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ABSTRACT

Trehalose metabolism plays a crucial role in yeast stress tolerance during biomass propagation and dehydration, but its regula-
tory mechanisms under these industrial conditions remain incompletely understood. This study analyses the role of an antiox-
idant enzyme, the cytosolic peroxiredoxin Tsal, in modulating trehalose metabolism in Saccharomyces cerevisiae wine strains
during biomass production in molasses. Through comparative analyses in three commercial genetic backgrounds (L2056, T73,
EC1118), we demonstrate that TSAI deletion generally leads to increased intracellular trehalose accumulation despite pheno-
typic variability among strains. Enzymatic assays revealed that Tsal does not regulate trehalose synthesis by altering glycolytic/
gluconeogenic flux through pyruvate kinase. However, the deletion of TSA1 resulted in increased oxidation of trehalose synthe-
sis enzymes, as well as enhanced activity of trehalose-6-phosphate synthase and the trehalases Nth1 and Athl, suggesting the
involvement of peroxiredoxin in the futile cycle of trehalose synthesis and degradation. Scaling up the yeast biomass propagation
process to semi-industrial conditions confirmed these findings, with increased trehalose levels in the tsal A mutant correlating
with enhanced desiccation resistance of the resulting biomass. These results highlight a novel Tsal-dependent regulatory mech-
anism governing trehalose metabolism beyond its canonical antioxidant role. Understanding this pathway provides new insights
into optimising yeast biomass propagation for industrial applications.

1 | Introduction which are by-products of the sugar industry. Those are therefore

cost-effective and have a high sugar content (65%-75% sucrose).

The yeast Saccharomyces cerevisiae is widely used in biotechnol-
ogy and the food industry, such as wine production. To reduce
the risk of sluggish fermentations and ensure process repro-
ducibility, modern winemaking practices predominantly in-
volve the inoculation of grape must with selected yeast strains,
primarily S. cerevisiae, in the form of active dry yeast (ADY)
(Pérez-Torrado et al. 2015). These commercial starter yeasts are
produced using sugar beet or sugarcane molasses as substrates,

At an industrial scale, yeast biomass propagation is performed
in a series of increasingly large bioreactors with controlled aer-
ation, following two different cultivation phases. In the initial
batch phase, yeast cells are grown in nutrient-supplemented mo-
lasses to promote rapid fermentative growth until the sucrose
is depleted and the ethanol produced is fully consumed. This
phase is followed by fed-batch cultivation, where limited feed-
ing maintains low sucrose concentration, driving the yeast into
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respiratory metabolism and thereby maximising biomass yield.
Finally, the yeast biomass is dehydrated to produce ADY with a
moisture content below 8%, ensuring enhanced product stability
for long-term storage (Pretorius 2000; Pérez-Torrado et al. 2015).

During this process, the intense aeration required for the transi-
tion from fermentative to respiratory metabolism, coupled with
the endogenous respiratory activity of the yeast, results in the
substantial production of reactive oxygen species (ROS). These
oxidative byproducts impose significant oxidative stress on
yeast cells during both biomass propagation and dehydration,
ultimately affecting the biomass yield and the technological
performance of ADY (Matallana and Aranda 2017). In this line,
previous studies have reported the induction of genes associ-
ated with oxidative stress during biomass propagation (Pérez-
Torrado et al. 2005; Gémez-Pastor et al. 2010a) and dehydration
(Garre et al. 2010). Cellular responses to oxidative damage are
triggered when ROS levels exceed the detoxification capacity
of the yeast antioxidant defence systems (Morano et al. 2012),
causing damage to biological molecules such as lipid peroxida-
tion. In addition to some antioxidant enzymes like catalases and
superoxide dismutases, S. cerevisiae possesses glutaredoxin and
thioredoxin systems, which maintain cellular redox balance by
repairing oxidative damage to key cysteines in a variety of pro-
teins (Herrero et al. 2008). Under the aforementioned industrial
conditions, the cytosolic thioredoxin system has been the most
studied (Gémez-Pastor et al. 2012). At the core of this system
is Tsal, the principal cytosolic thioredoxin peroxidase or per-
oxiredoxin, which detoxifies hydrogen peroxide. The catalytic
mechanism of Tsal involves the oxidation of its peroxidatic cys-
teine (C48) by hydrogen peroxide to form a sulfenic acid, which
condenses with the resolving cysteine (C171) to form a disulfide
bond. This bond is subsequently reduced by the cytosolic thiore-
doxins Trx1 and Trx2 cysteines to form another disulfide bond
in them, which are regenerated by thioredoxin reductase (Trrl)
through electron transfer from NADPH. Beyond its peroxide de-
toxification function, Tsal also acts as a molecular chaperone
when excessively oxidised (Hanzén et al. 2016). Previous work
from our group has shown that all components of the cytosolic
peroxiredoxin-thioredoxin-thioredoxin reductase system in-
fluence the regulation of yeast metabolism (Picazo et al. 2019,
2018). Notably, Tsal plays a role in regulating acetic acid and
trehalose metabolism during biomass propagation in molasses
(Garrigos et al. 2020, 2025).

Trehalose is a non-reducing disaccharide consisting of two glu-
cose molecules. It serves as a stress protectant (against cold,
heat, desiccation, osmotic, and oxidative stress) and a signalling
molecule (Elbein et al. 2003; Garre et al. 2010). In fact, high
levels of trehalose during wine yeast propagation have been
described as a marker of improved yeast performance after de-
hydration (Gamero-Sandemetrio et al. 2014). In S. cerevisiae,
trehalose synthesis takes place in the cytosol and involves two
enzymatic activities: trehalose-6-phosphate synthase (Tpsl),
which catalyses the formation of trehalose-6-phosphate (T6P)
from glucose-6-phosphate and UDP-glucose, and trehalose-
phosphatase (Tps2), which dephosphorylates T6P to produce
trehalose. Trehalose mobilisation, on the other hand, relies on
two trehalase activities. Neutral trehalase activity is primarily
attributed to Nth1, a cytosolic protein responsible for intracellu-
lar trehalose degradation. Acid trehalase activity, attributed to

Athl, is associated with vacuolar or periplasmic locations and
is mainly involved in the breakdown of extracellular trehalose
(Eleutherio et al. 2015).

