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ABSTRACT

Stress has been defined as any environmental factor that impairs the growth of a living
organism. High concentrations of ethanol, sugars and SO, as well as temperature
variations occurring during winemaking processes are some recognized stress factors
that yeasts must overcome in order to avoid stuck or sluggish fermentations. At least
two of these factors -sugar and ethanol concentrations- are strongly influenced by the
global warming, which become them a worry for the future years in the winemaking
industry. One of the most interesting strategies to face this complex situation is the
generation of hybrids possessing, in a single yeast strain, a broader range of stress
factors tolerance than their parents. In the present study, we evaluated four artificial
hybrids generated with S. cerevisiae, S. uvarum and S. eubayanus using a non-GMO-
generating method, in their tolerance to a set of winemaking stress factors. Their
capacity to overcome specific artificial winemaking situations associated with global
warming was also analyzed. All four hybrids were able to grow in a wider temperature
range (8-37°C) than their parents. Hybrids showed intermediate tolerance to higher
ethanol, sugar and sulphite concentrations than their parents. Additionally, the hybrids
showed an excellent fermentative behaviour in musts containing high fructose
concentrations at low temperature as well as under a condition mimicking a stuck
fermentation.

1. INTRODUCTION

Yeasts play a central role in winemaking processes determining through their
metabolism the final quality of wines. During the whole fermentation process, yeasts
should face constant physicochemical changes, such as osmotic pressure, variations in
temperature, ethanol, SO, and nutrient concentrations (Cardona et al., 2007). All these
situations notoriously affect the viability of the microorganisms and hence, several

studies have been focused on understanding the global effect of winemaking stress
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factors over certain strains, especially those belonging to Saccharomyces cerevisiae
species (Lacerda Ramos et al., 2012; Morard et al., 2019). S. cerevisiae industrial strains
have developed different cellular mechanisms to deal with these stress factors during
winemaking, most of them acquired during the domestication process (Diezmann and
Dietrich, 2009).

Today, a number of wine commercial yeast starters bearing different biotechnological
properties and selected to overcome specific winemaking situations are available in the
market. However, the permanent changes that wine industry makes to adapt their
technologies to both market requirements and environmental conditions make it
necessary to develop new yeast strains adapted to these conditions. In fact, even S.
cerevisiae strains have limitations to fulfill some problematic wine fermentation
resulting in sluggish or stuck fermentations (Bisson 1999; Novo et al., 2003).

One of the main problems that the winemaking industry has been facing during the last
years is related to global warming (Bock et al, 2013; Jones et al., 2005; Tate 2001). This
phenomenon gradually affects grapevine yield and wine quality as consequence of the
accelerated maturation of grapes that produces musts with high sugar and consequently
wines with high ethanol contents (Ordufia 2010; White et al., 2006). Moreover,
increased concentrations of fructose in relation to glucose in the must have also been
hypothesized as a consequence of the climate change (Jones et al., 2005). In this
context, the well-known glucophilic character of the regular S. cerevisiae strains (Bauer
and Pretorius 2000; Berthels et al., 2004; Marsit and Dequin 2015) has become a
disadvantage that could lead to stuck fermentation with high concentrations of residual
fructose (Bisson 1999).

Another problem that winemaking industry must overcome is the need of strains better

adapted to extreme fermentation temperatures. Although conducted fermentations are
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well controlled processes, temperature is known to be a factor that could also produce
sluggish and even stuck fermentations (Moreno-Arribas and Polo, 2005; Pretorius and
Hgj 2005; Torija et al., 2003). Increasing temperature accelerates the yeast growth rate
and subsequently the complete kinetic of the alcoholic fermentation; however,
extremely high temperature could affect the yeast cell membrane and produce protein
denaturation (Belloch et al., 2008; Serra et al., 2005). On the other hand, low
temperature also affects the plasmatic membrane fluidity due to the increase of
unsaturation of fatty acids (Torija et al., 2003). However, low fermentation temperature
is nowadays a common strategy in winemaking to produce more aromatic wines
generated because of the minimization of volatile compounds loss (Beltran et al., 2008;
Torija et al., 2003). For those reasons, either to know the temperature growth range of
the starter yeasts employed in the wine industry or to develop new strains able to grow
in a bigger temperature range became a relevant feature to be evaluated in order to
guarantee and optimize the fermentation conditions. Although S. cerevisiae showed
excellent performance at high temperatures, it is not generally efficient in processes
carried out at low temperature (Belloch et al., 2008; Novo et al., 2003). In this new
scenario, wine starters based on the cryotolerant species Saccharomyces uvarum,
Saccharomyces eubayanus or S. kudriavzevii have been proposed for low temperature
fermentation (Lopez-Malo et al., 2013; Masneuf-Pomarede et al., 2010; Origone et al.,
2018). However, these species are more sensitive than S. cerevisiae to high
temperatures and high ethanol concentrations (Arroyo-Ldpez et al., 2010; Belloch et al.,
2008; Salvado et al., 2011).

One of the most interesting strategies to face this complex situation, that allows having
a single yeast strain able to tolerate a broader range of stress factors has been the

development of artificial hybrids generated among different Saccharomyces species. In
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fact, the well-known yeast species S. pastorianus widely studied because of its
economic relevance in lager beer fermentations is a hybrid composed by S. cerevisiae
and S. eubayanus genome portions that inherited the good fermentation performance
from S. cerevisiae and the cold tolerance from S. eubayanus (Baker et al., 2015; Bing et
al., 2014; Gibson and Liti 2015; Nakao et al., 2009; Peris et al., 2014, 2016; Su et al.,
2019). During the last years, many reports have arisen about the generation of artificial
hybrids between these two or other yeast species for beer (Hebly et al., 2015; Mertens et
al., 2015), wine ( Belloch et al., 2008; Garcia-Rios et al., 2019; Magalhes et al., 20173;
Su et al., 2019) and cider (Magalhées et al., 2017b) elaboration. In a recent study carried
out in our laboratory, two S. uvarum strains selected for their differential oenological
characteristics were hybridized with a commercial S. cerevisiae strain, resulting in
hybrids with interesting features to be used in the elaboration of Sauvignon Blanc wines
in Patagonia (Origone et al., 2018). Most of these works demonstrated that the hybrids
showed a broader temperature range than the parental strains; however, the response of
the hybrids to other stress factors has been poorly studied (Arroyo-Lépez et al., 2009;

Belloch et al, 2008; Serra et al., 2005).

In this work, we compared for the first time, different artificial hybrids and their
parental strains belonging to the species S. cerevisiae, S. uvarum and S. eubayanus, in
both their tolerance to a set of typical winemaking stress factors and their capacity to

overcome specific artificial winemaking situations.
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2. MATERIALS AND METHODS
2.1. Yeast strains

In the present study two cryotolerant yeast strains isolated from Araucaria araucana, S.
eubayanus NPCC 1292 (Se) and S. uvarum NPCC 1290 (Su®) were selected to generate
interspecific hybrids by crossing with two S. cerevisiae, a commercial strain NPCC 167

(Sc®) and a wine strain NPCC 1178 isolated from Patagonian wines (Sc"), and selected

according to the biotechnological properties (Lopes et al., 2007). For the generation of

Natural auxotrophic (lys’) strains of the two S. cerevisiae strains were obtained
according to Zaret and Sherman (1985) methodology.

Additionally, two EVOIVEd hybrids (H13 or Sc® x Su® and H17 or Sc° x Su®") previously
obtained in our laboratory (Origone et al. 2018) were also used. Both parental and
hybrid strains are deposited in the North Patagonian Culture Collection (NPCC) (Table
).

2.2. Interspecific hybrids generation

-

(o))
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VAV glycerol at =80°C for later molecularanalysis: Hybrid nature was confirmed by PCR

amplification of CBT2 and GSY1 nuclear genes and subsequent RFLP analysis with
endonucleases Hae 11 and EcoR I, respectively, following the methodology described by
Origone et al. (2018).

Adaptive evolution of confirmed hybrid colonies was carried out by five successive
fermentations using Sauvignon blanc grape must at 20°C. Adaptive evelution of the
hybrids was monitored by RAPD-PCR as suggested by Pérez-Través et al. (2012) and
Origone et al. (2018). One gVoIVed hybrid of each cross was additionally characterized
by PCR-RFLP of 33 nuclear genes, mtDNA-RFLP, COX2 mitochondrial gene
sequencing and DNA content (ploidy) analyses as proposed by Pérez-Través et al.
(2012) and Origone et al. (2018).

