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ARTICLE INFO ABSTRACT

Keywords: Lack of the prezygotic barrier in the Saccharomyces genus facilitates the construction of artificial interspecific
S. cerevisiae hybrids among different Saccharomyces species. Hybrids that maintain the interesting features of parental strains
S. Eubayanus have been applied in industry for many beneficial purposes. Two of the most important problems faced by wine
. uvarum makers is nitrogen deficiency in grape must and low-temperature fermentation. In our study, hybrids were
Hybridisation . . . .

7 . constructed by using selected low nitrogen-demanding cryotolerant S. eubayanus, S. uvarum strains and S. cer-
Nitrogen requirement . . . - - o .
Temperature evisiage. The fermentation capacity of the hybrid strains was tested under four conditions by combining two

temperatures, 12°C and 28°C, and two nitrogen concentrations, 60 mg/L and 300 mg/L. The hybrid strains
obtained combined characters of both parental strains and conferred better fermentation rates under low-tem-
perature or low-nitrogen conditions. The hybrid strains also produced larger amounts of acetate esters and
higher alcohols, which increase aroma intensity and complexity in wine. Nitrogen sources were more rapidly
consumed by the hybrid strains, which allows greater competition ability under nitrogen-deficiency conditions.
Therefore, the interspecific hybridisation between low nitrogen-demanding cryotolerant strains and S. cerevisiae
is a potential solution for low-temperature or low-nitrogen fermentations.

1. Introduction

Nitrogen is one of the substantial nutrients for yeasts that regulates
biomass formation and fermentation activity, and provides important
precursors for wine aroma-related compounds, such as higher alcohols,
esters and volatile fatty acids (Bely et al., 1990; Bisson, 1991; Swiegers
et al., 2005). Lack of nitrogen is one of the main causes of sluggish or
stuck wine fermentation and H,S production (Bell and Henschke, 2005;
Giudici and Kunkee, 1994). While nitrogen plays a significant role in
fermentation processes and sensory wine characters, yeast assimilable
nitrogen (YAN) deficiency in grape must has been well-identified in
many wine regions in Europe and elsewhere in the world (Butzke, 1998;
Hagen et al., 2008; Henschke and Jiranek, 1993; Nicolini et al., 2004).
Many studies have revealed that at least 140 mg/L YAN is needed to
achieve complete wine dryness (Bely et al., 1990, Mendes-Ferreira
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et al., 2004). Technically speaking, a higher YAN concentration is
needed to match a higher sugar concentration in grape must. Nitrogen
addition to grape must can be one solution, but it is often difficult to
handle. Excessive nitrogen additions may lead to the presence of non-
assimilated residual nitrogen at the end of fermentation, which leads to
microbial instability and ethyl carbamate accumulation in wine (Ough
and Amerine, 1988). Therefore, it is of much interest to develop yeast
strains with lower nitrogen requirements to complete fermentations.
The Saccharomyces genus has been used as an ideal paradigm for
hybridisations. In spite of the fact that eight identified species (S. cer-
evisiae, S. paradoxus, S. mikatae, S. kudriavzevii, S. arboricola, S. uvarum,
S. eubayanus and S. jurei) are highly divergent in nucleotide sequences,
they barely show any prezygotic barriers, which enables them to mate
and form viable diploids (Morales and Dujon, 2012). Natural hybrids
have been isolated from different fermentation processes. The most
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well-known lager beer yeast S. pastorianus is a natural hybrid between
S. cerevisiae and S. eubayanus (Gibson and Liti, 2015). Besides, S. cere-
visiae x S. uvarum, S. cerevisiae x S. kudriavzevii, and even triple hybrid S.
cerevisiae x S. kudriavzevii x S. uvarum, have been isolated from wine,
cider and beer (Antunovics et al., 2005; Gonzélez et al., 2006; Krogerus
et al., 2018; Le Jeune et al., 2007; Lopandic et al., 2007; Masneuf et al.,
1998). Interspecific hybridisation could be an evolution strategy for
better adaptation to the environment or could also be a result of do-
mestication. Apart from natural hybrids, artificial hybridisation can be
used as a powerful tool for developing yeast strains with desirable
merits for industrial uses. Many hybrid strains have been constructed in
laboratories to combine beneficial attributes, such as stress tolerance,
aroma production, fermentation rate, sugar utilisation, etc. (reviewed
by Bisson, 2017; Lopandic, 2018; Sipiczki, 2018; Sipiczki, 2019;
Steensels et al., 2014). These artificial hybrids, together with natural
interspecific hybrids, not only possess the characters of both parents,
but also demonstrate superior performance in many cases (Garcia-Rios
et al., 2019; Krogerus et al., 2017; Pérez-Través et al., 2015; Sipiczki,
2008). Some of them have been successfully used in the fermentation-
based food and beverage industry. One example is a hybrid developed
in our laboratory between S. cerevisiae and commercial strain S. uvarum
Velluto BMV 58 (Lallemand Inc.) to improve the ethanol tolerance of S.
uvarum, which has been commercialised as Velluto Evolution (Lalle-
mand Inc.).