Understanding the role of Tsal in yeast physiology and trehalose
metabolism will be useful for identifying key regulatory mecha-
nisms and novel players involved in the industrial production of
wine yeasts. The aim of this study is to further characterise our
preliminary findings on the role of Tsal in trehalose accumula-
tion (Garrigds et al. 2020) and to perform a temporal dissection
of Tsal-regulated trehalose metabolism through laboratory-
scale simulations of biomass propagation. We found that TSA1
deletion resulted in increased activity of trehalose-6-phosphate
synthase (Tpsl) and the trehalases Nth1l and Athl, ultimately
leading to elevated intracellular trehalose levels during the bio-
mass propagation process. This phenotype persisted at a semi-
industrial scale. Furthermore, this accumulation of intracellular
trehalose in the absence of peroxiredoxin was associated with
higher yeast viability following dehydration.

2 | Material and Methods
2.1 | Yeast Strains and Growth Conditions

The yeast strains herein used are listed in Table S1. Deletion of
the TSA1I gene in the wine yeasts EC1118, L2056 and T73 was
performed by CRISPR-Cas9 using the pRCC-K plasmid, a gift
from Eckhard Boles (Addgene plasmid #81191), and following
the protocol described in (Generoso et al. 2016). Plasmid pFA6a-
13Myc-kanM X6 (Longtine et al. 1998) was used as a PCR tem-
plate for the Ct Myc-epitope tagging of TPS1, TPS2 and NTH1I
genes in strains T73 and T73 tsalA. Yeast transformations
were carried out using the lithium acetate method (Gietz and
Woods 2002). For standard growth purposes, yeast cultures
were grown at 30°C in rich YPD medium (1% yeast extract, 2%
peptone, 2% glucose). Solid media were prepared by supplement-
ing with 2% agar, and geneticin at a concentration of 200mg/L
was used for selecting kanMX transformants. The genetic
modification of the selected resistant colonies was verified by
PCR. The list of genes subjected to genetic manipulation in this
study, along with their corresponding functions, is provided in
Table S2.

Precultures for biomass propagation were prepared in liquid
YPD medium and incubated for 24 h. Bench-top biomass prop-
agation experiments in flasks were conducted using sugar beet
molasses adjusted to 60g/L sucrose for standard molasses, or
20g/L sucrose for diluted molasses. Sugar beet or cane molasses
are the usual substrates for yeast biomass production because
they are cheap and rich in sugars in the form of sucrose, but
nitrogen sources and vitamins have to be added. In both cases,
the molasses were autoclaved for 20min at 121°C and supple-
mented with autoclaved 7.5g/L (NH,),SO,, 3.5g/L KH,PO,,
0.75g/L MgSO,, and filtered 10mL/L vitamin solution (Torrellas
et al. 2020). Cultures were incubated at 30°C with constant
shaking (180rpm) for 72h, allowing for the study of the expo-
nential growth phase, diauxic shift, and stationary phase.

Industrial simulations of yeast biomass propagation were car-
ried outin a 5L ez2-Control bioreactor (Applikon Biotechnology,
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Netherlands) equipped with proportional, integral and deriv-
ative (PID) control units for pH, temperature, oxygen and agi-
tation speed. During the batch phase, the bioreactor contained
3L of autoclaved and supplemented molasses medium (60g/L
sucrose) and was inoculated with an initial OD, of 0.1 from
YPD precultures. Antifoam 204 (Sigma) was added at 0.05%
(v/v). Cells were grown at 30°C with shaking. Dissolved oxygen
was measured with an electrode and maintained at 20% by a
PID control system that allowed automatic modification of stir-
ring speed between 300 and 500rpm. For the fed-batch phase,
the bioreactor was fed with molasses at 100g/L sucrose, main-
taining the respiratory metabolism of the yeast. The initial pH
was 4.5, varying freely during the batch phase and maintained
at 4.5 during the fed-batch phase by the automatic addition of
1M NaOH or 42.5% H,PO,. Cell growth was monitored by mea-
suring OD (600 nm).

2.2 | Biomass Dehydration and Rehydration
Conditions

Yeast biomass was separated by centrifugation at 1792x g,
followed by multiple washes with sterile distilled water to
remove residual molasses. The resulting biomass paste was
shaped into thin strands with syringes and placed inside a
tabletop fluid bed dryer (Sherwood Scientific, Cambridge,
UK). Dehydration was carried out using an airflow rate of
2.5m3/min at 37°C for 50 min, the time required to achieve
a final moisture content of 8%, as determined by weight loss
for T73 (Torrellas et al. 2020). The dried yeast biomass was
subsequently stored at 4°C until further analysis. For rehydra-
tion, the dry yeast biomass was suspended in sterile distilled
water (1:9 biomass-to-water ratio) and incubated at 37°C for
10 min, followed by gentle agitation at 140rpm for an addi-
tional 10 min.

To evaluate cell viability, fresh biomass (before dehydration) and
rehydrated biomass were diluted in sterile distilled water, plated
on YPD agar, and incubated at 30°C for 24h. Colony-forming
units (CFU) were then enumerated, and the survival percentage
was determined by setting the CFU count of fresh biomass as
the 100% survival reference.

2.3 | Metabolite Determination

Sucrose determination was performed in 50 mM sodium acetate
buffer pH 5.0 containing invertase (Sigma, USA). The samples
were then incubated at 30°C for 10 min. The glucose released by
the reaction was determined by the glucose oxidase-peroxidase
method. The enzymatic quantification of ethanol was performed
by spectrophotometric detection at 340nm of NADH formed
during the oxidation of ethanol to acetaldehyde by the alcohol
dehydrogenase enzyme as described (Torrellas et al. 2023).

Intracellular trehalose and glycogen levels were quantified as
described by Gamero-Sandemetrio et al. (2014) and Parrou and
Frangois (1997), using 100mg of cells. Cells were resuspended
in 250mM Na,CO, and incubated at 95°C for 4h. Then, they
were centrifuged at 12,000rpm for 30s. The supernatant was
recovered and incubated overnight with 8.4 mU of commercial

trehalase (Sigma) at 37°C for trehalose determination, or with
amyloglucosidase (1.2U/mL) (from Aspergillus niger, Sigma,
1000U/mL) at 57°C for glycogen determination. The released
glucose was measured by the glucose-oxidase-peroxidase
method (Torrellas et al. 2023).