2.3. Molecular analysis
2.3.1. RAPD-PCR analysis

RAPD-PCR analysis using primers p24 and p28 was carried out according to the
methodology described in Baleiras Couto et al. (1996).

2.3.2. PCR-RFLP analysis of nuclear genes

Total genomic DNA was obtained from the new hybrids according to Querol et al.
(1992). A total of 33 nuclear coding genes distributed along all of the 16 chromosomes
were amplified and digested with restriction enzymes as described previously (Pérez-
Través et al., 2014).

2.3.3.  Sequencing analysis of the mitochondrial gene COX2
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Mitochondrial gene COX2 from gvelved hybrids was amplified and sequenced as
described by Belloch et al. (2000). PCR products were purified with the AccuPrep PCR
kit (Bioneer, Inc, USA) and submitted to an international sequencing service
(Macrogen, Korea).

2.3.4. Flow cytometry analysis

The total DNA content was assessed by flow cytometry in a FACScan cytometer
(Becton Dickinson Inmunocytometry System) according to the SYTOX Green
methodology described by Haase and Reed (2002). DNA content values were
determined on the basis of fluorescence intensity compared with the haploid (S288c)
and diploid (FY16799) reference S. cerevisiae strains.

2.4. Inoculum preparation

For characterization of yeast strains in wine conditions assays, an inoculum of each
strain was prepared from young cultures (24 h) previously grown in GPY -agar plates
and inoculated in individual tubes containing 5 mL of GPY broth (% w/v: 0.5 peptone,
0.5 yeast extract, 2 glucose). The tubes were incubated for 24 h in agitation conditions
at 27°C until the culture reached 2x10°® cells/mL. For the assays of simulated
winemaking conditions, the inoculum was prepared in the same way but using modified
synthetic must MS 300.

2.5. Tolerance to winemaking stress conditions
2.5.1. Temperature and SO, tolerance

Temperature and SO stress tolerance were analyzed in YEPD-agar plates (Belloch et
al., 2008; Park et al., 1999). YEPD-agar (w/v: 2 % dextrose, 2 % peptone, 1 % yeast
extract, 2 % agar) plates were inoculated with six drops of five serial dilutions (1:5)
from an initial concentration of 2x10° cell/mL of each yeast strain. Temperature assays
were performed by incubating the YEPD-agar plates at different temperature conditions

(4, 8, 13, 20, 25, 30 and 37°C). SO, media culture was supplemented with tartaric acid
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(pH 3.5) 75 mM and increasing concentrations of Na,S,0s to final concentrations of 0,
0.5,1.0, 1.5, 2.0, 2.5, 3.0, 3.5 and 4 mM of SO5*". Inoculated agar plates were incubated
at 25°C. Both stress assays were incubated until colony development was observed at
all dilutions under control conditions, 25°C and 0 mM of SO3%, respectively.

2.5.2. Ethanol and sugar tolerance

Growth character was performed in 96 well microtiter plates containing 200 puL of YNB
(YYeast Nitrogen Base) modified according to the stress condition in the study, adjusted
to pH 3.5 and inoculated with an initial concentration of 1x10° cell/mL of each yeast
strain culture, reaching an initial OD of 0.2, approximately. At the beginning, the
growth medium was modified with increasing concentrations of ethanol to obtain the
following final concentrations: 0, 2, 3, 5, 7 and 8 % (v/v). On the other hand, sugars
tolerance was achieved by supplementing the medium with 2.5, 5, 20, 60, 100, 120,
180, 240 and 300 g/L of glucose. All assays were performed by triplicate, considering a
random distribution across plates and possitions and incubated at 25°C. Growth was
monitored by OD at 630 nm (ODg30) using a manual microplate reader (MindrayMR-
96A, Nanshan, Shenzhen, China). Measurements were taken every hour after a
preshaking of 20 seconds. Experimental data were modelled using the reparametrized
Gompertz function (Zwietering et al., 1990) for obtaining and comparing growth
parameters belonging to each strain.

2.6. Evaluation of hybrids under specific simulated winemaking situations
2.6.1. Fermentations

Assays were carried out in 50 mL flasks containing 35 mL of synthetic must MS 300
modified to generate three simulated conditions: condition 1 (80 g/L glucose, 160 g/L
fructose, fermented at 20°C); condition 2 (80 g/L glucose, 160 g/L fructose, fermented
at 13°C) and condition 3 (20 g/L glucose, 50 g/L fructose, 8 % (v/v) ethanol, fermented

at 13°C). Fermentations (by triplicate) were inoculated with a density of 2 x 10° cell/mL

9
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and incubated at the corresponding temperatures. Fermentations evolution was
monitored by weight loss of the system until at least two different strains produced a
weight loss lower than 0.05 g for two consecutive days. Fermentative products were
centrifuged (5 min, 4000 g) and clear supernatants were stored at 4°C until chemical
evaluation.

2.6.2. Chemical analysis of fermentation products

Chemical analysis (glucose, fructose, ethanol, glycerol, and acetic acid) of fermented
musts were carried out by HPLC using a Thermo Fisher Scientific chromatograph
(Waltham, MA). A refraction index detector and the HyperREZTM XP carbohydrate H
+ 8 um (Thermo Fisher Scientific) column, protected by a HyperREZTM XP
Carbohydrate Guard (Thermo Fisher Scientific) were used. The conditions for the
analysis were the following: eluent, 1.5 mM H,SOyg; flux, 0.6 mL/min and 50°C oven
temperature. Samples were diluted 5-fold, filtered through a 0.22 pm nylon filter
(Symta, Madrid, Spain) and injected in duplicate.

2.7. Statistical analysis

Kinetic parameters of maximum specific growth rate (Imax) and lag phase (1) were
individually obtained for each particular growth curve. ODg30nm Values and the amount
of CO;, lost daily, from microtiter plate and microfermentations (50 mL) assays
respectively, were directly fitted to the reparametrized Gompertz equation (Zwietering

et al., 1990):

2.718282
y = Axexp (—exp ((“m‘”‘ - S ) x(A—10) + 1))

Where y = In (Nt/NO), being Ny the initial OD and N; the OD measured at time t; A = In
(No/No) is the maximum population reached with N, as the asymptotic maximum; i,
is the maximum specific growth rate (h™) and A is the length of the lag phase (h) by

minimizing the sum of squares of the differences between the experimental data and the

10
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fitted model (observed — predicted)?. In the case of microfermentations y = In (N/No)
corresponds to the initial weight of the system (g), A = In (N./No) is the maximum CO,
production, V. is the maximum fermentation rate (h™) and A the period of time to start
the vigorous fermentation (h). The analysis was run using the non-linear module of the
Statistica 8.0 software package and its Quasi-Newton option.

Physicochemical compounds and kinetic parameters were analyzed by mean
comparison using ANOVA and Tukey honest significant differences test (HSD) with an

a = 0.05, using the STATISTICA 8.0 Stat Soft Inc.3 software package. Model

Heatmap plots of kinetic parameters were generated employing the MeV Multi
Experiment Viewer with Euclidean distance metrics and group clustering was based on

group averages (average linkage).

3. RESULTS
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3.1. Generation of artificial interspecific hybrids

Cryotolerant yeast strains S. eubayanus NPCC 1292 and S. uvarum NPCC 1290,
previously selected for their interesting oenological features (Gonzalez Flores et al.,
2017; Origone et al., 2017) were employed as parental strains to generate artificial
interspecific hybrids with S. cerevisiae wine strains. S. eubayanus NPCC 1292 was
crossed with a natural lys” auxotrophic mutant strain of a commercial S. cerevisiae wine
strain (Origone et al. 2018) and S. uvarum NPCC 1290 was crossed with a natural lys
auxotrophic mutant of a Patagonian S. cerevisiae wine strain selected in a previous
work (Lopes et al., 2007). Putative hybrid colonies (named H19 and H20, respectively),
selected from minimum medium agar plates at 37°C, were confirmed by PCR-RFLP of
the nuclear genes CBT1 and GSY1. Recently formed hybrids were gvolved by five
successive fermentation steps in Sauvignon blanc must at 20°C and their gvolution was
evaluated by invariability of RAPD-PCR profiles (Suppl. Figure 1). Flow cytometry
analysis evidenced a DNA content of 2.0 + 0.01 n for the Sc® x Se (H19) and 2.9 + 0.05
n for the Sc% x Su® (H20) hybrids. Moreover, PCR-RFLP analysis of 33 coding nuclear
genes distributed along the 16 chromosomes evidenced that both interspecific hybrids
conserved the complete subgenome of the two parental strains (data not shown). Both
mMtDNA-RFLP analysis and COX2 mitochondrial gene sequencing evidenced the
monoparental inheritance of S. cerevisiae mtDNA in the two hybrids.

