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ABSTRACT

Active dry yeast rehydration is a critical step in winemaking, as suboptimal temperatures can impair membrane recovery and

compromise fermentation performance. This study evaluated the effects of rehydration at 20°C on commercial Saccharomyces

cerevisiae and Torulaspora delbrueckii strains and assessed the efficacy of two commercial rehydration nutrients on fermentation

kinetics and membrane fluidity. Results showed that both nutrients enhanced early fermentation in S. cerevisiae strains, with

increased CO, production after 24 h, whereas T. delbrueckii showed no significant response. Membrane fluidity analysis revealed

that yeast cells rehydrated at 20°C exhibited high Laurdan generalized polarization (GP) values, indicating increased lipid order,

which significantly decreased after 24 h of fermentation. FERMOPLUS Energy Glu 4.0 was associated with lower initial GP values

and reduced variation between postrehydration and postfermentation measurements, suggesting a membrane-stabilizing effect

that may help optimize rehydration protocols in commercial winemaking.

1 | Introduction

The use of active dry yeasts (ADYs) represents a convenient and
economically advantageous method for preserving yeast cells
with high fermentative activity, as these preparations can be
stored for extended periods without requiring special conditions
[1]. In winemaking, ADY starter cultures have become a con-
solidated practice, offering reliability and availability across
a wide range of strains selected for key enological traits suited
to different wine types and fermentation conditions [2, 3].
During the production and use of ADY, yeast cells undergo
significant metabolic modifications in response to drastic envi-
ronmental changes. During production, cells experience oxida-
tive stress from aerobic propagation and nutrient limitation,
specifically carbon and nitrogen depletion, in the final
growth phases, followed by desiccation stress during drying;
these conditions induce reactive oxygen species (ROS) genera-
tion, lipid peroxidation, and membrane reorganization [4-6].

Subsequently, during use, cells face the challenges of rehydration
and inoculation into grape must, an environment characterized
by high sugar concentrations, low oxygen availability, and nu-
trient profiles that differ substantially from industrial growth
media [7]. The rehydration process constitutes a critical phase
that, if not performed with appropriate care, can severely
compromise yeast inoculum health. Active dried yeast cells
exhibit significantly reduced volume, substantial plasma mem-
brane reorganization, and considerable tension between the
membrane and the cell wall [8, 9]. Several factors contribute to
the recovery of viable yeast from dried cultures, including re-
hydration temperature, duration, solute concentration, and ge-
netic background [10, 11]. Among these, temperature plays
a particularly important role, with an optimal range generally
reported between 35°C and 43°C [12, 13]. This is because de-
hydration causes a membrane transition from a liquid-crystalline
state to a gel state, and rehydration at these temperatures, fa-
cilitated by intracellular trehalose, allows the membrane to
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return to the liquid-crystalline state, minimizing leakage [14]. At
temperatures below 30°C, this transition may be impaired or
incomplete, leading to loss of intracellular components and
permanent membrane damage [2]. More broadly, low temper-
ature decreases membrane fluidity and increases lipid order, and
this membrane rigidification is considered one of the primary
signals involved in the yeast cold-shock response [15]. Yeasts
counteract temperature-induced changes in membrane physical
state through homeoviscous adaptation, a conserved process
based on the remodeling of membrane lipid composition [16]. In
wine yeasts, this adaptation involves changes in fatty acid
unsaturation and medium-chain fatty acid (MCFA) content
during low-temperature fermentation [17, 18]. These composi-
tional changes, essential for growth following temperature
downshift, also include increased triacylglyceride levels and
decreased phosphatidic acid (PA) content and phosphatidyl-
choline/phosphatidylethanolamine (PC/PE) ratio [19]. As in-
tracellular solutes can be lost during the initial phase of
rehydration, it has been hypothesized that exogenous com-
pounds might conversely be taken up by the cell in the same time
window [20, 21]. Building on this rationale, supplementing the
rehydration medium with commercial inactive dry yeast (IDY)
preparations derived from Saccharomyces cerevisiae has become
a key strategy to actively exploit this uptake window and support
cell recovery [22, 23]. These preparations release cell-wall
fragments that solubilize sterols and facilitate the repair of
damaged yeast membranes [22]. This mechanism is particularly
relevant under the anaerobic conditions of alcoholic fermenta-
tion, when S. cerevisiae cannot synthesize its own sterols and
must assimilate them externally [24, 25]. IDY preparations also
deliver bioactive compounds, such as glutathione, that are ac-
tively taken up during this short window and influence sub-
sequent fermentation [26]. Consistently, transcriptional analyses
of rehydrated ADY have shown that carbon and nitrogen signals
supplied at this stage rapidly activate ribosomal biogenesis,
fermentative pathways, and the nonoxidative branch of the
pentose phosphate pathway [27]. These nutrient-based strategies
become especially relevant at the winery scale, where re-
hydration conditions are often suboptimal. Although industrial
yeast manufacturers recommend rehydration at 35°C-43°C to
maximize cell viability and fermentation performance, in small-
and medium-sized wineries, technical constraints such as the
lack of dedicated heating equipment, the unavailability of
temperature-controlled water, or the need for rapid operational
workflows often lead to the use of ambient water temperatures.
Evaluating commercial strains and rehydration nutrients under
such realistic, suboptimal conditions can therefore provide
practical guidance to winemakers, minimize the risk of fer-
mentation failure, reduce energy demand associated with water
heating, and support the development of more robust protocols,
including the use of rehydration nutrient formulations. Based on
these premises, we evaluated the effects of a suboptimal