Fermentation at lower temperature is becoming increasingly pop-
ular because volatile compounds can be better preserved and it,
therefore, provides wine with fruitier and fresher notes (Molina et al.,
2007). However, cold temperature is one of the major stresses for S.
cerevisiae, which largely influences the fermentation rate. S. eubayanus
and S. uvarum are two of the most applied species for artificial hy-
bridisation. Their well-known cryophilic nature favours the require-
ment of low-temperature fermentation. S. uvarum strains have been
isolated as the dominant strain from different fermentation environ-
ments, including wine, cider and apple chicha (reviewed by Rodriguez
et al., 2016). This species, together with S. cerevisiae, is able to tolerate
different stress conditions and allows wine fermentations to finish
(Alonso-del-Real et al., 2017b). Physiologically, S. uvarum produces less
acetic acids and ethanol, but more glycerol than S. cerevisiae (Castellari
et al., 1994; Masneuf-Pomarede et al., 2010). In particular, this species
produces more 2-phenylethanol and 2-phenylethyl acetate, which
confer wine a pleasant rose-like odour (Gonzalez Flores et al., 2017;
Masneuf-Pomarede et al., 2010; Stribny et al., 2015). S. eubayanus was
first isolated and identified by Libkind et al. (2011) from Patagonia.
After its identification, it has been isolated in various locations in North
America (Peris et al., 2014), China (Bing et al., 2014) and New Zealand
(Gayevskiy and Goddard, 2016), and also from other substrates and
locations in Patagonia (Rodriguez et al., 2014). However, no isolate has
yet been obtained from Europe. Keen research interest has been shown
in S. eubayanus after its identification. Nowadays, the beer fermented
only by S. eubayanus can be found on the market.

Several studies have previously constructed hybrids between S.
cerevisiae and S. eubayanus, S. uvarum aiming to improve the cryophilic
character of S. cerevisiae (Diderich et al., 2018; Garcia-Rios et al., 2019;
Hebly et al., 2015; Kishimoto, 1994; Magalhaes et al., 2017; Origone
et al., 2018; Rainieri et al., 1998; Zambonelli et al., 1997). However, so
far, hybridisation has not been used to improve the nitrogen require-
ments of a wine yeast. In our previous study (Su et al., 2019), we
compared the nitrogen requirements of the S. eubayanus and S. uvarum
Patagonian strains to S. cerevisiae by carrying out both fermentation and
growth experiments with different nitrogen concentrations and several
temperatures. Our results revealed that both species, especially the S.
eubayanus strains, have relatively lower nitrogen requirements than the
S. cerevisiae control strain. Therefore, the combination of two inter-
esting oenological features, cold tolerance and low-nitrogen require-
ments, in S. eubayanus and S. uvarum makes these two species ideal
candidates for hybridising with S. cerevisiae. Thus, the objective of our
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study was to improve yeast fermentation activity at a low temperature
and a limited nitrogen concentration by constructing hybrids between
S. cerevisiae and the low nitrogen-demanding cryotolerant strains of S.
eubayanus and S. uvarum. In fact, a low-temperature and nitrogen-lim-
ited fermentation is a very challenging situation for wine yeasts. Both
conditions produce similar metabolic and transcriptional effects, de-
creasing biomass yield and fermentation rate during wine fermentation
(Beltran et al., 2007; Pizarro et al., 2008).

