a substantial fraction of the spectra! variance (66.1%), with PC1 and PC2 accounting for 43.0%
and 23.1%, respectively (Figure 2A). The widest dispersion was observed under furfural
exposure, whereas NaCl-treated profiles showed extensive overlap with controls. Along PC1,
furfural (Fu) and, to a lesser extent, formic acid (Fa) samples tended to score at positive PC1
values, whereas controls (C) and NaCl (N) samples clustered predominantly at negative to
near-zero PC1 values. PC2 further captured within-stressor heterogeneity, which was most
pronounced under furfural, as reflected by the broad spread of Fu scores and the largest 95%

confidence ellipse, consistent with marked strain-to-strain variability in this condition.
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Figure 2. PCA and region-resolved FTIR spectral divergence between parental and MSCs
cultures under stress. (A) PCA score plot of normalized FTIR spectra from cultures under
control conditions (C) and after 4 h exposure to formic acid (Fa, 3 g L), furfural (Fu, 3g L™?)
or sodium chloride (N, 50 g L™%). PC1 (43.0%) vs PC2 (23.1%) explains 66.1% of total variance.
Points represent mean spectra (3 biological replicates x 3 technical replicates); ellipses denote
95% confidence regions. (B-D) Bubble plots summarizing parental vs. MSCs spectral
divergence under (B) formic acid, (C) furfural and (D) sodium chloride. For each parental—
MSC pair, spectra were compared at each wavenumber using a two-tailed Student’s t-test. p-

values were adjusted for multiple testing using FDR and significant wavenumbers (FDR-



adjusted p < 0.01) were counted within four spectral windows, namely fatty acids (W1), amides

(W2), mixed (W3) and carbohydrates (W4).

Guided by the clustering provided by PCA, the spectral divergences between parental and
MSCs under each stressing condition were then mapped at higher resolution. More in detail,
parental and MSCs spectra were compared in pairs at each wavenumber using independent
two-tailed Student’s t-tests and the number of significantly different wavelengths (p < 0.01)
was subsequently summarized within spectral windows from W1 to W4 (Figure 2B, 2C, 2D).
Overall, the extent and the distribution of significant differences were stressor-specific. Under
formic acid (Fig. 2B), spectral divergence from the parental strain was limited and primarily
confined in W2, with a secondary contribution from W4. MSC14 showed the strongest overall
deviation, with significant differences distributed across the spectrum but dominated by W2.
Differences in W2 were also evident for MSC48 and MSC33. In contrast, W4 changes were
most pronounced in MSC 33 and MSC14, with weaker effects observed for MSC70 and MSC3.
Except for a few wavelengths in W4, no significant differences were detected for MSC44
relative to the parental strain

Under furfural stress (Fig. 2C), all MSCs displayed FTIR profiles that differed significantly
from the parental strain, indicating a marked divergence in response to this stressor. A high
density of significant different wavenumbers was detected across all spectral windows, with
the response consistently dominated by lipid, protein/amides and mixed-region bands (W1-
W3), whereas carbohydrate-associated bands contributed to a lesser extent in most
comparisons. The largest divergences were observed for MSC39 and MSC12, which displayed
extensive differences spanning the full spectrum, with particularly strong contributions in W1
and W3. MSC44 and MSC38 also exhibited broad, region-wide changes, with MSC44
characterized by a comparatively higher contribution from W4. In contrast, MSC48 exhibited

a more region-restricted pattern, with differences largely confined to W1-W2 and markedly



reduced contributions in W3-W4. MSC53 showed an intermediate profile dominated by W1
and with fewer significant features in the remaining regions.