3.2. Tolerance to different winemaking stress conditions

Both H19 (Sc® x Se) and H20 (Sc" x Su®), as well as other two hybrids generated in a
previous work named H13 (Sc® x Su®) and H17 (Sc® x Su™), were compared with their
respective parental strains in their tolerance to different winemaking stress factors. The
effect of temperature was tested by the drop test in YEPD-agar plates incubated at
different temperatures (4, 8, 13, 20, 25, 30 and 37°C). Both hybrids and parent yeasts

were able to grow between 13°C and 30 °C, and no growth was observed at 4°C (Figure

12
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1 and Suppl. Table 1). The cryotolerant S. eubayanus and S. uvarum strains were not
able to grow at 37°C while the two S. cerevisiae strains were not able to grow at 8°C. In
contrast, all four hybrids were able to grow at both 8°C and 37°C extreme conditions,
until dilutions 3 and 5 (Figure 1 and Suppl. Table 1).

Sulphite tolerance was also evaluated using the same methodology. In this case, YEPD-
agar plates supplemented with sodium metabisulphite to final concentrations of 0, 0.5,
1.0, 1.5, 2.0, 2.5, 3.0, 3.5 and 4.0 mM. Results evidenced that the cryotolerant parental
strains were only able to grow in plates containing up to 1 mM (equivalent to 43,67
mg/L of free SO;) of the antimicrobial compound, while S. cerevisiae parents developed
colonies at all evaluated concentrations (Figure 1 and Suppl. Table 1). Interestingly,
only the hybrid H20 (Sc" x Su?) evidenced a similar sulphite tolerance to that in S.
cerevisiae (4 mM or 170 mg/L sulphite). All remaining hybrids showed an intermediate
behaviour with regards to their parents, growing until sulphite concentrations of 1,5 mM
(Figure 1 and Suppl. Table 1).

In order to analyze the effect of the remaining stress factors (both ethanol and sugar
concentrations) over yeasts growth, microlite plates assays were carried out using YNB
broth supplemented with the respective stress factor. The OD data obtained in each
condition tested were fitted individually for each parent and hybrid yeast to Gompertz
equation in order to obtain their respective growth parameters (max and A). FOF these
quantitative traits, and only for the diploid hybrids, heterosis analysis was additionally
performed in order to support the results obtained from the comparison between hybrids
and parental strains.

Figure 2 shows the heatmaps generated from the kinetic parameters pUmax and A obtained
for all strains in culture media containing 0 to 8 % (v/v) ethanol (Figure 2A) and 2.5 to

300 g/L of glucose (Figure 2B). In all cases, kinetic parameters were normalized for the

13
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corresponding stress factors concentration using the average value calculated among the
hybrid and their respective parental strains. The original values associated with these
heatmaps are shown in Suppl. Table 2. As a general rule, hybrids evidenced lower pmax
and intermediate A values than their respective parents at all analyzed ethanol
concentrations (Figure 2A and Suppl. Table 2A). These observations were in
accordance with the heterosis analysis (Suppl. Table 3). In this analysis, the diploid
hybrids showed a better performance than the worst parental strains at a concentration
of 8% v/v of ethanol (negative WPH values, Suppl. Table 3).

Similar behaviour was observed after evaluation of the pmax and A parameters at
increasing sugars concentrations. Except for the hybrid H20 (Sc" x Su®), all remaining
hybrids showed lower pmax Values than their parents at all different sugar concentrations
(Figure 2B and Suppl. Table 2B). The hybrids showed, in general, the highest A values.
Again, the hybrid H20 (Sc" x Su®) evidenced a differential behaviour, with the lowest A
values at high glucose/fructose concentrations (240 to 300 g/L), values that are normally
associated with most grape musts.

3.3. Evaluation of hybrids under specific simulated winemaking situations
3.3.1. Glucose/fructose unbalance related to climate change conditions

A first study was performed in microfermentations in 30 mL of synthetic must MS300
modified with a higher proportion of fructose than glucose (240 g/L sugars: 80 g/L of
glucose and 160 g/L of fructose). Fermentations were conducted at two different
temperatures, 20°C (Condition 1) and 13°C (Conditions 2). Table 2 shows both the
kinetic parameters and the main chemical compounds obtained after 20 and 28 days of
fermentation under conditions 1 and 2, respectively. Both Vmax and A parameters were
significantly affected by the fermentation temperature, with the lowest Vmax and the
highest A values found at 13°C. Hybrid strains H17, H20 and the parental strain Sc*

showed the highest Vmax values at 20°C, while the complete set of hybrids showed the

14
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highest Vi values at 13°C (Table 2). FoWeVeF, the hieterosis analysis evidenced an
intermediate behavior in this parameter for most diploid hybrids at both 20°C and 13°C
with regards to their respective parents (SUpPI-Table'8): Regarding 1. values, most

hybrids (except for hybrid H19) showed intermediate values with respect to the parental
strains at the two analysed temperatures. In particular, the hybrid H13 showed hybrid
vigor in this parameter at 20°C, with lower A values than the best parent (BPH of -
45,4%) (Suppl. Table 3).

Most strains were able to complete the sugar consumption (less than 2 g/L of residual
sugars in the final wine) at 20°C (condition 1), with the exception of the two
cryotolerant strains isolated from natural habitats (Su® and Se), which left 4.53 and
45.16 g/L residual fructose, respectively (Table 2). In addition, all four hybrids
produced significantly lower (approximately 59 % less) amounts of acetic acid than the
parents (Table 2).

When the same medium was fermented at 13°C by the same strains (condition 2), a
clear effect of the temperature was observed in all fermentations. In this case, the
fermentative processes were stopped after 28 days of fermentation and only the hybrids
-particularly those generated with S. uvarum parental strains- were able to complete the
sugar consumption. Not all parental strains were able to consume the sugars at the same
time. Under this condition, the hybrids produced higher glycerol amounts and similar

(low) acetic acid concentrations to the same at 20°C (condition 1).

3.3.2. Simulation of a stuck fermentation

15
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A stuck fermentation condition was simulated using the same synthetic must MS300
containing 20 g/L of glucose, 50 g/L of fructose and 8 % (v/v) of ethanol (maximum
exogenous concentration tolerated by both cryotolerant parents and hybrids according to
the results exposed above) and the experiments were carried out at 13°C (Condition 3).
Under this condition, no significant differences in both Vpax and A were observed
among strains, with the only exception of hybrid H19 that showed a significantly higher
A value (Table 2). S. eubayanus was the only strain unable to complete the
fermentations, leaving high (13.76 g/L) concentrations of residual fructose. The hybrids

stood out again for the production of the lowest acetic acid concentrations (Table 2),

4. DISCUSSION

The generation of interspecific hybrids has been recognized as an evolutionary method
to overcome severe conditions of alcoholic fermentation (Lopandic 2018). Diverse

studies have demonstrated that, in general, hybrids can better adapt to changing
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conditions of the fermentation process (Masneuf et al., 1998; Morales and Dujon 2012;
Sipiczki et al., 2001; Su et al., 2019). In particular, artificial hybridization has been
proposed for improving phenotypic characteristics dependent on numerous loci
distributed throughout the yeast genome like the ability to grow at a different
temperature or in different ethanol concentrations (Garcia-Rios, et al., 2019; Giudici et
al., 2005; Marullo et al., 2004). Bibliographic reports about natural hybrids evidenced
that hybrids possessing subgenomes of both S. cerevisiae and a cryotolerant
Saccharomyces species like S. uvarum, S. eubayanus or S. kudriavzevii, are able to grow
in a broader temperature range than natural species (Arroyo-Lopez et al., 2009; Belloch
et al., 2008). Additionally, other works have demonstrated this inheritance in artificially
made hybrids, in comparison with the specific parental strains involved in the
hybridization (for a review, see Sipiczki, 2019). All four hybrids used in this work and
obtained from two cryotolerant species (two different strains of S. uvarum and one
strain of S. eubayanus) and two strains of S. cerevisiae, showed similar temperature
growth profile (broader than their respective parents). As mentioned previously, the
retention in hybrids of the ability to grow at low temperature is an interesting feature for
its putative use in white wines elaboration, usually carried out at lower temperature than
red wine.