2.4 | Enzymatic Activities

Cell-free extracts for enzymatic analysis were prepared from
100mg of cells collected by centrifugation, washed with ster-
ile water to remove any residual molasses, and subsequently
resuspended in the specific lysis buffer for each enzymatic ac-
tivity. Cells were disrupted with glass beads using a Precellys
Evolution homogeniser (Bertin). Protein concentration was mea-
sured using the DC Protein Assay (BioRad), following the man-
ufacturer's protocol. For pyruvate kinase activity determination,
lysis buffer contained 100mM 2-morpholinoethanesulfonic
(MES) acid pH 7.0, 200 mM KCl1, 15mM MgCl2, 5% glycerol and
COMPLETE Mini protease inhibitor (Sigma Aldrich). The ac-
tivity was measured as previously described (Jurica et al. 1998;
Irokawa et al. 2016).

For trehalose-6 phosphate synthase (TPS) activity, cell-free ex-
tracts were obtained in cold lysis buffer 25mM MES pH7.1).
TPS activity was measured by a discontinuous procedure as de-
scribed previously (Argiielles et al. 1993). One unit of T-6P syn-
thase activity produced 1 nmol of UDP per min at 37°C.

For neutral and acid trehalase activities, cell-free extracts were
obtained using 10mM MES (pH6.0) as the extraction buffer.
Both enzymatic activities were measured as described above,
with the pH of the incubation buffer adjusted to selectively fa-
vour either neutral or acid trehalase activity (Pedrefio et al. 2002;
San Miguel and Argiielles 1994). The glucose concentration was
determined in the supernatants using the glucose oxidase/per-
oxidase assay.

2.5 | NEM-mPEG Assay and Western Blot

The oxidation state of the cysteines in Tpsl and Tps2 proteins
was studied in cells expressing Myc-tagged versions of Tpsl or
Tps2, by the NEM-mPEG assay following the steps described by
Sjolander et al. (2020). To follow the protein levels of Tpsl, Tps2
and Nthl1, cells expressing Myc-tagged versions of these proteins
were lysed using glass beads, and whole-cell extracts were pre-
pared in lysis buffer containing 1 M Tris—-HCI (pH 7.5), 5M Nacl,
1M MgCl,, 10% (v/v) NP40, 0.1 M PMSF, and a commercial pro-
tease inhibitor tablet (COMPLETE Mini, EDTA-free; Roche). In
both assays, protein concentration was measured using the DC
Protein Assay (BioRad), following the manufacturer's protocol.
Samples were subsequently separated by SDS-PAGE using an
Invitrogen mini-gel system and transferred to PVDF membranes
using a Novex semi-dry transfer system (Invitrogen, Carlsbad,
CA, USA). Immunodetection was performed with the anti-Myc
(Santa Cruz Biotechnology) antibody. Anti-Pgkl (Invitrogen)
was used as the loading control. Signal detection was carried
out using the ECL Western Blotting Detection System (GE
Healthcare). Relative quantification of the protein bands in the
resulting images was performed with ImageJ.
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FIGURE1 | Effect of TSAI deletion in different genetic backgrounds in molasses. (A) Growth measured as OD . (B) Intracellular trehalose and
(C) intracellular glycogen accumulation profiles of L2056, EC1118, and T73 wine strains and their respective tsalA mutants during biomass prop-
agation in flasks, using 6% (w/v) sucrose molasses as the substrate. The experiments were carried out in triplicate, and the average and standard
deviation are provided. Significant differences (*p <0.05, Student's ¢-test) between the tsalA mutants and their parental strains at each time point

are shown.

3 | Results

3.1 | Effect of TSAI Deletion in Different Wine
Strains During Growth in Natural Molasses

Preliminary findings from our research group, using the dip-
loid wine strain L2056, demonstrated that the cytosolic per-
oxiredoxin Tsal significantly impacts intracellular trehalose
and glycogen accumulation after 24 h of growth in sugar beet
molasses (Garrigés et al. 2020). However, wine yeasts ex-
hibit substantial phenotypic diversity (Vallejo et al. 2020a; Su
et al. 2021), which is also reflected in the role of Tsal in yeast
growth and acetic acid metabolism (Garrigos et al. 2025). To
investigate this further, a CRISPR-Cas9 method was developed
to delete this gene in the commercial wine strains L2056, T73
and EC1118. These strains were selected based on their estab-
lished phylogenetic divergence (Borneman et al. 2016), allow-
ing us to assess the impact of Tsal across the natural genetic
diversity present among industrial yeast strains. Moreover,
this comparative analysis will facilitate the identification
of the most suitable genetic background for exploring the
time-course impact of Tsal on trehalose metabolism during
growth under industrial biomass propagation conditions.
Additionally, two types of molasses were tested for this pur-
pose: 6% (w/v) sucrose molasses, commonly employed at the
industrial level (Pérez-Torrado et al. 2005; Garre et al. 2010),

and 2% (w/v) sucrose diluted molasses, which has been shown
in previous studies to maintain biomass yield in S. cerevisiae
wine strains while reducing substrate expenditure (Schnierda
et al. 2014; Torrellas et al. 2023). The experiments were con-
ducted in flasks to allow the analysis of multiple strains and
growth conditions.