Compared with the differences detected under formic acid and furfural exposure, sodium
chloride elicited a moderate, region-dependent remodeling of the FTIR fingerprints, mainly
involving W2 and W4 (Fig. 2D). MSC35 exhibited the most extensive response, with
numerous significant differences spanning W2-W4 and only a minor contribution from W1. A
similar but less pronounced profile was detected for MSC57 and MSC43, where changes were
concentrated mainly in W2 and W4 with a limited involvement of W3. Conversely, MSC37
displayed a region-specific pattern dominated by W4, consistent with NaCl-associated
alterations primarily affecting carbohydrate-related spectral features. MSC24 showed only
modest divergence, with few significant differences largely restricied to earlier spectral
windows, whereas MSC12 exhibited minimal changes, confined to a narrow signal in W2.
MSCs evaluated under different stressors, namely MSC 44 and MSC 48 under formic acid and
furfural and MSC 12 under furfural and sodium chloride, exhibited stressor-specific FTIR
signatures, with consistent shifts iii both the magnitude and regional distribution of the
significant detected differences.

3.4 FTIR spectral remodeling under stress

To further investigate the spectral differences between the parental strain and the selected
MSCs under each stress condition, we focused on the subset of FTIR wavenumbers showing
significant changes (FDR-adjusted p < 0.05). These features were used to identify discriminant
peaks describing MSC-specific fingerprint shifts relative to the parental strain [34,41]. Peaks
are reported together with the relative cultivability of each MSC, calculated from plate counts
under the same stress condition as the ratio CFUwmsc / CFUpar. Overall, divergences from the

parental strain under stress were captured by recurrent peaks associated with lipids (3020-2800



cm™ and 1500-1300 cm™), proteins (1700-1500; 1300 cm™), polyphosphates, phospholipids
and nucleic acids (1300-1200 cm™) and carbohydrates (1200-800 cm™) (Table 2, Table 3).

It should be emphasized, however, that FTIR fingerprinting provides a whole-cell biochemical
profile of stress-associated remodeling rather than direct causal identification of the molecular
mechanisms underlying the observed phenotypes. Accordingly, the spectral differences
reported here should be interpreted as descriptive biochemical signatures associated with stress
response, with band assignments providing functional indications rather than mechanistic
evidence.

3.4.1 Formic acid exposure

After 4 h exposure to formic acid (3 g L"), mortality exceeded 70% in all MSCs, except for
MSC3 (15%) (Table 1). When benchmarked against the parental strairn, most MSCs showed a
relative advantage, with FC values above 1, while MSCA48 performed worse (FC = 0.60) (Table
2).

Table 2. Stress-specific FTIR band shifts and relative cultivability in paired parental - MSC

comparisons.

Polyphosph
Lipids Proteins Phospholi
Stressor | MSCs P Nuclgic aclzc
3020-2800 | 1500-1300 1700-1500; 1300 1300-12C
MSC 33 ns 11456 11654 11544 11400 11307 11296 11247
MSC 14 12928 11456 11654 11546 11400 ns 11296 11247
Formic | MSC 48 ns ns 11654  ns ns ns ns ns
acid | mMsc 3 ns ns ns ns ns ns ns ns
MSC 44 ns ns ns ns ns ns ns ns
MSC 70 ns ns ns ns ns ns ns ns
MSC 53 ns 11451 11654 11544 11399 11305 ns 11247
MSC 12 12926 11451 11654 11544 ns 11305 ns 11247
MSC 48 12926 11451 11652 11544 ns ns ns 11247
Furtural | \iscas | 12026 11451 ns ns ns ns 11295 11245
MSC 39 12926 11451 11654 11544 11399 11305 ns 11247
MSC 44 12926 11451 ns ns 11399 11305 ns 11247
MSC 12 ns ns ns ns ns ns ns ns




Sodium
chloride

MSC 24
MSC 35
MSC 37
MSC 43
MSC 57

12926
ns
12926
ns
ns

ns

11453

11451
ns
ns

11654 ns ns ns
11650 11542 11399 11307
11654 ns 71399 11309
11654 11544 ns 11310
11654 11544 ns ns

ns ns
ns 11243
ns 11245
ns ns
ns ns

Legend. Significant wavenumbers are reported within spectral windows as band positions