TABLE 1 | Yeast strains used in this study.

rehydration temperature (20°C) on selected S. cerevisiae and
Torulaspora delbrueckii industrial enological yeast strains, pre-
served at the Unimore Microbial Culture Collection (UMCC) and
commercialized as wine starters by AEB S.p.A., and assessed the
efficacy of two rehydration nutrients, FERMOPLUS Energy Glu
3.0 and FERMOPLUS Energy Glu 4.0 (AEB S.p.A.), focusing on
improving fermentation performance and stabilizing membrane
fluidity. The parallel evaluation of two rehydration nutrients of
different composition, tested on four industrial strains belonging
to two different species, was intended to generate strain- and
species-specific evidence, supporting the development of tailored
rehydration protocols rather than broad generalizations across
commercial preparations. These results may contribute to the
optimization of rehydration protocols in commercial wine-
making, with possible implications for operational flexibility,
reduced production time, energy consumption, and costs, as well
as the adoption of more targeted, strain-specific strategies, in line
with the increasing demand for more sustainable practices in the
wine sector.

2 | Materials and Methods

2.1 | ADY Strains and Rehydration Procedure

In this study, four strains of commercial ADY, produced and
supplied by AEB S.p.A. (Brescia, Italy), were investigated. Three
strains belonged to the species S. cerevisiae, whereas one strain
belonged to the species T. delbrueckii. All strains were deposited
at the UMCC of the University of Modena and Reggio Emilia,
Italy. The yeast strain codes, species, and commercial names are
listed in Table 1.

Before microvinification trials, the rehydration process was
performed by suspending the ADY in a sucrose solution (50 g/L)
at a ratio of 1:10 (g of yeast to mL of solution). The rehydration
was carried out at 20°C for 30 min, either with or without the
addition of rehydration nutrients. Two commercial rehydration
nutrients were tested: FERMOPLUS Energy Glu 3.0 and FER-
MOPLUS Energy Glu 4.0 (AEB S.p.A, Brescia, Italy).

The composition and recommended dosage of these nutrients are
reported in Table 2.