First, the growth and trehalose accumulation in 6% (w/v) su-
crose molasses were studied (Figure 1). TSAI deletion did not
significantly affect the growth profile in any of the genetic
backgrounds. However, the tsalA mutants exhibited a consis-
tently lower cell density at some points in the stationary phase
(Figure 1A). After 24 h of growth, TSA1 deletion led to increased
intracellular trehalose levels in all genetic backgrounds. These
levels remained elevated in L2056 tsalA throughout growth,
further increased in T73 tsalA, but decreased in EC1118 tsalA
at 72h (Figure 1B). Since Tsal has also been reported to influ-
ence intracellular glycogen accumulation (Garrigds et al. 2020),
we additionally analysed fluctuations in glycogen levels to
further understand its role in carbohydrate reserve dynamics
during biomass propagation (Figure 1C). The T73 tsal A mutant
exhibited higher glycogen accumulation, with levels up to 1.5-
fold higher than the wt at 24h, 1.6-fold at 48h, and 2.7-fold at
72h. The TSAI deletion in L2056 also led to increased glyco-
gen accumulation after 24 h of growth, whereas this effect was
not observed in the EC1118 genetic background (Figure 1C),
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FIGURE2 | Sucrose consumption and ethanol production profiles of
the T73 and T73 tsal A mutant strains during yeast biomass propagation
in flasks. 6% (w/v) sucrose molasses were used as substrate. The exper-
iments were carried out in triplicate, and the average and standard de-
viation are provided. Significant differences (*p <0.05, Student's ¢-test)
between the tsal A mutant and the parental strain at each time point are
shown. EtOH, ethanol; Suc, sucrose.
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FIGURE 3 | Effect of Tsal on pyruvate kinase activity in molasses.
Pyruvate kinase activity in T73 and the tsalA mutant during biomass
propagation in flasks, using 6% (w/v) sucrose molasses as the sub-
strate. The experiments were carried out in triplicate, and the average
and standard deviation are provided. Significant differences (*p <0.05,
Student's t-test) between the tsalA mutant and the wild-type strain at
each time point are shown.

consistent with previous findings for trehalose (Figure 1B).
Therefore, the impact of Tsal on carbohydrate metabolism ap-
pears to be less pronounced in the EC1118 genetic background
in these conditions.

During wine yeast biomass propagation in diluted molasses
(Figure S1), TSAI gene deletion had a less pronounced impact
on growth across all genetic backgrounds. The L2056 tsalA
mutant showed a growth defect that, although evident from the
early stages, became more pronounced over time. In contrast,
in the T73 and EC1118 genetic backgrounds, TSA1 deletion
had minimal impact on growth (Figure S1A). Additionally,

the L2056 tsalA mutant exhibited increased intracellular tre-
halose accumulation after 24 h of growth but failed to reach
the glycogen and trehalose levels observed in the wild-type
strain during the stationary growth phase (Figure S1B,C). In
T73 and EC1118, this phenotype was not consistently main-
tained. In these genetic backgrounds, tsalA mutants exhib-
ited higher intracellular trehalose levels throughout growth,
whereas glycogen accumulation was only increased in the T73
tsalA mutant at 24 h.

Given the phenotypic variability among strains and condi-
tions, the T73 genetic background was selected for further
experiments, as the trehalose accumulation phenotype of the
tsal A mutant was stable across different substrates. Regarding
growth conditions, 6% sucrose molasses was selected, as it
is the commonly used industrial substrate and showed the
greatest consistency among strains in terms of the TSAI de-
letion effect. Since the tsalA mutant exhibited a growth de-
fect compared to its parental strain T73 from 24 h onward, we
investigated whether this was due to differences in sucrose
consumption and ethanol production efficiency. As shown in
Figure 2, although both strains fully consumed the sucrose
by 24h, the tsalA mutant showed slower sucrose uptake at
12h, resulting in lower ethanol production at that point. This
slight delay in sucrose utilisation may have contributed to the
mutant's slower growth, which persisted beyond 72 h. Notably,
neither strain was able to efficiently consume the ethanol
produced. After 72h of growth, both strains achieved only a
10% reduction in ethanol levels compared to the maximum
recorded at 24h. This indicates that, during biomass propa-
gation in molasses in flask, the conditions are insufficient to
induce a complete shift to respiratory metabolism in yeast,
probably due to poor aeration levels.

3.2 | Tsal Does Not Exert Control Over Pyruvate
Kinase Activity During Yeast Biomass Propagation

A previous study has shown that Tsal improves the efficiency
of gluconeogenesis by physically interacting with pyruvate
kinase (Cdc19) and inhibiting its activity during the diauxic
shift, thus favouring the transition from glycolysis to glucone-
ogenesis (Irokawa et al. 2016). Trehalose is accumulated after
the diauxic shift when the gluconeogenic flux is activated
(Lillie and Pringle 1980). Therefore, if this mechanism ap-
plies, TSA1I deletion should decrease the levels of this protec-
tive disaccharide. However, we have shown that during yeast
biomass propagation in molasses, trehalose accumulation is
induced in T73 tsal A mutant wine strains (Figure 1B). To de-
termine whether this phenotype was due to the effect of Tsal
on pyruvate kinase activity, we cultured T73 and tsalA strains
in flasks with molasses and monitored this enzymatic activity
during 72h of growth (Figure 3). As expected, pyruvate ki-
nase activity was higher in both strains at 8 h of growth when
sucrose was still available. After 24 h, once sucrose was con-
sumed, there was a decrease in this enzymatic activity, which
remained constant after 72h. This highlights the redirection
of metabolic fluxes towards gluconeogenesis. However, TSAI
deletion did not affect pyruvate kinase activity, indicating that
Tsal does not exert control over Cdcl9 in wine strains and
under biomass propagation conditions in molasses (Figure 3).
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The tsalA mutants in the L2056 and EC1118 strains mirrored
this phenotype, so this mechanism is conserved in all wine
strains tested (Figure S2). Overall, these findings suggest
that Tsal represses trehalose and glycogen accumulation in-
dependently of Cdc19 activity during the propagation of wine
yeast biomass in molasses.

3.3 | Tsal Regulates the Activity and Oxidation
Status of the Main Enzymes Involved in Trehalose
Synthesis

Since Tsal does not indirectly influence trehalose metabolism
by controlling a key enzyme involved in glycolytic/glucone-
ogenic fluxes, we sought to investigate whether Tsal directly
affects the abundance of the primary enzymes involved in tre-
halose synthesis, Tps1 and Tps2. To address this, we monitored
the protein levels of Tpsl and Tps2 during growth in molasses
medium, using tagged versions of these proteins.