Information about the behaviour of hybrids under other winemaking typical stresses
different from temperature and compared with the parental strains is scarce. As the
adaption to different growth temperatures, a large number of genes are involved in the
ethanol tolerance in yeasts (Alexandre et al., 2001; Fujita et al., 2006; Teixeira et al.,
2009; van Voorst et al., 2006). These genes, more than 200 according to the previously
mentioned authors, are broadly distributed throughout the genome (Giudici et al., 2005)

which might suggest that genetic improvement of yeasts based on hybridization could
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be an interesting tool for the generation of more ethanol tolerant yeasts. Arroyo-Ldpez
et al. (2010) evaluated the ethanol tolerance of a set of yeast strains belonging to the
species S. cerevisiae, S. uvarum (Saccharomyces bayanus in that work), S. kudriavzevii
and S. paradoxus, and showed that S. cerevisiae was significantly the most resistant
species. They showed a maximum ethanol tolerance of 117 g/L for S. cerevisiae while
the same for S. kudriavzevii and S. uvarum was around 80 g/L (approximately 8 % v/v).
Additionally, these authors observed no differences in ethanol tolerance among strains
isolated from natural habitats or fermentative environments of both S. cerevisiae and S.
uvarum species suggesting that this physiological feature is not modified throughout the
adaptation to human-manipulated fermentative environments. Origone et al. (2017),
also observed that both S. eubayanus and S. uvarum species were not able to grow at
ethanol concentrations higher than 8% v/v. Additionally, the authors evidenced a lower
ethanol tolerance in the S. uvarum strains isolated from natural habitats with regards to
those from fermented beverages. In our work, no differences were observed in ethanol
tolerance among the two S. uvarum parental strains. The two strains showed worse
performance (lower pmax and higher X values) than S. cerevisiae at the maximum
ethanol concentration evaluated (8% v/v). Independently from the parental strains

involved, all hybrids showed intermediate or worse behaviour than their respective

parental strains at increasing ethanol concentrations. These results were validated by the
many traits are strongly affected by the ploidy (Z6rgo et al., 2013). In a recent work

about comparative genomics of S. cerevisiae strains with different ethanol tolerances,

Morard et al. (2019) demonstrated that polysomy in chromosome 111 was associated
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with the high tolerance to this compound. Interestingly, the hybrid H20 (Sc" x Su®)
generated in this work -the only triploid hybrid- evidenced the best performance at the
highest ethanol concentration evaluated (8% v/v), although it was not better than the
performance of the best parental strain (S. cerevisiae NPCC 1278). Our results suggest
that artificial hybridization did not improve ethanol tolerance in yeasts. Other
experimental approaches, as adaptive evolution experiments based on the exposition of
yeasts to increasing concentrations of ethanol, could be carried out in order to improve
ethanol tolerance. This approach has already been employed by other authors using S.
cerevisiae (Gorter de Vries et al., 2017; VVoordeckers et al., 2015) and even newly
generated hybrids (Piotrowski et al., 2012).

Another significant winemaking stress factor is sugar concentration, ranging in most
grape musts between 120 and 250 g/L (Fleet and Heard, 1993). Under this condition,
yeasts are subjected to strong osmotic pressure. Sugar concentrations from 200 g/L to
300 g/L have been reported to decrease significantly the growth rate of S. cerevisiae
(Charoenchai et al., 1998; D'Amato et al., 2006). Different cellular mechanisms have
been proposed to overcome the hyperosmotic stress, including the synthesis and
accumulation of specific osmotically active compounds (i.e. glycerol or threalose),
temporary arrest of cell cycle, modifications of both transcription and translation
patterns (Babazadeh et al., 2017; Sipiczki, 2019; Scanes et al., 1998). Our results
evidenced that both commercial S. cerevisiae and S. eubayanus parental strains showed
the highest pmax vValues. Numerous reports have evidenced the extraordinary ability of S.
cerevisiae to grow under high sugar concentrations (Berthels et al., 2004) but little has
been shown about S. eubayanus. Origone et al. (2017) has recently evidenced this

ability in the cryotolerant species S. eubayanus. Contrarily to what could be expected
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from the cross of these two species, the hybrids obtained from their cross evidenced
significantly lower pmax Values than their parents.

The ability to grow at high sugar concentrations was already evaluated in many yeasts
possessing chimeric genomes between S. cerevisiae and a cryotolerant species of the
genus generated by both natural and artificial processes. In some of these works,
hybrids displayed an even better sugar tolerance than S. cerevisiae (Belloch et al., 2008;
Bellon et al., 2015; Gibson and Liti 2015). Contrarily, a recent study that evaluated the
fermentative profiles of artificial S. cerevisiae x S. eubayanus hybrids evidenced an
intermediate osmotolerance of the hybrids in relation to their parents (Magalhdes et al.,
2017a). Most of these previously mentioned studies employed the drop test to evaluate
the ability of the yeasts to grow at different sugar concentrations. This methodology is
useful but it has limitations related to its semiquantitative nature. The methodology used
in our work allows having a more complete analysis of yeast growth parameters,
including both umax and A. Interestingly, in our work, the specific analysis of the kinetic
parameters evidenced that the triploid hybrid Sc" x Su® showed the lowest A and higher
Umax Values at the highest sugar concentrations (240-300 g/L). Krogerus et al. (2016)
also observed that both allotriploid and allotetraploid hybrids between S. cerevisiae and
S. eubayanus, but not the allodiploid hybrids, showed a better performance in high-
gravity wort fermentations than their parents.

The ability to grow is not necessarily related to the ability to complete the fermentation
in grape must with high sugar concentration, leaving low levels of residual sugars in the
wine. Moreover, it is well known that different yeast strains have a differential affinity
to glucose or fructose, the two main sugars present in the grape must (Leandro et al.,
2009). In fact, the species S. uvarum has been associated with a more fructophilic

character than S. cerevisiae (Tronchoni et al., 2009). Taking these aspects into
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consideration, the complete set of both parental and hybrid strains were evaluated in
fermentation conditions using synthetic must with 240 g/L total sugars but containing
unbalanced glucose/fructose concentrations (80 g/L/ 160 g/L). Under this condition, all
strains completed the fermentations carried out at 20°C but only hybrids were able to

consume the total reducing sugars at 13°C, with the additional advantage of producing

very low amounts of acetic acid. Gonsidering both. the hybrid Vigouras an

The disturbance in the glucose/fructose proportion (grape must have equimolar amounts
of the two monosaccharides) has recently been hypothesized to be associated with
climate change (Jones et al., 2005), which would turn hybrids into interesting tools in
the future winemaking industry.