2.2 | Microvinification Trials

Microvinifications were performed in triplicate using 100-mL
glass flasks filled with 90 mL of commercial red grape juice
(Quargentan, Verona, Italy; pH 3.36; titratable acidity 5.7 g/L;
total sugars 170.83; 1.55 g/L tartaric acid; 3.70 g/L malic acid;
0.16 g/L citric acid), sterilized by filtration through 0.2-pum
membrane filters (Thermo Scientific, United States). Sub-
sequently, 5mL of the rehydrated ADY (corresponding to ap-
proximately 10° CFU/mL) was inoculated, and the flasks were

UMCC code Species Commercial name Commercial code
UMCC 3066 Saccharomyces cerevisiae Fermol Fleur PB2171
UMCC 2592 Saccharomyces cerevisiae Fermol Red Fruit PB2018
UMCC 19 Saccharomyces cerevisiae Fermol Blanc PB2019
UMCC 5 Torulaspora delbrueckii Levulia Torula BBMV3FAS5
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TABLE 2 | Composition and dosage of rehydration nutrients used in this study.

Product

Composition

Dosage

FERMOPLUS Energy Glu 3.0
FERMOPLUS Energy Glu 4.0

Yeast hulls, yeast autolysates, thiamine hydrochloride (vitamin B1)

Yeast hulls, yeast autolysates, diammonium hydrogen phosphate (DAP),

1:4 (nutrient:yeast)
1:4 (nutrient:yeast)

thiamine hydrochloride (vitamin B1)

sealed with 5 mL of sterile paraffin oil (Carlo Erba, Milan, Italy)
to ensure anaerobic conditions. Uninoculated filtered grape juice
served as a negative control. Fermentation was conducted at
25°C under static conditions for 12 days. The progress of fer-
mentation was monitored daily by measuring the weight loss of
each flask, which corresponds directly to the amount of CO,
released per flask (g) during alcoholic fermentation. Weight loss
was monitored until a constant weight was maintained for three
consecutive days [28]. The fermentative vigor (FV) was de-
termined as the cumulative CO, production (g) after 48h of
fermentation [29]. Additionally, CO, production after 24 h was
recorded as an early indicator of fermentation kinetics. At the
end of fermentation, samples were collected and immediately
analyzed for pH and titratable acidity. Aliquots for high-
performance liquid chromatography (HPLC) analysis were
stored at —20°C until analysis.

2.3 | Analytical Methods

The pH and titratable acidity of the samples were measured using
an XS pH 80 PRO STIRRER (Securlab, Rome, Italy). Titratable
acidity was determined by titration with 0.1 M NaOH solution
and expressed as grams of tartaric acid per liter. Sugars (glucose
and fructose), ethanol, glycerol, and organic acids (succinic,
acetic, citric, tartaric, and malic acids) were quantified by HPLC
[29]. Briefly, samples collected at the end of fermentation were
filtered through 0.45-um nitrocellulose membranes before
analysis. About 20 uL of each filtered sample was injected into
a Jasco LC-Net II/ADC HPLC system (Jasco Inc., Hachioji, Ja-
pan) equipped with a Jasco PU-2080 Plus pump. Isocratic elution
was performed using an Aminex HPX-87H column (300 X 7.8
mm; Bio-Rad Laboratories, Segrate, Italy) maintained at 40°C
with an Eldex CH-150 oven (Eldex Corp., Napa, CA, USA). The
mobile phase consisted of 0.005 N H,SO, and 5% (v/v) acetoni-
trile, at a flow rate of 0.6 mL/min. Calibration curves were
generated using external standards, and peak integration was
performed using Jasco ChromNav software v. 1.18.03 (Tokyo,
Japan).

2.4 | Membrane Fluidity Assessment by Laurdan
Generalized Polarization (GP)

Membrane fluidity was assessed using the Laurdan (6-dodeca-
noyl-2-dimethylaminonaphthalene) GP assay, following the
protocol described by [30]. Samples were collected at two time
points: immediately after the 30 min of rehydration (T0) and after
24h of fermentation at 25°C (T24). A cell aliquot was stan-
dardized by diluting to 0.4 ODggo and harvested by centrifugation
(8800 x g for 5min), washed with phosphate-buffered saline
(PBS; pH 7.4; Sigma-Aldrich, St. Louis, MO, USA), and resus-
pended in fresh PBS. To incorporate the fluorescent probe,
samples were incubated with 5pM Laurdan (dissolved in ab-
solute ethanol) (Cayman Chemical, Ann Arbor, MI, USA) for 1 h
at 30°C [31].