As expected, the Tpsl (Figure 4A) and Tps2 (Figure 4B) protein
levels increased in a coordinated way after 24 h in both the wild-
type and tsalA strains, coinciding with the complete sucrose
consumption and the onset of the diauxic shift (Winderickx
et al. 1996). Tpsl abundance was higher in the tsalA mutant at
the very start of growth, just slightly higher throughout the latter
growth stages, except at 72h. On the other hand, Tps2 followed
an opposite trend, their levels always being slightly lower in the
T73 tsalA strain. However, these slight differences in Tpsl and
Tps2 abundance do not explain the pronounced trehalose accu-
mulation in the mutant (Figure 1B). Furthermore, trehalose lev-
els in the tsal A mutant steadily increased during growth, while
Tpsl and Tps2 protein levels peaked at 24h and then gradually
declined, becoming visibly lower by 72 h. This lack of correlation
between trehalose levels and protein abundance in the mutant
strain prompted us to evaluate trehalose-6-phosphate synthase
(TPS) activity, which catalyses the initial step in trehalose bio-
synthesis. As expected, TPS activity increased following the
diauxic shift (Figure 4C). Importantly, this enzymatic activity
was 1.57-fold higher in the tsalA mutant after 12h, with fur-
ther increases observed at 24h (1.58-fold) and 48h (1.66-fold)
compared to the wild-type strain. By 72h, the activity levels
in both strains converged, probably due to the significantly re-
duced abundance of Tpsl protein in the mutant. Therefore, the
trehalose levels at 72h in tsal A must result from the accumula-
tion of high enzymatic synthesis activity at earlier time points.
These findings suggest that, during yeast biomass propagation,
trehalose accumulation in the mutant is driven primarily by the
derepression of Tsal-dependent TPS activity, rather than by the
abundance of Tpsl and Tps2 proteins.

Previous studies have underscored the critical role of oxidative
stress defence mechanisms during yeast biomass propagation.
Specifically, Tsal is induced during this process (Gomez-Pastor
et al. 2010a), and the overexpression of the cytosolic thiore-
doxin TRX2 was explored as a strategy to enhance the yeast
antioxidant defence and fermentative capacity (Gomez-Pastor
et al. 2012). Consistent with these findings, deletion of TSAI
has been shown to increase intracellular ROS levels (Garrigés
et al. 2020), which is expected to affect protein oxidation and as-
sociated cellular damage. To further explore this phenomenon,

we investigated the oxidation levels of Tpsl and Tps2 in both
wild type and tsalA strains. We employed a methodology that
enables differential labelling of reduced and oxidised cysteine
(Cys) residues using N-ethylmaleimide (NEM) and methoxy
polyethylene glycol (mPEG) 5000, respectively. The mPEG re-
agent binds specifically to oxidised Cys residues, resulting in
reduced electrophoretic mobility proportional to the number of
modified residues. Our analysis revealed that Tpsl oxidation
levels increased during biomass propagation, with significantly
higher oxidation observed in the tsalA mutant (Figure 4D). This
finding suggests that the hyperoxidation of key cysteines in the
absence of Tsal seems to increase TPS activity. In contrast, Tps2
oxidation was less pronounced overall; however, a notable in-
crease in oxidation was detected in the tsalA mutant, particu-
larly at 24 h (Figure 4E). Therefore, Tsal contributes to both the
activity and the oxidative state of the key enzymes involved in
trehalose synthesis.

3.4 | Tsal Has an Impact on Trehalose Degradation
Enzymes

To comprehensively assess the role of Tsal in trehalose metabo-
lism, we extended our investigation to its impact on degradation.
Due to the cytosolic location of Tsal, the most likely target is
the neutral trehalase Nth1 (Nwaka and Holzer 1997). To investi-
gate Nth1, a labelled version of this protein was used to monitor
its abundance during biomass propagation in molasses. Under
laboratory conditions, Nthl activity has been shown to peak
during the early phases of growth, becoming inactive during
the stationary phase (Dengler et al. 2021). However, the present
study is the first to provide a temporal analysis of Nth1 protein
levels and activity throughout growth in molasses. As shown
in Figure 5A, Nth1 levels in the wild-type strain remained rel-
atively stable, with a slight increase after 24 h, coinciding with
sucrose depletion. In contrast, the tsalA mutant exhibited sig-
nificantly elevated Nth1 abundance compared to the wild-type
strain under post-diauxic conditions, with differences becoming
more pronounced after 24 h. This increase in Nth1 protein levels
correlated strongly with its enzymatic activity (Figure 5B). In
the wild-type strain, a slight rise in Nth1 activity was observed
during the stationary growth phase. However, in the tsalA mu-
tant, neutral trehalase activity was triggered after 24h and pro-
gressively increased to levels up to 14-fold higher than those of
the wild-type strain at the end of growth. These findings demon-
strate that Nth1 activity is not inhibited following the diauxic
shift during biomass propagation in molasses. Moreover, Tsal
regulates both the protein levels and activity of Nth1 under these
conditions.

As Nthl activity was induced during the stationary phase,
we also examined the activity of the acidic trehalase, Athl
(Figure 5C). Previous studies have shown that acidic trehalase
activity gradually increases when yeast cells pass through the
diauxic phase in glucose-based medium, reaching its maximum
levels upon entering the stationary phase, where it is able to mo-
bilise intracellular trehalose (Garre et al. 2009). As expected,
Athl activity increased slightly after sucrose depletion in the
medium (Figure 5C). However, this induction was markedly
higher in the tsalA mutant, with Ath1 activity peaking at the
end of the stationary phase and reaching levels up to 16-fold
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FIGURE4 | Analysis of the impact of Tsal on Tpsl and Tps2 in molasses. Biomass propagation in flasks with 6% (w/v) sucrose molasses was con-
ducted using the T73 and T73 tsalA strains, which included the 13myc-tagged versions of Tps1 and Tps2. This setup facilitated monitoring (A) Tpsl
and (B) Tps2 protein levels throughout the propagation process. Detection of the 13myc-tagged proteins was performed using an anti-Myc antibody.
Pgk1 was used as a loading control and was detected with a Pgk1-specific antibody. (C) Trehalose-6-phosphate synthase (TPS) activity was measured
from T73 and T73 tsalA (non-tagged Tps1/2 strains) cultures in molasses medium. The oxidation status of (D) Tpsl and (E) Tps2 from cultures de-
scribed in (A, B) was conducted using the NEM-mPEG assay. The experiments were carried out in triplicate, and the average and standard deviation
are provided. Significant differences (*p <0.05, Student's ¢-test) between the tsalA mutant and the wild-type strain at each time point are shown.
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FIGURE 5 | Analysis of the Impact of Tsal on Nth1l and Ath1l in molasses. Biomass propagation in flasks with 6% (w/v) sucrose molasses was
conducted using the T73 and T73 tsal A strains, which included the 13myc-tagged versions of Nth1 for monitoring (A) Nth1 protein levels throughout
the propagation process. (B) Nth1 activity and (C) Ath1 activity were measured from T73 and T73 tsalA (non-tagged Nth1 strains) cultures in molas-
ses. The experiments were carried out in triplicate, and the average and standard deviation are provided. Significant differences (*p <0.05, Student's

t-test) between the tsalA mutant and the wild-type strain at each time point are shown.

higher than in the wild-type strain. These results suggest that
Tsal represses the activity of both neutral and acidic trehalases
in a coordinated way in post-diauxic conditions.