(cm™). For each paired comparison (MSC vs parental), arrows indicate the direction of the

change in band intensity (two-tailed Student’s t-test with FDR correction; FDR-adjusted p <

0.05): 1 higher intensity in MSC than in parental; | lower intensity in MSC; ns, no significant

differences. The fold change column (FC) reports the relative cultivability of each MSC

compared with the parental strain under the same stress condition, calculated from plate counts

as CFU./ CFU.,.. FC = 1 indicates no change; FC > 1 increased cu!tivability; FC < 1 decreased

cultivability.

Table 3. Peak assignment of bands in FTIR spectra

Qbsorptlo_nl Peak assignment Main biomolecules Assigned effect
and (cm™) -
Remodeling and/or da
~2925 vasym CH> 0Of acy! chains Lipids and Proteins the yeast cell membra
parental strain
1680-1640 Am!c‘c hband (p:o _stretc_:hing) . Protein structural rear
1580-1520 Amide 1l (beang \_/lbrafuon of N-H Proteins bond in different prote
and the stretching vibration of C—N)
~1455 Various CH2/CHs bending Lipids and Proteins Protein and lipid rearr
vibrations
~1390 C=0 o_f COO— symmetric
stretching
Amide III: C—N and C—O Proteins Protein structural rear
~1300 stretching, N—H and O=C—N
bending
5 DNA, RNA and membrane
~1240 vasym PO phospholipids Degradation of nucleit
~1080 Veym PO?~ RNA and membrane consequent increase o
phospholipids
~1060 C-0 and C-C strefching, C-O-H gglrysg::)(/:ﬂ;ﬁz: r(]:((j)mponentS' . .
and C—O—C deformation chitin " Degradation of nuclei
Major parietal consequent increase 0
~1050 Mannans

polysaccharides: mannans




FTIR changes were largely limited to MSC14 and MSC33, whereas the other MSCs showed
either minimal change, MSC48 showed a single discriminant peak at 1654 cm™ (Amide I), or
no discriminant bands (MSC3, MSC44 or MSC70). MSC14 and MSC33 shared almost the
same set of discriminant peaks with several bands showing an opposite trend between the two
cultures. Amide | and Amide 1l bands (1654 cm™ and ~1555 cm™) increased in MSC14 and
decreased in MSC33 while cell-wall chitin band at 1060 cm™ decreased in MSC14 and
increased in MSC33. In contrast, both cultures displayed enhanced signals around 1300 cm™
(Amide 111), 1456 cm™ (CH2-CHs bending vibrations from lipids and proteins), 1400 cm™
(COO- vibrations in protein) and 1247 cm™ (vsym PO2~ in membrane phospholipids), indicating
a shared response compatible with phospholipid modulation coupled to protein conformational
rearrangements under formic acid stress. In addition, MSC33 showed an increase at 1078 cm™,
consistent with changes interesting intracellular nucleic acids and/or phospholipid-associated
contributions whereas MSC14 was the oniy cuiture showing a distinct modulation of
membrane lipid features relative to the parental strain (2928 cm™) (Table 3).

Overall, these data indicate a culiure-specific response to formic acid. MSC14 combined a
significant increase in cultivability (FC = 25.85) with a distinctive FTIR profile showing
changes in spectral regions commonly assigned to cell-envelope components and protein
conformational rearrangements, whereas MSC33 showed extensive remodeling across amide,
phosphate and carbohydrate regions but only a modest gain in cultivability (FC = 1.14)
compared with the parental strain. These signatures are consistent with the known effects of
weak-acid stress, which have been associated with intracellular acidification, increased ATP
demand for pH homeostasis and downstream effects on envelope integrity and protein
homeostasis [26,38,42].