Membrane fluidity measurements were performed using a Jasco
FP-6200 spectrofluorometer (Jasco Inc., Hachioji, Japan). A
cuvette containing an unlabeled cell suspension at the same cell
density was used to measure background fluorescence, which
was subtracted from the fluorescence readings obtained from the
labeled cell suspension. The experiment was carried out in
triplicate. The results were expressed as GP, calculated using the
following equation:

GP = (Ta40 — 1490)’ a)

Ts40 — Isoo

where 1440 and 1490 represent the emission intensities at 440 nm
and 490 nm, respectively. To better understand the membrane
fluidity variations between the two time points, results were also
expressed as AGP (GP_T0-GP_T24).

2.5 | Statistical Analysis

All experiments were performed in triplicate. Results are
expressed as mean + standard deviation (SD). Data were ana-
lyzed by one-way and two-way ANOVA, followed by Tukey’s
HSD post hoc test for mean comparisons, with significance set
at p <0.05. Statistical analyses were performed using SPSS
software v. 20.0.0 (IBM, Chicago, IL, USA). Principal compo-
nent analysis (PCA) was performed using Python (version
3.12.3) with the scikit-learn library (version 1.7.2) on a dataset
of 12 phenotypic variables: residual glucose, residual fructose,
ethanol yield, glycerol yield, succinic acid yield, acetic acid
yield, citric acid yield, tartaric acid, titratable acidity, malic acid
consumption, CO, production at 24 h, and FV. Scatterplots with
95% confidence ellipses were generated using Matplotlib (ver-
sion 3.10.7).

3 | Results and Discussion

3.1 | Evaluation of Fermentative Performance
With Rehydration Nutrients

In this study, the fermentative performance of commercially
available yeast strains was evaluated to better understand the
effectiveness of rehydration nutrients under suboptimal condi-
tions. The differences between the two nutrient treatments and
the control are illustrated in Figure 1, which shows the CO,
production kinetics, and in Table 3, which summarizes both the
CO, produced after 24 h and the FV (CO, after 48 h).

The results showed an increase in CO, production after 24 h for
all S. cerevisiae strains (UMCC 19, UMCC 3066, and UMCC 2592)
when rehydrated with either FERMOPLUS Energy Glu 3.0 or 4.0,
compared to the control without nutrients. Additionally, a trend
toward higher FV values at 48 h was observed for all strains
treated with rehydration nutrients, although this increase was
not statistically significant for all strains. However, this enhanced
early fermentative activity did not translate into differences in
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FIGURE 1 | CO, evolution over a 12-day microfermentation trial at 25°C in 0.2-um-filtered grape juice for S. cerevisiae strains (UMCC 19, UMCC
3066, and UMCC 2592) and T. delbrueckii strain (UMCC 5). The control (revitalized strain without nutrients) is compared with two nutrient treatments,
FERMOPLUS Energy Glu 3.0 and FERMOPLUS Energy Glu 4.0. Curves show mean =+ standard deviation (n = 3).

TABLE 3 | CO, production after 24 h (g) and fermentative vigor (FV; g CO, after 48 h) for S. cerevisiae strains (UMCC 19, UMCC 3066, and UMCC
2592) and T. delbrueckii strain (UMCC 5) under different rehydration conditions.

CO, after 24 h (g)

FV (g CO, after 48 h)

Strain Energy Glu Energy Glu Energy Glu Energy Glu
Control 3.0 Control 3.0 4.0
UMCC 19 3.49 +1.264 5.55 4 0.15% 5.67 & 0.10%° 6.00 & 0.41° 6.68 +0.11¢ 6.45 4+ 0.104°
UMCC 3066 4.33 +0.31% 5.85 4 0.01%° 5.31 & 0.23%° 6.08 +0.324° 6.60 & 0.074¢ 6.36 +0.274°
UMCC 2592 4.75 +0.14%° 5.94 4+ 0.10% 5.55 4 0.16%° 6.20 & 0.25%¢ 6.54 & 0.15% 6.66 &+ 0.14¢
UMCC 5 1.37 4+ 0.10° 1.59 & 0.09° 1.43 £+ 0.01° 3.68 +0.22f 4.23+0.10° 4.06 +0.08"