3.5 | Regulation of Trehalose Metabolism by Tsal
Is Maintained at a Semi-Industrial Scale

Biomass propagation in flasks is a useful approach for studying
yeast growth in molasses under batch conditions and investigat-
ing the metabolic changes that take place following the diauxic
shift. However, at an industrial scale, once the yeast metabolises
the ethanol produced through respiration, the process transi-
tions to a fed-batch phase. During this stage, controlled feeding
and aeration of the bioreactor or fermentation tank are imple-
mented to maintain yeast respiratory metabolism and maximise
biomass production.

In this work, we found that during biomass propagation in
flasks, yeasts were unable to respire the ethanol produced due
to insufficient aeration (Figure 2). This underscores the need to
scale the process up to a bioreactor to study the impact of Tsal on
trehalose metabolism under enforced respiration and during the

transition from batch to fed-batch stages. Using a 5L bioreactor,
we reproduced the biomass propagation process in molasses on
a semi-industrial scale. As shown in Figure 6A, both the wild-
type and the tsal A mutant strain achieved optical densities (OD
at 600nm) up to four times higher than those observed during
flask-based growth. Analysis of the growth curve revealed that
TSA1 deletion resulted in a small growth defect, consistent with
previous observations in flask cultures (Figure 1A) and bioreac-
tor using synthetic molasses as a substrate (Garrigés et al. 2020).
This growth defect became evident at approximately 10h,
during the exponential growth phase, likely due to the reduced
efficiency in carbon source uptake and delayed establishment
of fermentative metabolism of the mutant. This was reflected in
a very slight delay in sucrose consumption and subsequent lag
in ethanol production (Figure 6B), although the overall profile
is highly similar. The growth defect became more pronounced
in the post-diauxic phase, once sucrose was depleted. As shown
in Figure 6B, yeast cells adopted a respiratory metabolism after
24h to metabolise the ethanol produced during fermentation.
Under optimal aeration conditions, both wild-type and tsalA
strains completely consumed ethanol by 48 h, transitioning into
the fed-batch phase, which continued until 72h. During the fed-
batch stage, no ethanol production was observed, confirming
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that both strains maintained their respiratory metabolism.
These results demonstrate that proper aeration in the bioreac-
tor not only maximised biomass production in both strains but
also allowed detailed analysis of their respiratory metabolism.
Importantly, these findings confirmed that Tsal has a more
pronounced impact during the post-diauxic growth phase, high-
lighting its role in detoxifying reactive oxygen species (ROS), a
by-product of respiration.

To study the involvement of Tsal in trehalose metabolism
under bioreactor growth conditions, we focused on analysing
key enzymatic activities, as previous results indicated that pro-
tein abundance alone was not a reliable indicator (Figure 4).
Regarding trehalose levels, the wild-type strain accumulated
more intracellular trehalose during the first 24h, likely due to
its earlier consumption of sucrose (Figure 6C). However, once
respiratory metabolism was fully activated, the tsalA mutant
exhibited higher intracellular trehalose levels, with concentra-
tions 1.6-fold higher than wild-type at 48h and 1.5-fold higher
at the end of the process. This increase was likely driven by en-
hanced TPS activity in the tsalA mutant throughout growth
(Figure 6D). Although TPS activity was higher in the tsalA
mutant, its overall profile was similar to that of the wild-type
strain. As the yeast fermented sucrose from the medium, TPS
activity increased until it stabilised at 24h, coinciding with the
transition to respiratory metabolism, and remained stable until
the end of the batch phase. At the onset of the fed-batch phase,
both the wild-type and tsalA strains displayed a slight increase
in TPS activity, which then significantly decreased by 72h when
the yeast experienced complete nutrient depletion. Further
analysis of neutral and acidic trehalase activities revealed that
the deletion of TSAI led to the derepression of these enzymes
in the bioreactor, mainly under respiratory conditions. At the
start of the batch phase, Nth1 activity was slightly higher in the
wild-type strain. However, this difference disappeared after
24h, when both strains had consumed the available sucrose and
shifted to respiratory metabolism (Figure 6E). At 30 h, while the
wild-type strain experienced a decrease in neutral trehalase ac-
tivity, the tsal A mutant maintained levels up to 2.6-fold higher.
Throughout the fed-batch phase, both strains exhibited an initial

increase in neutral trehalase activity upon detecting sucrose in
the medium, followed by a decline after 72h, coinciding with
nutrient depletion. Nevertheless, Nth1 activity remained signifi-
cantly higher in the tsalA mutant during the fed-batch stage.
In contrast, Athl activity peaked at 51h in the wild-type strain
during the fed-batch phase (Figure 6F). The tsalA mutant, how-
ever, exhibited a derepression of acid trehalase activity from
30h onward, reaching levels 13-fold higher than the wild-type
strain. Athl activity remained high in the mutant throughout
respiratory metabolism, peaking at 51h. Despite this, trehalose
levels increased again at the end of the process, reaching their
maximum in both strains. These findings confirm that Tsal reg-
ulates trehalose metabolism on a semi-industrial scale by con-
trolling both its synthesis and degradation activities.