Additionally, during the last stages of fermentation, yeasts must efficiently consume the
residual sugars under the additional effect of ethanol. These residual sugars are mostly
composed by fructose due to the glucophilic character of most yeasts (Leandro et al.,
2009). Interestingly, the hybrid Sc" x Su® also showed the lowest A values at the lowest
sugar concentration evaluated (2,5-5 g/L), even lower than the one in the two S.
cerevisiae parental strains. Incomplete alcoholic fermentations constitute another typical
problem in winemaking and hybrids, because of their complex genomic constitution,
could be an interesting biotechnological tool to overcome this situation. Considering the
maximum ethanol tolerance observed in this work for most strains (both hybrids and
parents) as well as the excellent behaviour of hybrids in glucose/fructose unbalance
conditions at low temperature, all strains were subsequently compared in their

fermentation ability using a synthetic must simulating a stuck fermentation (20 g/L
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glucose, 50 g/L fructose, 8% v/v ethanol). In order to avoid the effect of nitrogen
limitation as a putative cause of stuck fermentation (Beltran et al., 2005), a total of 300
mg/L YAN was used in this work for the elaboration of the synthetic must. Numerous
studies have been carried out with the aim of identifying special yeasts able to restart
stuck fermentations, as well as the cellular mechanisms involved (Beltran et al. 2005;
Cavazza et al., 2004; Llauradé et al., 2005; Santos et al., 2008). Our results evidenced
that both hybrids and parental strains were able to restart the stuck fermentations at
13°C, with the exception of S. eubayanus. This species was able to grow at both ethanol
(8% v/v) and sugars concentrations (70 g/L total sugar) when these factors were
evaluated independently; however, this yeast cannot complete a fermentation in which
these two factors are together. Again, the four hybrids generated fermentation products
with a reduced acetic acid content, which represents an interesting advantage of the
hybrid over the parental strains. Some authors have described this differential ability to
produce acetic acid by yeasts as a strain dependent feature (Antonelli et al., 1999;
Castellari et al., 1994; Rainieri et al., 1999). The low acetic acid production was
observed as a common feature of the four hybrids in every different situation evaluated
in this work, which could be associated with common interaction strategies between the
subgenomes of the parental strains involved in hybrid generation. In a previous work
carried out in our laboratory, all 18 S. cerevisiae x S. uvarum hybrid strains (including
the two hybrids used in this work) also showed significantly lower acetic acid
production than their parents in wines obtained from Sauvignon blanc grape must
(Origone et al., 2018). Gonzalez et al. (2007) and Gamero et al. (2013) also evidenced a
lower acetic acid production in both S. cerevisiae x S. uvarum and S. cerevisiae X S.
kudriavzevii hybrids compared to S. cerevisiae and S. kudriavzevii strains used as

references (in this case, the authors did not have the real parental strains because they
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used natural hybrids). By means of quantitative trait loci (QTL) mapping, Marullo et al.
(2007) demonstrated that acetic acid production in wine yeasts is due to a non-
synonymous single-nucleotide polymorphism in the asparaginase ASP1. However, the
explanation for the low acetic acid by the hybrids is still a matter of exploration.
Finally, the tolerance to the antimicrobial compound SO, was also suggested as a key
characteristic to be present in a starter for winemaking. This compound is a very
reactive molecule that binds to a high number of cell metabolites and enzymes; its
impact on wine yeasts, particularly S. cerevisiae, has been widely studied (Divol et al.,
2012). Sulphite tolerance in yeast has been associated to one specific gene named SSU1,
codifying for a plasma membrane protein responsible for the efficient sulphite efflux, as
well as to its transcription factor FZF1 (Avram and Bakalinsky, 1997; Avram et al.,
1999). S. cerevisiae also face the high SO, levels in wine by means of the production of
high levels of acetaldehyde (highly reactive molecule that binds sulphite) as well as the
upregulation of sulphite reduction systems or whole sulphur metabolism (Casalone et
al., 1992). Contrarily to what happens with the tolerance to the other stresses, sulphite
tolerance has been proved to be a domestication sign present in yeasts associated with
industrial fermentations and absent in wild strains (Barrio et al., 2006; Pérez-Ortin et al.,
2002). S. cerevisiae wine strains present a reciprocal translocation between
chromosomes VIII and XVI, generating a recombinant SSU1 promoter involved in the
higher tolerance to sulphite (Pérez-Ortin et al., 2002). Saccharomyces non cerevisiae,
generally associated to less anthropic environments, are more sensitive to sulphite
concentrations than S. cerevisiae. In S. uvarum, the presence of a S. eubayanus
sequence integrated into the gene FZF1 confers a higher tolerance to sulfite (Zhang et
al., 2015). Many strains of this species from Holarctic origin have demonstrated to

possess this integrated region, absent in S. uvarum strains from other origins including
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the South American strains from natural habitats (Albertin et al., 2018; Almeida et al.,
2014). In accordance with this phenomenon, Origone et al. (2017) observed that the
Patagonian strains of S. eubayanus and S. uvarum species, including those used in this
work, were extremely sensitive to this antimicrobial compound, indicating that sulphite
tolerance should be improved to propose the use of these strains in winemaking. For
that reason, the inheritance of sulphite tolerance from the S. cerevisiae parental strain is
a valuable tool in hybrids generated for its use in winemaking industry. Two out of four
hybrids analyzed in the present study evidenced high sulphite tolerance, similar to that
observed for the two S. cerevisiae parental strains. Two hybrids generated in this work
(both Sc° x Se and Sc" x Su®) were able to grow in media containing high (4 mM)
sulphite concentrations. This differential behaviour among the obtained hybrids could
be related to a different inheritance of specific genes alleles associated with the
tolerant/sensitive phenotypes in the hybrids. Interestingly, the hybrid Sc* x Su® was the
most tolerant; this particular feature might be associated with the presence of a higher
copy number (this hybrid exhibited higher DNA content than the remaining hybrids,
approximately 3n) of the S. cerevisiae genes responsible for the sulphite tolerance.
Hybridization was also used recently as a method to improve sulphite tolerance in S.
uvarum, (Liu et al., 2017).

The authors obtained hybrids between sensitive and tolerant parental strains of this
species, that were able to ferment Sauvignon blanc grape juice containing 2 mM (Liu et
al., 2017). In our work, the tolerant hybrids were able to grow in media containing 4
mM of this compound. According to these results, hybridization is a useful strategy to
rapidly generate strains with characteristics typically acquired by the yeasts during long
term domestication processes.

5. CONCLUSIONS
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This study contributes to know more about interspecific laboratory created hybrids and
their possible response under winemaking stress conditions. The capability of hybrids to
develop within a wider range of temperatures than parent yeasts (8-37°C) and to adapt
to fermentative conditions in musts with unequal contents of sugar at different
temperatures with low acetic acid production turn hybrid yeasts in an interesting
oenological tool. Furthermore, a good adaptation to musts in the presence of the
antimicrobial compound SO, suggests its potential for winemaking industry. Our data
also support that the hybridization method of mass-mating, allows the generation of
strains with different ploidy levels, that could be associated with differential adaptive
features.
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FIGURE CAPTIONS

Figure 1: Yeast growth evaluation by drop test at different temperatures and sulphur

dioxide concentration.

Figure 2: Heatmap representation of maximum growth rate (Lmax) and lag phase (1)

values of artificial hybrids in comparison with the respective parent strains at increasing

(A) ethanol and (B) glucose concentrations. Lines correspond to each yeast strain and

columns to different concentrations of the compounds. The colour key bars at the top

indicate the growth parameter values relative to the average for each ethanol and

glucose concentration: values higher that the average are in red and values lower than

the average are in green. Hierarchical clustering is shown on the left. The statistical

significance is shown in Supplementary material Table 2.
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Table 1

Table 1: Yeast strains used in this work

Species Denomination Origin Source

S. uvarum (Su®) NPCCP 1290 Araucaria araucana Rodriguez et al. (2014)
S. uvarum (Su" NPCCP 1314 Apple chicha Rodriguez et al. (2017)
S. cerevisiae (Sc°) NPCCP 167 (K1M) Commercial

S. eubayanus (Se) NPCCP 1292 Araucaria araucana Rodriguez et al. (2014)
S. cerevisiae (Sc%) NPCCP 1178 (MMf9)  Wine Lopes (2002)

Hybrid Su®x Su? H13 Artificial hybrid (rare-mating) Origone et al. (2018)
Hybrid Su®x Su®" H17 Artificial hybrid (rare-mating) Origone et al. (2018)
Hybrid Su®x Se H19 Artificial hybrid (rare-mating) Origone et al. (2018)
Hybrid Su" x Su? H20 Artificial hybrid (rare-mating) Origone et al. (2018)

Superscript letters “a” and “ch” indicate the isolation origin of A. araucana and chicha for S. uvarum
strains, while “c” and “w” stand for commercial and winery isolation origins for S. cerevisiae strains,
respectively.

®North Patagonian Culture Collection, Neuquén, Argentina.



Table 2

a_

b- Superscript letters

c-
d-

Table 2. Physicochemical characteristics and kinetic parameters of fermentation products generated under specific conditions.