Note: Values are expressed as mean + SD (n = 3). Different superscript letters within the same parameter indicate statistically significant differences (p < 0.05, Tukey’s test).
Control = revitalized strain without nutrients; Energy Glu 3.0 = revitalized strain with FERMOPLUS Energy Glu 3.0; Energy Glu 4.0 = revitalized strain with FERMOPLUS

Energy Glu 4.0.

terms of CO, production at the end of fermentation. The lag
phase represents a critical period during which yeast cells un-
dergo substantial metabolic reorganization to adapt to the grape
must environment, facing osmotic, pH, temperature, and sulfur
dioxide stresses. During this phase, transcriptional and proteo-
mic changes involving nitrogen and carbon metabolism enzymes
may determine proper adaptation and could potentially affect
fermentative capacity and performance [32]. From a technolog-
ical perspective, enhanced vigor at the onset of fermentation may
facilitate the prevalence of the inoculated starter over competing
indigenous microbial populations. According to the manufac-
turer’s technical sheet, FERMOPLUS formulations contain
readily assimilable amino acids, sterols, fatty acids, and

glutathione. By providing these compounds directly, cells might
allocate more energy to multiplication during rehydration, when
energy expenditure is presumably greatest. The importance of
nutrient availability for yeast recovery after desiccation has been
demonstrated by [33], who reported that reactivation in a nu-
trient-rich growth medium was more efficient than rehydration
in water alone. In contrast, T. delbrueckii UMCC 5 did not show
significant differences between nutrient treatments and control,
neither at 24 nor at 48 h. The lack of a significant response of
T. delbrueckii UMCC 5 to nutrient supplementation is consistent
with the well-established slower fermentative kinetics of this
non-Saccharomyces species, which could make differences less
pronounced [34-37].
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To assess the fermentative performance of the four yeast strains
under the different rehydration conditions, the final fermenta-
tion products were characterized for the main enological pa-
rameters at the end of the process (Table 4). The effects of strain,
rehydration treatment, and their interaction were evaluated by
two-way ANOVA, considering strain and treatment as fixed
factors. Residual sugar concentrations were influenced only by
strain, with a significant effect on glucose (p < 0.05) and a more
pronounced effect on fructose (p <0.001). In all cases, fructose
remained higher than glucose, a pattern consistent with the
preferential consumption of glucose by both S. cerevisiae and
T. delbrueckii, which has been related to differences in the affinity
of hexose transport systems [38]. Conversely, neither ethanol
yield nor final ethanol concentration was significantly affected by
strain, treatment, or their interaction, indicating that the use of
FERMOPLUS Energy Glu 3.0 and 4.0 during rehydration did not
modify the final ethanol production. Glycerol yield was markedly
influenced by strain (p < 0.001), treatment (p <0.001), and the
strain X treatment interaction (p < 0.01). In yeast alcoholic fer-
mentation, glycerol is produced through the glyceropyruvic
pathway, where part of the carbon flux derived from glucose is
redirected from ethanol formation toward glycerol synthesis.
This process involves the reduction of dihydroxyacetone phos-
phate by glycerol-3-phosphate dehydrogenase, encoded by GPD1
and GPD2. Under oxygen-limited fermentative conditions, this
pathway contributes to the reoxidation of cytosolic NADH
generated during metabolism [39]. The increased glycerol yields
observed in the presence of FERMOPLUS Energy Glu 3.0 and 4.0
may therefore indicate a supplementation-dependent shift in
carbon and redox metabolism during fermentation. Among the
tested strains, S. cerevisiae UMCC 3066 consistently showed the
highest glycerol yields, supporting the view that the effect of
nutrient additions can vary according to both yeast species and
the metabolic product considered [40]. From an enological
perspective, glycerol is relevant because it can contribute to wine
mouthfeel, flavor persistence, and perceived sweetness [41], with
sensory effects on sweetness generally reported in the range of
5-12g/L and effects on viscosity at concentrations equal to or
above 28 g/L [42]. However, the glycerol concentrations mea-
sured in the present study were below these sensory thresholds.
Succinic acid yield showed a similar response pattern, being
significantly affected by strain (p < 0.001), treatment (p < 0.05),
and their interaction (p < 0.01). During alcoholic fermentation,
succinate production has been mainly associated with the re-
ductive branch of the tricarboxylic acid (TCA) pathway, whereas
the succinate dehydrogenase complex is considered inactive
under anoxic fermentative conditions [43]. The concomitant
increase in glycerol and succinate, especially in UMCC 3066
supplemented with FERMOPLUS Energy Glu 3.0, suggests that
nutrient supplementation may have promoted a broader meta-
bolic response involving both redox balancing and organic acid
formation.