3.6 | Tsal-Dependent Trehalose Accumulation
Confers Increased Resistance to Desiccation

Multiple studies have demonstrated the critical role of trehalose in
yeast survival during the dehydration process (Garre et al. 2010;
Tapia and Koshland 2014; Tapia et al. 2015). Additionally, evi-
dence confirms the induction of oxidative stress response genes
during yeast dehydration, underscoring the importance of redox
defence systems (Pérez-Torrado et al. 2005; Garre et al. 2010). As
TSA1I deletion increased intracellular trehalose levels, we aimed
to determine whether Tsal plays a more significant role as an
antioxidant protein or as a repressor of trehalose accumulation
during dehydration.

To address this question, both the T73 wild-type strain and the
tsalA mutant were grown in molasses using flask cultures, and
cells were harvested after 24 h of growth (Torrellas et al. 2020).
To simulate the industrial dehydration process, a bench-top
fluid bed dryer was used to produce ADY with approximately
8% residual humidity (Figure 7A). Cell viability after dehydra-
tion was then assessed. The tsalA mutant displayed viability
values upwards of 58%, which was higher than the 49% of via-
ble cells in the wild-type strain (Figure 7B). This was probably
due to the higher levels of trehalose present in the mutant before
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drying, with a slight mobilisation in the dried cells that equal-
ised the trehalose levels to those of the T73 strain (Figure 7C).
These results suggest that trehalose during dehydration is more
relevant than the oxidative stress defence provided by the cyto-
solic peroxiredoxin Tsal.

4 | Discussion

Since wine production is a seasonal process, modern oenology
requires large quantities of wine yeast starters, typically of the
species S. cerevisiae, for massive and timely use after harvest.
To ensure the stability of this yeast biomass during long-term
storage, the desired wine strains undergo a biomass propaga-
tion process followed by dehydration to produce ADY (Gonzalez
and Morales 2022). As a result, wine yeasts must adapt, both
physiologically and metabolically, to three biotechnological
processes involving different environmental and nutritional
conditions: biomass propagation, drying, and wine fermenta-
tion (Matallana and Aranda 2017). There is extensive knowl-
edge on the behaviour of the Saccharomyces strains during
wine fermentation (Moimenta et al. 2023; Minebois et al. 2021;
Vallejo et al. 2020b) and, to a growing extent, during dehydra-
tion (Calahan et al. 2011; Gamero-Sandemetrio et al. 2014,
2019). However, studies on the yeast's behaviour and response
during biomass production remain scarce, prompting our group
to focus on this process for years. During this stage, yeast cells
are exposed to intense oxidative stress, which damages cellular
components and leads to a variety of detrimental effects, includ-
ing protein carbonylation, lipid peroxidation, DNA damage, and
a reduction in antioxidant molecules such as reduced glutathi-
one (Morano et al. 2012; Gémez-Pastor et al. 2012). To counter-
act this stress, yeast relies on its endogenous antioxidant defence
systems. In this context, the overexpression of oxidative stress
response genes, such as TRX2, has been explored as a strategy
to enhance tolerance to oxidative stress, leading to increased
biomass yields and improved ADY fermentative performance
(Gémez-Pastor et al. 2010b, 2012). Alternatively, the supplemen-
tation of food-grade oils with established antioxidant properties,
such as argan oil, has also been tested during yeast biomass
propagation, resulting in reduced oxidative damage and en-
hanced fermentative capacity of the yeast (Gamero-Sandemetrio
et al. 2019). Trehalose has also been demonstrated to be an ef-
fective protective agent against oxidative damage (Herdeiro
et al. 2006; Landolfo et al. 2008). Recent studies from our group
have demonstrated that the cytosolic peroxiredoxin Tsal influ-
ences trehalose accumulation during yeast biomass propagation
in molasses (Garrigos et al. 2020). Understanding the regulatory
mechanisms controlling trehalose metabolism in wine yeasts
under industrial conditions can be used as a potential biotech-
nology improvement tool. Therefore, in this work, we analysed
the molecular causes behind this regulation.

In this study, we performed a temporal dissection of the role
of Tsal in regulating enzymes involved in trehalose metabo-
lism during wine yeast biomass propagation in molasses. Our
results revealed variability between wine strains and growth
conditions. Metabolic differences between strains were ex-
pected, given the differential activation of their signalling path-
ways (Vallejo et al. 2020a; Scott et al. 2023) and the cytosolic
peroxiredoxin-thioredoxin-thioredoxin reductase system itself

(Garrigos et al. 2025). Furthermore, in line with our results,
variability in intracellular trehalose levels has been observed
among S. cerevisiae wild strains, which led to studying the con-
tribution of the enzymes involved in both its synthesis (Chen
et al. 2022) and degradation (Chen et al. 2024). At the same time,
the variability observed across different substrates and growth
conditions was also unsurprising. On one hand, during growth
on diluted molasses (2% (w/v) sucrose), the yeast experienced
lower initial osmotic stress compared to 6% (w/v) sucrose mo-
lasses, which may contribute to trehalose accumulation (Pérez-
Torrado et al. 2005; Eleutherio et al. 1997). On the other hand,
flask agitation did not replicate the aeration levels achieved
in the bioreactor, leading to differences in oxidative stress de-
rived from respiratory metabolism. This, in turn, impacts both
the cytosolic thioredoxin system and trehalose synthesis genes
(Gémez-Pastor et al. 2010a). Therefore, conducting a prelimi-
nary screening of genetic backgrounds and culture conditions
was of great relevance to optimise the analysis of the impact of
Tsal on trehalose metabolism.

Molasses 6% (w/v) in sucrose was the culture medium that re-
sulted in the most homogeneous phenotype among wine strains
in terms of trehalose accumulation, and has previously been
shown to simulate at laboratory scale the results obtained in
the production industry (Garre et al. 2010). Generally, in shake
flasks, TSAI deletion led to higher levels of intracellular tre-
halose during yeast biomass propagation (Figure 1B), consis-
tent with semi-industrial scale bioreactor results (Figure 6C).
Trehalose is a multifunctional molecule that enhances toler-
ance to desiccation (Tapia et al. 2015). In fact, high trehalose
levels during yeast propagation have been identified as a marker
of improved yeast performance after dehydration (Gamero-
Sandemetrio et al. 2014). The tsalA mutant demonstrated
greater viability after dehydration (Figure 7B), despite being
exposed to elevated ROS levels (Garrigés et al. 2020) and in-
creased protein oxidative damage (Figure 4D,E). This finding
indicates that under these conditions, trehalose provides greater
protection than the antioxidant function of Tsal, suggesting
that trehalose may have additional roles, for instance, acting as
a chemical chaperone preventing cytosolic protein aggregation
(Tapia and Koshland 2014). Furthermore, the tsal A mutant may
compensate for the peroxiredoxin deficit by activating other an-
tioxidant systems, such as those based on glutathione (Garrigds
et al. 2020).