3.4.2 Furfural exposure



After 4 h exposure to furfural (3 g L"), MSCs displayed marked heterogeneity in viability,
relative cultivability and FTIR biochemical profiles (Tables 1, Table 2). Mortality ranged from
22% in MSC53 to 80-81% in MSC12 and MSC38, with intermediate values for MSC48 (55%),
MSC44 (61%) and MSC39 (71%). Relative cultivability also varied across MSCs: three
outperformed the parental strain, whereas three showed reduced cultivability under furfural
stress.

The spectral divergences in response to furfural stress are dominated by lipid-associated
changes. The band assigned to the asymmetric stretching of CH> of acyl chains (2926 cm™)
increased in all MSCs except MSC53. The second lipid-associated marker at 1451 cm™ (CH.-
CHs bending) showed two opposite trends, with increased intensity only in MSC48 and
MSC38, possibly reflecting differences in lipid-associated spectral features that may be linked
to membrane lipid packing or composition in MSC cuitures. Amides and protein associated
changes were heterogeneous and did not mirror the uniform lipid signal (1654 cm™, 1544 cm-
11399 cm?, ~1300 cm™) (Table 3). The modulation of the phosphate-related band at 1247
cmt, commonly assigned to phosphate-containing cellular components such as phospholipid
headgroups and phosphodiester moieties in nucleic acids, varied across MSCs with neither
correlation with mortality. This arrangement can reflect differences in membrane headgroup
exposure/packing or phosphate-domain remodeling, since PO>" vibrations are very sensitive to
the local chemical environment (e.g., hydrogen bonding and hydration) [43]. Finally, furfural
induced a significant shift in the cell-wall carbohydrate band (1077 cm™), consistently
accompanied by a shift in the 1050 cm™ band assigned to cell-wall mannans, with MSC53 as
the sole exception. Taken together, these patterns identify a conserved envelope-remodeling
signature across MSCs in response to furfural, best interpreted as a robust marker of exposure
rather than a primary determinant of tolerance. Accordingly, the prominent lipid-associated

signal may be linked to membrane-level responses occurring during furfural exposure. Based



on previous evidence, membrane integrity, together with the ability to maintain redox balance
and activate stress defense systems, may contribute to survival and cultivability in yeast
exposed to furfural [44-46].

3.4.3 Sodium chloride exposure

Out of the three tested stressing agents, sodium chloride imparted the lowest mortality, ranging
from 2% in MSC57 to 59% in MSC24, with all other cultures remaining below 40%.
Nevertheless, cultivability generally reduced (FC = 0.47 - 0.97), indicating that most MSCs
were more sensitive than the parental background, with MSC35 as the only isolate maintaining
parental-like performance (FC = 1.02). FTIR remodeling was MSC dependent and mainly
involved spectral divergences in regions commonly assigned to biochemical features
potentially related to cell-envelope remodeling and stress response, including lipid-associated
bands (2926 cm™; ~1450 cmt), amide and protein bands (~ 1650 cm™; ~ 1540 cm™, 1390 cm
1-1300 cm™) and phosphate-related features (~ 1240 cm™; ~ 1080 cm™) (Table 3). MSC35
showed the broadest response, with increased signals at 1453 cm™, 1650 cm™, 1542 cm®, 1399
cm?, 1307 cm?, 1243 cm™ and 1673 ¢cm™ whereas MSC12 showed no significant discriminant
peaks under NaCl despite reduced cultivability (FC = 0.63) (Table 2). Such patterns are
consistent with canonical yeast osmotic-stress physiology, where osmoadaptation is
coordinated by the High Osmolarity Glycerol (HOG) pathway and relies on ion homeostasis
and glycerol-centered responses that impose a substantial homeostatic burden and can impact
membrane properties and protein stability [34,39]. In line with the central role of membrane
organization in salt tolerance, MSCs showing lipid-region modulation (2926 cm™; ~1450 cm-
1 likely reflect changes in acyl-chain packing and/or membrane composition, which are known
to shift under salt stress and to influence tolerance [40,41]. Likewise, variability in the
phosphate band near 1240-1250 cm™ may be linked to differences in the phospholipid