Acetic acid is another by-product of yeast fermentative meta-
bolism. In S. cerevisiae, it is formed in the cytosol from the ox-
idation of acetaldehyde by aldehyde dehydrogenases as part of
the pyruvate dehydrogenase bypass, with the Mg**-activated,
NADP"-dependent Aldé6p playing a major role [43]. In the
present study, acetic acid yield was significantly affected by strain
(p <0.001), whereas no significant treatment effect was detected.
In all conditions, acetic acid concentrations remained well below

the 0.7-1.0 g/L range commonly associated with the perception
of vinegar-like off-flavors in wine [44-46]. Citric acid yield was
influenced only by strain (p < 0.001). During alcoholic fermen-
tation, citrate release into the medium can derive from residual
activity of the TCA pathway [47], and the final concentration
may therefore reflect strain-specific differences in this metabolic
activity. T. delbrueckii UMCC 5 showed the lowest citrate yields
under all tested conditions, clearly separating from the three
S. cerevisiae strains. This result is consistent with previous ob-
servations indicating that T. delbrueckii only slightly modifies
citric acid concentration during fermentation [35].

Malic acid consumption was strongly affected by strain (p <
0.001) and treatment (p < 0.001), whereas the interaction be-
tween these factors was not significant. Among the S. cerevisiae
strains, UMCC 2592 showed the greatest malate degradation,
reaching 34% in the presence of FERMOPLUS Energy Glu 4.0.
This agrees with the known strain-dependent variability of malic
acid degradation within Saccharomyces yeasts [48]. By contrast,
T. delbrueckii UMCC 5 showed the lowest malate consumption,
ranging from 3.4% to 11.7%, in line with the description of
T. delbrueckii as a moderate consumer of must malic acid [35].
The higher malate degradation observed under nutrient-
supplemented conditions also agrees with the stimulatory ef-
fect of nutrient availability on malic acid consumption previously
reported for T. delbrueckii [35]. Tartaric acid content and
pH were not significantly affected by either strain or treatment,
whereas titratable acidity showed a significant strain-dependent
variation (p < 0.001).