Kinetic parameters®

Chemic composition®

Condition® Species” Vi () A (h) Glucose Fructose Glycerol Ethanol Acetic acid
e (9/L) (9/L) (9/L) (% viv) (9/L)
Glu/fru 20°C  S. cerevisiae® (Sc°) 0.045(0.004)* 19.69(0.50)° 0(0.00)? 0.28(0.00)* 7.17(0.19)%° 14.17(0.11)¢ 1.62(0.06)¢
unbalance S. cerevisiae” (S¢¥)  0.032(0.008)™ 22.82(1.32)° 0(0.00)® 0.49(0.28)? 7.62(0.38)%  13.82(0.47)™ 1.04(0.01)°
S. uvarum?® (Su®) 0.025(0.001)" 14.81(1.30)° 0(0.00)* 4.53(2.11) 7.73(0.71)° 13.24(0.30)° 1.46(0.29)%
S. uvarum® (su") 0.031(0.008)" 17.13(0.79)” 0(0.00)? 0.69(0.01)* 8.16(0.01)°  13.49(0.01)* 1.58(0.01)°
S. eubayanus (Se) 0.034(0.003)* 10.98(1.06)° 2.19(0.33)° 45.16(4.54)° 6.80(0.38)® 11.06(0.38)° 1.25(0.10)°
Sc x Su® (H13) 0.038(0.004) 8.09(0.85)" 0(0.00)* 0.73(0.10)* 7.63(0.72)* 13.70(0.17)° 0.33(0.05)?
Sc® x Su™ (H17) 0.043(0.002)" 14.76(0.39)° 0(0.00)? 1.03(0.00)° 7.54(0.637°  13.82(0.37)" 0.55(0.17)
Sc® x Se (H19) 0.032(0.006)* 28.59(1.50)" 0(0.00)? 0.94(0.01) 6.76(0.09) 13.68(0.16)™ 0.61(0.03)°
Sc”x Su® (H20) 0.048(0.001)° 15.78(0.51)° 0(0.00)® 0.62(0.29)* 7.17(0.12)%° 13.14(0.21)* 0.79(0.05)™
13°C  S. cerevisiae® (Sc) 0.013(0.002)" 37.23(6.08)° 0(0.00)* 5.06(2.79) 6.56(0.53)® 13.91(0.49)° 1.37(0.07)%
S. cerevisiae” (Sc") 0.009(0.001) 130.48(11.12)° 0.44(0.12)° 19.72(3.54)° 6.92(0.19)* 13.03(0.40)® 1.39(0.18)°
S. uvarum® (Su®) 0.008(0.0)° 96.37(5.47)° 2.36(0.10)" 44.51(0.98)° 8.25(0.31)"" 11.79(0.33) 1.17(0.05)™
S. uvarum® (Su) 0.010(0.001)* 51.62(4.09) 0.11(0.09)* 12.55(6.12)" 6.88(0.23)°  12.82(0.74)® 1.09(0.12)°
S. eubayanus (Se) 0.015(0.005)™ 55.24(13.43) 0.74(0.10)° 34.85(3.12)° 8.65(0.20)" 11.87(0.16)° 1.73(0.16)
Sc x Su® (H13) 0.014(0.001)* 51.89(6.56)" 0(0.00)* 0.68(0.06)? 8.04(0.25)° 13.51(0.38)° 0.39(0.01)%
Sc® x Su™ (H17) 0.014(0.001)* 54.33(5.54) 0(0.00)? 0(0.00)° 7.24(0.17)" 13.78(0.35)" 0.39(0.01)*
Sc’ x Se (H19) 0.017(0.002)° 56.61(1.58) 0(0.00)? 3.21(0.62)® 8.21(0.08)%f 13.08(0.26)® 0.72(0.04)®
Sc" x Su® (H20) 0.014(0.002)* 68.76(4.62)" 0(0.00)® 0.90(0.41) 6.05(0.28)° 13.19(0.29)® 1.04(0.11)™
Stuck 13°C  S. cerevisiae“ (Sc°) 0.006(0.001)° 90.35(8.72)" 0(0.00)? 0(0.00) 2.14(0.16) 10.88(0.33)° 1.4(0.15)¢
S. cerevisiae” (Sc") 0.003(0.001)* 154.76(3.59)" 0(0.00)* 0(0.00)* 2.46(0.28)® 11.11(0.67)® 0.82(0.09)™
S. uvarum® (Su®) 0.003(0.0) 138.87(16.27)" 0(0.00)* 0(0.00)* 5.27(0.17)° 11.38(0.08)® 1.09(0.26)™
S. uvarum® (Su") 0.004(0.0)** 103.38(18.19)" 0(0.00)? 0(0.00)° 4030083  11.06(0.50) 0.85(0.09)"
S. eubayanus (Se) 0.003(0.01)" 114.92(13.86)" 0.22(0.06)° 13.76(1.87)° 3.70(0.29)" 11.78(0.02)™ 0.78(0.12)™
Sc’ x Su® (H13) 0.004(0.0)** 103.97(13.42)® 0(0.00)? 0(0.00)* 2.93(047)*™  11.59(0.41)® 0.24(0.10)
Sc°x Su™ (H17) 0.004(0.01)** 123.09(7.21)*° 0(0.00)° 0(0.00)* 3.06(0.41)®  11.47(0.24)* 0.27(0.12)°
Sc x Se (H19) 0.005(0.0)" 165.45(13.59)° 0(0.00)? 0(0.00) 3.19(0.36)™ 12.57(0.21)° 0.32(0.12)?
Sc" x Su® (H20) 0.006(0.002)° 112.53(5.68)" 0(0.00)* 0(0.00)* 2.46(0.18) 10.78(0.36)* 0.68(0.22)"

Experimental conditions: Glu/fru unbalance: 80 g/L of glucose, 160 g/L of fructose at 20 °C and 13 °C; Stuck: 8 % (v/v) of ethanol; 20 g/L of glucose, 50 g/L of fructose

at 13 °C.

[P L]

a

S. cerevisiae strains, respectively.
Vmax: Maximum fermentation rate; A: time required to start the tumultuous fermentation.

Standard deviation calculated for the experiments in triplicate into parenthesis. Different superscript letters indicate significant differences between values in the same column for an
experimental condition (p-value<0.005). In all cases, R* values were higher than 0.98.

and “ch” indicate the isolation origin of A. araucana and chicha for S. uvarum strains, while “c” and “w” stand for commercial and wine origins of



Suppl Table 1

Supplementary Table 1: Growth profiles of hybrid and parental strains at different temperatures.

Growth temperatures (°C)°

Sulphur dioxide concentration (mM)

Strains®
4 8 13 20 25 30 37 0 05 10 15 20 25 30 35 4.0
Parental S. cerevisiae® (Sc°) o 0 5 6 6 6 6 6 6 6 6 6 6 6 6 6
S. cerevisiae" (Sc") 0 0 4 6 6 6 5 6 6 6 6 6 6 6 6 6
S. uvarum® (Su®) 0 5 6 5 6 5 0 6 6 5 0 0 0 0 0 0
S. uvarum® (Su®") O 5 6 6 6 5 0 6 6 6 0 0 0 0 0 O
S. eubayanus (Se) 0 5 6 6 6 5 0 6 6 5 0 0 0 0 0 0
Hybrid ~ Scx Su®(H13) 0 2 4 6 6 6 5 6 6 6 3 0 0 0 0 0
Sc° x Su" (H17) O 3 5 6 6 6 5 6 6 6 6 6 5 6 3 1
Sctx Se (H19) 0 2 6 6 6 5 5 6 6 6 2 0 0 0 0 0
Scx Su? (H20) 0 2 6 6 6 5 5 6 6 6 6 6 5 6 6 5
a-Superscript letters “a” and “ch” indicate the isolation origin of A. araucana and chicha for S. uvarum strains, while “c” and “w” are

commercial and winery origins for S. cerevisiae strains, respectively.

b-Numbers 1 to 6 indicate the dilutions where colony development was observed (0 indicates no growth and 6 indicates growth until the last

dilution)