Tsal influence in metabolism has been described to be direct,
modulating specific metabolic enzymes, or indirect, controlling
signalling pathways. Previous studies demonstrated an exam-
ple of direct regulation of Tsal on intracellular trehalose ac-
cumulation by repressing pyruvate kinase activity, redirecting
metabolic flux towards gluconeogenesis (Irokawa et al. 2016).
However, we observed the opposite phenotype and did not de-
tect the influence of Tsal on pyruvate kinase under conditions
of biomass propagation in molasses (Figure 3 and Figure S2).
Therefore, Tsal may be influencing trehalose metabolism indi-
rectly through other pathways, such as protein kinase A (PKA)-
dependent regulation. This kinase belongs to the Ras/cAMP/
PKA pathway, which responds to glucose availability (Conrad
et al. 2014). Under high glucose conditions, PKA becomes ac-
tive and phosphorylates several targets, such as Nth1, enhanc-
ing its activity, or inhibiting others, including the general stress
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response transcription factors Msn2/4, thereby repressing the
expression of STRE-dependent genes like TPS1, TPS2 or NTHI
(Estruch 2000). Interestingly, it has been described that Tsal
interacts with the regulatory subunit (Bcyl) and one of the cat-
alytic subunits (Tpkl) of PKA, decreasing its activity (Roger
et al. 2020; Kritsiligkou et al. 2021). Based on these findings,
it could be hypothesised that the deletion of TSAI might lead
to reduced intracellular trehalose levels due to increased PKA
activity, although direct evidence is lacking. This indirect
mechanism could also account for the observed accumulation
of glycogen, as PKA regulates the expression of GSY1/2 genes,
which encode enzymes involved in glycogen synthesis, through
the transcription factors Msn2/4. Another plausible explana-
tion for the increased trehalose and glycogen levels in the tsalA
mutant is the potential accumulation of UDP-glucose, a shared
precursor for the biosynthesis of both protective carbohydrates.
All these observations raise several intriguing questions: Could
the molecular mechanisms involving Tsal in laboratory strains
differ from those in wine strains? Could molasses influence the
regulatory role of Tsal?

Alternatively, we demonstrated that Tsal influences the activity
of key enzymes involved in trehalose synthesis and degradation
during yeast biomass propagation, both in flask cultures and at
a semi-industrial scale (Figures 4-6). Previous studies had high-
lighted the genetic interaction of TSA1 with the genes encoding
the trehalose-6-phosphate synthase (TPSI) and phosphatase
(TPS2) (Hanzén et al. 2016), as well as its protein interaction with
Tps2 and the regulatory subunits of the trehalose synthase com-
plex (Tps3, Tsl1) (Seisenbacher et al. 2025). The fact that there is
higher oxidation of the biosynthetic enzymes in the tsal A mutant
suggests an unknown regulatory mechanism that may influence
folding, aggregation or another similar way to increase enzy-
matic activity that probably is based in the formation and release
of disulfide bonds in key cysteines of such proteins (Figure 4).
However, no direct interactions between Tsal and trehalases
have been described. This limitation diverted the effort to in-
vestigate the oxidation state of Nth1 or Athl. Although a direct
modulation of enzyme activity cannot be completely ruled out,
the most plausible explanation is that Tsal influences trehalase
activity through an indirect mechanism. This is particularly ev-
ident for Athl, whose distinct subcellular location makes direct
regulation by Tsal unlikely, suggesting the possible existence of
a shared indirect regulatory mechanism governing the activity
of both Nth1 and Ath1. As Nth1 levels are increased in the tsalA
mutant (Figure 5B), an impact of NTHI gene expression by PKA
modulation may be a suitable explanation. As mentioned above,
our results revealed that TSAI deletion increased TPS activity,
which likely explains the high levels of intracellular trehalose.
Interestingly, the tsalA mutant also exhibited increased neutral
and acid trehalase activities. The coordinated expression of genes
involved in both trehalose synthesis and certain degradation en-
zymes has been previously demonstrated under stress conditions
(Parrou et al. 1997), pointing to the existence of a futile cycle of
trehalose synthesis and degradation during heat shock (Hottiger
et al. 1987) in which Tsal could be involved. This cycle, despite
consuming energy, is believed to help the cells quickly adapt to
environmental changes by balancing metabolic fluxes and main-
taining cellular homeostasis. It allows the cell to quickly shift
metabolic flux in either direction without needing to synthesise
or degrade enzymes; therefore, it provides metabolic readiness

for fluctuating conditions, such as nutrient availability or stress.
As Tsal directly interacts with most synthesis enzymes, which
are more abundant than trehalases (Ho et al. 2018), a pronounced
and more direct derepression of trehalose synthesis may be oc-
curring in the tsalA mutant, thereby explaining its elevated in-
tracellular trehalose levels. Moreover, the observation that TSAI
deletion increases Ath1 activity in molasses, even in the absence
of extracellular trehalose, suggests enhanced mobilisation of in-
tracellular trehalose to the vacuole, where it is degraded by the
acid trehalase. Overall, this study underscores the role of Tsal
as a novel regulator of trehalose metabolism during the biomass
propagation of S. cerevisiae wine strains in molasses. This regula-
tory function of Tsal is achieved by modulating the activity of en-
zymes involved in both trehalose synthesis and degradation. The
accumulation of trehalose caused by TSA1 manipulation causes
an increase of cell viability after drying (Figure 7). That is a tech-
nological improvement that can lead to more robust yeast starters
in the form of ADY that would improve the speed of grape juice
fermentation. Understanding this process at the molecular level
may help develop strain selection methods or strain improvement
by Adaptive Laboratory Evolution that may lead to yeast starters
with improved biotechnological performance. Further work to
unveil the mechanisms of action of Tsal will be addressed in the
future.
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