Afterward, PCA was applied to a subset of 12 phenotypic vari-
ables (see Section 2.5). The first and second PCA components
together explain 54.5% of the overall variability. PC1 accounted
for 35.4% of the variance and showed strong positive loadings for
CO, production at 24h (0.973) and FV (0.962), as well as for
malic acid consumption (0.842), succinic acid yield (0.753), and
citric acid yield (0.734). Accordingly, PC1 captured variation
primarily associated with early fermentation kinetics and overall
fermentative performance and was also linked to a greater
degradation of malic acid. PC2 accounted for 19.1% of the var-
iance and was mainly influenced by titratable acidity (loading
=0.826), tartaric acid (loading=0.777), and acetic acid yield
(loading = 0.729). The PCA score plot grouped by yeast strain
(Figure 2) revealed a separation of T. delbrueckii UMCC 5 from
the three S. cerevisiae strains along PC1. UMCC 5 was positioned
on the negative side of this component, consistent with the
significantly lower CO, release at 24 h and reduced FV observed
in Table 3. This pattern reflects the slower early fermentation
kinetics commonly reported for T. delbrueckii compared to
S. cerevisiae [49]. Additionally, UMCC 5 exhibited significantly
lower citric acid values compared to S. cerevisiae strains (Table 4),
a trait previously reported for T. delbrueckii under similar fer-
mentation conditions [30], as well as a significantly lower malic
acid consumption (Table 4). The S. cerevisiae strains (UMCC 19,
UMCC 3066, and UMCC 2592) clustered on the positive side of
PC1, indicating overall comparable fermentation profiles under
the tested conditions; a moderate separation along PC2 was
nevertheless observed, reflecting the differences detected in the
fermentation metabolites (Table 4). When samples were grouped
by rehydration treatment (Figure S1), the three rehydration
conditions (Control, FERMOPLUS Energy Glu 3.0, and FER-
MOPLUS Energy Glu 4.0) showed largely overlapping 95%
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FIGURE 2 | Principal component analysis (PCA) of 12 phenotypic parameters measured in S. cerevisiae UMCC 19, UMCC 3066, UMCC 2592 and
T. delbrueckii UMCC 5 under three rehydration conditions (Control = revitalized strain without nutrient; En. 3.0 = revitalized strain with FERMOPLUS
Energy Glu 3.0; En. 4.0 = revitalized strain with FERMOPLUS Energy Glu 4.0). (A) Score plot showing the distribution of samples in the PC1-PC2 plane;
strains are represented by different symbols and treatments by different colors, according to the legend. Shaded ellipses represent 95% confidence
regions for each strain. (B) Loading plot showing the contribution of each variable to PC1 and PC2.
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FIGURE 3 | Membrane fluidity (GP index) in S. cerevisiae strains (UMCC 19, UMCC 3066, UMCC 2592) and T. delbrueckii strain (UMCC 5). GP
values at TO (immediately after rehydration) and T24 (24-h fermentation) under Control, En. 3.0, and En. 4.0 treatments. The variation in GP between
the two timepoints is also reported. Different letters indicate significant differences (p < 0.05).
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confidence ellipses in the PC1-PC2 plane. Overall, these results
suggest that, under the present experimental conditions, re-
hydration nutrients may exert effects that are more evident on
early fermentation kinetics, whereas their impact on the final
wine composition appeared more limited, with malic acid con-
sumption being the parameter most consistently influenced by
the treatment across the tested strains (Table 4). This corrobo-
rates the unchanged CO, production at the end of fermentation
and suggests that rehydration supplements primarily influence
yeast performance during the fermentation phase rather than the
final product, which maintained optimal parameters. However,
fermentative responses were largely strain-dependent, indicating
that the efficacy of a given rehydration strategy is strongly
influenced by intrinsic yeast traits [50].

3.2 | Effect of Rehydration Nutrients on Yeast
Membrane Fluidity

Membrane fluidity was assessed at two time points: immediately
after the 30 min of rehydration at 20°C (T0) and after 24 h of
fermentation at 25°C (T24), with the aim of evaluating whether
rehydration nutrients could influence membrane physical
properties during yeast reactivation under suboptimal temper-
ature conditions.

The GP values obtained are presented in Figure 3. At TO, all
strains displayed elevated Laurdan GP values, consistent with
increased membrane lipid order immediately following re-
hydration. This observation is consistent with the literature, as it
is well established that dehydration induces a membrane phase
transition from liquid-crystalline state to gel state and that re-
hydration at suboptimal temperatures (<30°C) impairs the
restoration of membrane fluidity, leading to increased perme-
ability and loss of intracellular components [51]. Conversely, it is
known that rehydration at 35°C-43°C facilitates the transition
back to a liquid-crystalline state and minimizes cellular
damage [14].