Suppl Table 2

Supplementary Table 2A: Maximum growth rate (L) and lag phase (1) of parental and hybrid strains under increasing ethanol concentrations.
Ethanol concentration (% v/v)®
Species® 0 2 3 5 7 8

u(h™) A (h) u(h™) A (h) u(h™) A (h) u(h™) A (h) u(h™) A (h) u(h™) A (h)
S. cerevisiae (Sc°) 0.22 (0.03)>  1.15 (0.22) 0.20 (0.03)° 1.03(0.10)*  0.19(0.01)"  1.45(0.1) 0.18 (0.00)° 1.75(0.04)"  0.15(0.01)° 1.98(0.67)*  0.16 (0.01)° 2.85(0.67)
S. uvarum? (Su?) 021 (0.03)® 653(0.11)°  0.17(0.01)° 6.44(0.97°  0.20(0.05)° 6.72(0.17)°  0.12(0.00)° 6.27(1.02)°  0.10(0.01)° 11.3(0.94)°  0.10(0.00)° 13.15(0.66)°
Sc®x Su® (H13) 0.15 (0.01)*  4.05 (1.07)° 0.10 (0.01)* 3.77(0.75°  0.10 (0.00)*  2.74 (0.81) 0.09(0.00)° 2.23(0.31) 0.07(0.0)0 3.84(0.27)°  0.07 (0.0)* 8.00 (1.22)°
S.cerevisiae (S¢¥) 022 (0.03)° 1.15(0.22°  0.20(0.03° 1.03(0.10)  0.19(0.01)° 1.45(0.1)7  0.18(0.00° 1.75(0.04 0.15(0.01)° 1.98(0.67)° 0.16(0.01)° 2.85(0.67)"
(Séuch) uvarume 013 (001 525 (0.66)° 011(00)° 6.4 (0.30)" 009 (00  7.87 (0.17)° 0.06 (0.04)* 8.39(0.95)°  0.04 (0.00)* 8.96(0.98)"  0.08 (0.01)* 22.12 (3.83)°
Sc® x S (H17) 0.13(0.00) 3.07(0.59)° 0.0 (0.0 223(0.85°  0.09(0.0)* 3.73(0.01)7  008(0.0)* 72(159°  007(0.0)° 7.41(144° 009 (0.00 12.86(284)°
S.cerevisiae (S¢Y  0.22 (0.03 1.15(0.220*  0.20(0.03)° 1.03(0.1*  0.19 (0.01)*  1.45 (0.1)} 0.18(0.00)> 1.75(0.04)*  0.15(0.01)° 1.98(0.67)*  0.16(0.01)® 2.85 (0.67)"
S.eubayanus (S¢)  0.19 (0.08)° 4.75(0.71)°  0.16(0.02)° 4.37(1.21)° 0.7 (0.05¢ 6.54(1.55°  0.17(0.05® 6.46 (0.64)°  0.2(0.000° 9.12(0.03)° 0.21(0.05)° 8.7(0.27)°
Sc® x Se (H19) 0.16 (0.00)° 4.25(0.71)° 0.2 (0.02%® 337(0.91)°  0.12(0.01)* 3.19(1.10)®  0.09(0.01)* 5.08(199)"  0.08(0.0) 5.28(173)° 0.07(0.01)* 53(214)®

e b a b a b a
(SécW) cerevisiae 19.000) 165 (0.29)° 018(002° 141 (0.50) 016 (0,00 181 (0.19)" 0.15 (0.01)° 2.14(0.08)*  0.13(0.00)" 5.03(0.28)*  0.11 (0.00)° 4.98 (0.3)

S. uvarum? (Su?) 0.21 (0.03*  6.53 (0.11)° 0.17 (0.01)* 6.44(0.97)°  0.20 (0.05)* 6.72 (0.17)° 0.12(0.00)* 6.27(1.02)°  0.10(0.01) 11.3(0.94)°  0.09(0.00)* 13.15 (0.66)°
Sc x Su? (H20) 0.18 (0.0 3.45(0.11)°  0.5(0.01) 2.01(0.01)°  0.14 (0.0 2.82(0.48)°  0.15(0.00)° 4.46(057)° 0.09(0.02)" 8.08(2.06)°  0.10(0.00)° 7.180.04)°

a-  Superscipt letters “a”, “ch”, “c” and “w” indicate the origin of the S.uvarum and S. cerevisiae strains, being A. araucana, chicha, commercial and wine, respectively.
b- Standard deviations, in parenthesis, were calculated from the experiments by triplicate. Different superscript letters indicate significant differences between values in the same column and between the
hybrid and the corresponding parental strains (ANOVA and Tukey Test; p-value < 0.005): In all cases, R values were higher than 0.98:




Supplementary Table 2B: Maximum growth rate (Umsx) and lag phase (1) of parental and hybrid strains under increasing glucose concentrations.

Glucose concentration (g/L)°

Species? 25 5 20 60 100
W (h?) ) (h) W (h™) ) (h) W (h?) ) (h) W (h?) A (h) u(h™) . (h)

S. cerevisiae (Sc°) 0.21(0.03)°  3.03(0.4) 0.19(0.02)°  3.11(0.59) 0.19(0.0)°  4.42(2.06) 0.18(0.03)°  4.22(2.29) 0.21(0.01)°  3.21(0.41)?
S. uvarum? (Su?) 0.14(0.02)® 3.9(1.39) 0.14(0.01)*  3.01(0.57) 0.12(0.00*  2.26(0.0) 0.13(0.02)*  2.47(1.14)° 0.11(0.01)*  2.10(0.96)
Sc® x Su? (H13) 0.11(0.06)*  7.13(0.11)" 0.11(0.01)*  10.01(0.41)" 0.1(0.03)*  7.06(0.3) 0.12(0.02)*  7.49(1.92)° 0.09(0.03)*  8.58(1.05)°
S. cerevisiae (Sc°) 0.21(0.03)"  3.03(0.4) 0.19(0.01)>  3.11(0.59) 0.19(0.0)*  4.42(2.06) 0.18(0.03)>  4.22(2.29)° 0.21(0.01)°  3.21(0.41)
S. uvarum®" (Su®") 0.15(0.02)* 5.58(1.0)° 0.11(0.01)*  3.32(0.49) 0.14(0.03)*  4.06(1.69)% 0.12(0.0®  3.76(1.02) 0.12(0.01)°  3.58(0.53)?
Sc®x Su (H17) 0.11(0.04)*  2.1(0.13) 0.08(0.01)*  2.09(0.94) 0.11(0.01)*  4.31(1.4) 0.08(0.03)*  5.4(1.27) 0.09(0.01)*  3.68(1.94)
S. cerevisiae (Sc°) 0.21(0.03)"  3.03(0.4) 0.19(0.01)>  3.11(0.59) 0.19(0.0)®  4.42(2.06)* 0.18(0.03)>  4.22(2.29)° 0.21(0.01)  3.21(0.41)
S. eubayanus (Se) 0.16(0.01)*  4.96(0.13)® 0.19(0.0)°  6.61(0.0)® 0.20(0.0)°  6.31(0.97) 0.20(0.01)°  4.61(0.38) 0.20(0.01)°  5.18(0.23)
Sc® x Se (H19) 0.12(0.03)*  6.81(2.02)" 0.14(0.01)*  10.37(2.10)° 0.13(0.01)*  11.2(0.68)" 0.13(0.01)*  7.88(2.42)° 0.12(0.00*  8.69(1.25)°
S. cerevisiae (Sc") 0.13(0.03)*  1.81(0.5) 0.14(0.01)*  4.31(0.52)° 0.13(0.0%  1.72(0.5) 0.12(0.03)*  2.84(0.4) 0.11(0.03)*  3.9(1.39)®
S. uvarum? (Su?) 0.14(0.02)*  3.9(1.39)° 0.14(0.02)*  3.9(1.39)® 0.12(0.0%  2.26(0.0) 0.13(0.02)*  2.47(1.14)? 0.11(0.01)*  2.10(0.96)
Sc” x Su? (H20) 0.15(0.02)*  2.19(0.0) 0.14(0.07)*  2.18(0.23) 0.15(0.01)°  3.28(1.2) 0.13(0.0*  12.72(1.6)° 0.10(0.06)*  6.73(1.94)°

a - Superscript letters “a”, “ch”, “c” and “w” indicate the origin of the S. uvarum and S. cerevisiae strains, being A. araucana, chicha, commercial and wine, respectively.
b - Standard deviations, in parenthesis, were calculated from the experiments by triplicate. Different superscript letters indicate significant differences between values in the same column
and between the hybrid and the corresponding parental strains (ANOVA and Tukey Test; p-value < 0.005). I all cases, R values were higher than 0.98.



Supplementary Table 2B (cont.): Maximum growth rate (L) and lag phase (L) of parental and hybrid strains under increasing
glucose concentrations.