headgroup environment, since phosphate stretching modes are highly sensitive to local



hydration state and headgroup interactions in model membranes [47]. Overall, the NaCl dataset
indicates that most MSCs were more sensitive than the parental strain under the tested osmotic-
stress condition. In parallel, FTIR fingerprints revealed MSC-dependent differences in spectral
regions commonly associated with lipid- and protein-related features, suggesting a possible
link between differential NaCl sensitivity and culture-specific modulation of membrane-
associated and protein-associated responses during osmaotic stress.

Taken together, these findings indicate that sporulation-based diversification can reveal stress-
dependent phenotypic variability even within a highly domesticated industrial yeast
background. However, the observed responses also highlight that the effectiveness of this
approach strongly depends on the genetic architecture of the parental strain and requires
extensive downstream screening to identify industrially relevant derivatives. Therefore,
sporulation should be considered a complementary exploratory strategy for strain improvement
rather than a replacement for targeted approaches

4. Conclusions

This study reported for the first time that sporulation of a highly domesticated, heterothallic
industrial yeast can give rise to measurable, reproducible, and stress-dependent phenotypic
variability. Despite the heterothallic nature and presumed genomic stability of the parental
strain, the analyzed subset of mono-spore derivatives displayed measurable displayed
measurable variability not only under industrially relevant stressors (formic acid, furfural,
NaCl) but also under standard glucose conditions, indicating that sporulation can unlock latent
functional heterogeneity. FTIR fingerprinting demonstrated that sporulation-derived diversity
is mirrored at the biochemical level, with patterns that were both stressor-specific and strain-
specific. Formic acid responses involved coordinated modulation of protein and membrane

features, furfural responses were dominated by lipid-associated signatures and NaCl responses



reflected membrane and osmotic homeostasis adjustments. These data indicate that MSCs
diversification is not merely quantitative but reflects distinct cellular reprogramming strategies.
Although the reproducibility of the growth, cultivability and FTIR profiles supports the
occurrence of stable phenotypic diversification among monosporal cultures, the present study
does not directly establish the genetic basis of this variability. Epigenetic or physiological
contributions cannot be excluded. To address this limitation, whole-genome sequencing and
comparative genomic analyses of selected high- and low-performing MSCs are currently
ongoing in our laboratories. These analyses will be essential to determine whether the observed
phenotypes are associated with meiotic segregation of hidden heterozygosity, loss of
heterozygosity, copy-number variation, structural variants or other sporulation-associated
genome-level changes.

Collectively, these findings support the concept that sporuiation can act as a mechanism of
functional reshuffling even in long-domesticated industrial strains. Further integration of
genomic data with FTIR profiling and targeted phenotypic validation will help clarify the
molecular basis of stress-specific remodeling and support the identification of candidate
genetic determinants for the development of yeast strains with improved resistance to
industrially relevant stressors.

Supplementary Information

Table S1.xIsx Mean ODeoo values of the parental strain and MSCs monitored at 1 h intervals
over 24 h under control conditions and in the presence of the indicated stressors.

Table S2, S3, S4.xIsx Normalized FTIR spectra of the parental strain and MSCs under control
conditions and after 4 h exposure to each stressor.

Figure S1.ppt FTIR fingerprints under formic acid stress. Normalized mean FTIR spectra of

the parental strain and selected MSCs after 4 h exposure to formic acid (3 g L™?).



Figure S2.ppt FTIR fingerprints under furfural stress. Normalized mean FTIR spectra of the
parental strain and selected MSCs after 4 h exposure to furfural (3 g L™Y).

Figure S3.ppt FTIR fingerprints under sodium chloride stress. Normalized mean FTIR spectra
of the parental strain and selected MSCs after 4 h exposure to NaCl (50 g L™2).
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