Different strategies to construct artificial hybrids, including proto-
plast fusion, rare mating, spore to spore mating, mass mating, etc., have
been successful applied (reviewed by Morales and Dujon, 2012;
Sipiczki, 2008; Steensels et al., 2014). In this study, we applied the
direct cell to cell mating method which is simply mixing cell cultures of
two selected stable haploid parents. This approach is not used regularly
to develop novel yeast hybrids due to the homothallic nature of most
industrial yeast strains, making them unsuited for this approach.
However, homothallic strains would be amenable to this approach after
genetically disrupting the HO endonuclease gene, a gene responsible for
mating-type switching (Katz Ezov et al., 2010), making these strains fit
for cell-to-cell mating experiments (Steensels et al., 2014). Despite this
requires a genetic transformation, which implies that the resulting
hybrid is classified as a GMO, we used this direct and quick hy-
bridisation method. We aimed at this stage to get a proof of concept that
hybridisation of S. cerevisiae with S. eubayanus and S. uvarum was a
feasible method to get strains with good fermentation performance at
low temperature and nitrogen-limited conditions. The constructed hy-
brids were evaluated by conducting fermentations under four different
conditions by combining two temperatures and two nitrogen con-
centrations. Fermentation metabolite and volatile compounds produc-
tion by different yeast strains was determined. Nitrogen assimilation
during fermentation was monitored throughout the fermentation pro-
cess.

2. Materials and methods
2.1. Strains and media

S. eubayanus (Se) strain NPCC1285 was isolated from A. araucana
seeds and S. uvarum (Su) strain NPCC1317 was obtained from fer-
mented apple chichi, both from the Patagonia region in Argentina.
These strains were identified as low nitrogen-demanding strains in our
previous work (Su et al., 2019) and were used as cryotolerant parental
strains. Lalvin T73 (Lallemand Inc., Montreal, Canada) was used as the
S. cerevisiae (Sc) parental strain.

Yeast extract peptone dextrose (YPD) medium, which contains 20 g/
L glucose, 20 g/L peptone and 10 g/L yeast extract, was used for yeast
propagation.

Fermentations were carried out with synthetic grape must (SM)
which was prepared as described by Riou et al. (1997) with some
modifications. This medium contains 200 g/L of sugar as a 50% glucose
and 50% fructose mix. The concentrations of organic acids were the
following: 5 g/L malic acid, 0.5 g/L citric acid and 3 g/L tartaric acid.
Minerals and vitamins were supplied at the same concentration as those
described by Su et al. (2019). The composition of nitrogen sources in
the SM was 40% of ammonium chloride and 60% of amino acids. The
composition of amino acids in the 1L stock was 1.5 g L-tyrosine, 13.4 g
L-tryptophan, 2.5 g L-isoleucine, 3.4 g aspartic acid, 9.2 g glutamic acid,
28.3g L-arginine, 3.7 g L-leucine, 5.8 g L-threonine, 1.4g glycine,
38.4 g L-glutamine, 11.2 g L-alanine, 3.4 g L-valine, 2.4 g L-methionine,
2.9 g L-phenylalanine, 6 g L-serine, 2.6 g L-histidine, 1.3 g 1-lysine, 1.5 g
L-cysteine and 46.1 g L-proline, which corresponded to 13.75 g/L of
Yeast Assimilable Nitrogen (YAN is the sum of the amino acid and
ammonium concentrations, except proline). The final pH of the SM was
adjusted to 3.3 with sodium hydroxide. Synthetic musts were sterilised
by filtration through 0.22pm pore-sized membrane filters (Thermo
scientific, MA, USA).
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2.2. Hybrids construction