Glucose concentration (g/L)"

Species? 120 180 240 300

p(h?) . (h) w(h?) . (h) p(h?) ) (h) u(h?) ) (h)
S. cerevisiae (Sc°) 0.16(0.03)° 2.34(0.58) 0.17(0.01) 3.37(0.32) 0.13(0.01)°  7.42(0.55) 0.13(0.01)°  7.42(0.55)
S. uvarum?(Su?) 0.12(0.02)*  1.53(0.09) 0.1(0.02)*  3.51(0.55) 0.09(0.02)°  6.03(1.07) 0.06(0.01)*  5.09(2.39)*
Sc® x Su? (H13) 0.08(0.0) 5.13(0.03)° 0.08(0.02)*  11.46(2.75)" 0.07(0.01)*  14.63(0.29)° 0 0
S. cerevisiae (Sc°) 0.16(0.03)° 2.34(0.58)° 0.17(0.01)*  3.37(0.32) 0.13(0.01)®  7.42(0.55) 0.13(0.01)°  7.42(0.55)°
S. uvarum® (Su°") 0.10(0.01)*  2.93(1.17) 0.10(0.0)*  5.05(0.53) 0.08(0.01)°  5.24(1.63) 0.04(0.0)*  5.43(0.0)°
Sc® x Su (H17) 0.10(0.01)*  2.81(0.65) 0.07(0.03)*  6.68(0.65)" 0.06(0.01)°  6.27(0.86)" 0.04(0.0)*  4.79(0.21)
S. cerevisiae (Sc°) 0.16(0.03)°  2.34(0.58)? 0.17(0.01)  3.37(0.32) 0.13(0.01)"  7.42(0.55)? 0.13(0.01)°  7.42(0.55)
S. eubayanus (Se) 0.19(0.01)"  4.95(0.28)° 0.17(0.01)"  6.56(0.5)" 0.15(0.01)°  9.26(0.67)" 0.11(0.01)>  10.53(0.4)
Sc®x Se (H19) 0.11(0.0) 8.86(0.98)° 0.09(0.02)*  14.04(3.04)° 0.09(0.02)°  6.32(0.63) 0.07(0.01)*  16.33(1.98)°
S. cerevisiae (Sc") 0.12(0.0)° 4.42(0.5)° 0.12(0.0)*  4.97(0.06)° 0.10(0.01)*  6.26(0.88)" 0.07(0.01)*  4.69(0.93)*
S. uvarum?(Su?) 0.12(0.02)*  1.53(0.09) 0.10(0.02)*  3.51(0.55)° 0.09(0.02)°  6.03(1.07)° 0.06(0.01)*  5.09(2.39)*
Sc” x Su? (H20) 0.13(0.01)*  5.13(0.03)° 0.12(0.02)*  4.53(0.20)" 0.09(0.03)*  1.74(0.11)? 0.11(0.0)*  2.29(1.66)

a- Superscript letters “a”, “ch”, “c” and “w” indicate the origin of the S. uvarum and S. cerevisiae strains, being A. araucana, chicha, commercial and wine,
respectively.

b- Standard deviations, in parenthesis, were calculated from the experiments by triplicate. Different superscript letters indicate significant differences
between values in the same column and between the hybrid and the corresponding parental strains (ANOVA and Tukey Test; p-value < 0.005). In all
cases, R? values were higher than 0.98.



Suppl Table 3

Supplementary Table 3: Heterosis percentages calculated for kinetic and physicochemical parameters obtained for hybrid strains in different conditions.

Sc® x Su® (H13) Sc® x Su (H17) Sc® x Se (H19)
Condition® Parameter® WPH (%
BPH (%) MPH (%) WPH (%) BPH (%) MPH (%) WPH (%) BPH (%) MPH (%) (%)
Ethanol 8 % viv Hmax (h™) -55,75¢ -44.0 -23.7°%% -45,05¢ -27.2 7.7%% -66.0 > -61.1 -54.45¢
A (h) 180.0°%¢ 0.03 -39.1% 351.0°¢ 3.0 -41.95% 85.25¢ -8.6 -39.3%¢
Glucose 240 g/L Hmax (h™) -46.25¢ -35.4 -19.25 -53.85¢ -415 -20.0%" -35.6°* -32.1 -28.2°¢
A (h) 142.75% 117.6 97.25¢ 19.85 -0.9 -15.53¢ -14.85° -24.2 -31.8%*
300 g/L Hmax (h™) -69.25¢ -52.9 0.02°5" -48.7°% -44.4 -39.45¢
A (h) -11.8%¢ -25.4 -35.4%" 120.2°%¢ 82.0 55.1 ¢
Glu/fru 20°C Vimax (h) -15.6 5 8.6 52.0°4 -4.43¢ 13.2 38.7°% -28.95¢ -19.0 -5.9%
unbalance A (h) -45.45" -53.1 -58.95¢ -13.8°¢ -19.8 -25.03¢ 160.4 % 86.4 45.25%
Fructose (g/L) 160.7°5¢ -69.7 -83.9°%¢ 267.95¢ 112.4 49.35" 235.75¢ -95.9 97.9%
Ethanol (% v/v) 3.47%¢ -0.04 -3.35¢ 2.455¢ -0.07 -2.55¢ 23.69 ¢ 8.44 -3.55¢
Glycerol (g/L) 6.45¢ 2.4 -1.33¢ -7.63¢ -1.6 5.23¢ -5.7%¢ 3.2 -0.6%¢
Acetic acid (g/L) -77.43Y -78.6 -79.6°¢ -65.25 -65.6 -66.1°¢ -51.2%¢ -57.5 -62.35¢
13°C Vinax (h™) 7.7%¢ 33.3 75.05¢ 7.7%¢ 21.7 40.0%" 13.35¢ 21.4 30.85¢
A (h) 39.4%¢ -22.3 -46.2%" 45.95¢ 22.3 5.35¢ 52.15¢ 22.4 2.55¢
Fructose (g/L) -86.6 5 -97.3 -98.55¢ -1005¢ -100 -100 %" -36.65¢ -83.9 -90.85¢
Ethanol (% v/v) 14.595¢ 5.14 -2.95¢ 7.495¢ 3.11 -0.95¢ 10.19°* 1.47 -6.0%¢
Glycerol (g/L) 2.6 8. 22.65¢ 5254 7.7 10.43%¢ -5.1%¢ 8.0 25.25¢
Acetic acid (g/L) -66.7 5 -69.3 -71.5%¢ -64.25Y -68.3 -71.45¢ -58.38 5* -53.6 -47 45 3¢
Stuck 13°C Vinax () -33.3%¢ -11.1 33.0%" -33.3%¢ -20.0 03¢ -16.7°5¢ 11.1 66.7°%¢
A (h) 15.15¢ 9.3 -25.1°%¢ 36.25¢ 27.1 19.13¢ 83.1°%¢ 61.2 44,05
Fructose (g/L)
Ethanol (% v/v) 6.53%¢ 4.13 1.95¢ 5.425¢ 4.56 3.7%¢ 15.535¢ 10.94 6.7
Glycerol (g/L) -44.43" -20.1 36.95¢ -24.13" -0.8 43.05¢ -13.85¢ 9.3 49.15¢
Acetic acid (g/L) -78.05¢ -80.7 -82.9°¢ -68.25¢ -76.0 -80.73¢ -59.05¢ -70.6 -77.13¢

a-Experimental extreme conditions of hybrid strains growth (8 % v/v of ethanol, 240 and 300 g/L of glucose) and fermentation traits obtained under glu/fru unbalance and

stuck fermentations at 13 and 20°C.

b-Growth (Umax, A), Kinetic (Vmax, A) and physicochemical parameters evaluated for heterosis indexes. BPH: best parent heterosis, MPH: mid-parent heterosis, WPH: worst
parent heterosis, expressed in percentages.
Values indicating hybrid vigour are showed in bold letters. Superscript letters in heterosis percentages, indicate the parental strain used for comparison in each specific case.
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Suppl Figure 1
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Supplementary Figure 1: Evolution of the hybrid Sc x Se by means of RAPD-PCR analysis. Letters A to E indicate each particular evolution step during

hybrid evolution. Numbers 1-30 in the top of the images indicate different yeast colonies, randomly selected from each particular evolution step. M: 100 bp
DNA ladder marker.