After 24 h of fermentation at 25°C (T24), GP values decreased
significantly (p < 0.05) for all strains and treatments, indicating
increased membrane fluidity. This shift reflects the adaptation of
yeast cells to fermentation conditions through homeoviscous
adaptation. As reported in the literature, yeast cells modulate
their membrane lipid composition to maintain optimal fluidity
[17]. Analysis of the change in GP values (AGP) revealed dif-
ferences among treatments (Figure 3). Although GP differences
at TO did not reach statistical significance in most strains, a re-
producible pattern was evident across all tested strains. FER-
MOPLUS Energy Glu 4.0 treatment was associated with lower
initial GP values and, notably, with a reduction in GP variation
(AGP) over the 24-h fermentation period. This suggests that the
additive may prime membrane properties already during re-
hydration, resulting in enhanced membrane stability during
subsequent fermentation stress. A plausible explanation is that
membranes in their transitional state during rehydration allow
uptake of exogenous lipids and sterols from yeast derivative-
based additives, supporting membrane recovery [21]. Addi-
tionally, the DAP in FERMOPLUS Energy Glu 4.0 may con-
tribute through early availability of assimilable nitrogen and
phosphate [52].

4 | Conclusions

This study investigated the effects of suboptimal rehydration
temperature (20°C) on commercial ADY strains and evaluated
the efficacy of two rehydration nutrients, FERMOPLUS Energy
Glu 3.0 and FERMOPLUS Energy Glu 4.0, in enhancing fer-
mentation performance and membrane stability. The results
demonstrated that both rehydration nutrients significantly im-
proved early fermentation kinetics in S. cerevisiae strains, as
evidenced by increased CO, production after 24 h compared to
the control. However, T. delbrueckii showed no significant re-
sponse to nutrient supplementation, likely due to its inherently
slower fermentation kinetics as a non-Saccharomyces species.
Notably, these early-phase improvements were only partially
reflected in the final wine composition, indicating that re-
hydration nutrients act predominantly on yeast performance
during the initial fermentation stages. A notable exception was
malic acid consumption, which emerged as the parameter most
consistently affected by nutrient supplementation, particularly
with FERMOPLUS Energy Glu 4.0, whereas ethanol yield and
the overall wine composition remained largely strain-driven.
Regarding membrane fluidity, yeast cells rehydrated at 20°C
exhibited high Laurdan GP values, consistent with increased
membrane lipid order and incomplete recovery from the
dehydration-associated gel-like membrane organization. After
24 h of fermentation, GP values decreased markedly, reflecting
homeoviscous adaptation. FERMOPLUS Energy Glu 4.0 was
associated with lower GP values at TO and reduced AGP values
compared to the control, suggesting a potential stabilizing effect
on membrane properties. This effect may be hypothetically at-
tributed to the uptake of exogenous lipids and sterols, as well as
to the early availability of nitrogen and phosphate from its DAP
component. These findings may contribute to the optimization of
rehydration protocols in commercial winemaking, offering po-
tential benefits in terms of operational flexibility, as well as
reduction in production time and costs. Further studies could
explore the expression of genes related to membrane fluidity
modulation and low-temperature rehydration stress response, to
elucidate the molecular basis of yeast adaptation under sub-
optimal rehydration conditions.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Supporting Information. Figure S1. Principal
component analysis (PCA) of 12 phenotypic parameters (residual glucose,
residual fructose, ethanol yield, glycerol yield, succinic acid yield, acetic
acid yield, citric acid yield, tartaric acid, titratable acidity, CO, after 24 h,
fermentative vigor, and malic acid consumption) measured in S. cerevisiae
UMCC 19, UMCC 3066, UMCC 2592, and T. delbrueckii UMCC 5 under
three rehydration conditions (Control = revitalized strain without nutri-
ent; En. 3.0 =revitalized strain with FERMOPLUS Energy Glu 3.0; En.
4.0 = revitalized strain with FERMOPLUS Energy Glu 4.0). (A) Score plot
showing the distribution of samples in the PC1-PC2 plane; strains are
represented by different symbols and treatments by different colors,
according to the legend. Shaded ellipses represent 95% confidence regions
for each rehydration treatment. (B) Loadings plot showing the contribution
of each variable to PC1 and PC2.
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