Firstly, we generated stable haploid versions of the diploid parental
strains by deleting one copy of the HO gene using the dominant drug
resistance markers nourseothricin and hygromycin (Goldstein and
McCusker 1999). The HO deletion was performed by PCR-mediated
gene replacement (short flanking homology method). The deletion
cassette was obtained by PCR using the pAG25 plasmid that contains
nourseothricin resistance and the pAG32 plasmid that contains hygro-
mycin resistance. Namely, one copy of the HO gene of T73 was replaced
with NatMX6 and the HO genes of S. eubayanus and S. uvarum were
replaced with HphMX6. The primers used for gene deletion are listed in
Supplementary Table 1. Transformation was performed by the lithium
acetate method (Gietz and Schiestl, 2008). Transformants were selected
by resistance to nourseothricin or hygromycin, and correct deletion
cassette integration was confirmed by diagnostic PCR using the primers
upstream and downstream of the deleted region (Supplementary
Table 1).

The successfully transformed diploid parental strains (heterozygous
for HO) were sporulated on acetate medium (1% potassium acetate, 2%
agar) for 5-7 days. Asci were digested with 0.5 mg/mL zymolyase at
37°C for 30 min. Tetrads were dissected using a micromanipulator
(MSM 400; Singer Instruments, Watchet, UK) on YPD agar plates (2%
Bacto peptone, 1% yeast extract, 2% glucose, and 2% agar). Viable
spore clones were then streaked onto YPD with nourseothricin or hy-
gromycin agar plates for Aho spore clone selection. The haploid cells
with nourseothricin or hygromycin resistance were again verified by
diagnostic PCR, as mentioned above.

The Aho haploid strains from both parental with opposite mating
types were mixed on the same spot on complete media (YPD) and
grown for 24 h. Cells were then harvested, diluted and plated on YPD
plates containing both hygromycin and nourseothricin to select diploid
hybrids. These hybrids were then confirmed by the Mspl restriction
pattern of the KEL2 gene (Pérez-Través et al., 2015). Eleven hybrids of
each combination (ScxSu and ScxSe) were tested for growth capacity at
60, 140 and 300 mg/L YAN, and no significant differences among the
different hybrids were observed (data not shown).

2.3. Fermentation activity analysis

Fermentations were carried out in 100-mL bottles with 80 mL of the
SM at two nitrogen concentrations (60 and 300 mg/L YAN) at 12°C or
28°C. The SM was inoculated with both pure and mix cultures to a
population size of 2 x 10°cells/mL. The mix-culture fermentations
were inoculated with 50% of each of the two tested strains.
Fermentation kinetics was followed by measuring the density reduction
of the SM. Fermentation was considered finished when density went
below 998 g/L (Gutiérrez et al., 2012).

Unlike S. cerevisiae, S. uvarum and S. eubayanus strains are less heat-
tolerant and are unable to form colonies on YPD plates at 37 °C.
Therefore, in the mix-culture fermentations, the percentage of S. cere-
visiae was determined simply by plating the sample on two YPD plates
and incubating at 30 °C and 37 °C. Colony-forming units (CFU) were
counted after 2 days of incubation. The CFU number on the 37 °C plates
represents the S. cerevisiae population and the CFU difference between
the two plates represents the population of the non-cerevisiae strains in
the mixed culture (Su et al., 2019).

2.4. HPLC analysis for residual sugars and fermentation metabolites

At the end of the fermentations, samples were taken and analysed
for the main wine chemical parameters, including glucose, fructose,
ethanol, glycerol, succinic acid and acetic acid. Samples were first
centrifuged to remove yeast cells and the supernatants were diluted 3
times with deionised water to then be filtered through 0.22 uym pore-
sized nylon filters (Phenomenex, CA, USA). HPLC, equipped with a
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refraction index detector and a UV-Visible detector, was used for the
analysis. The employed mobile phase was 1.5 mM H,SO,4 with a flux of
0.6 mL/min. Metabolites were separated by a HyperREZ XP
Carbohydrate H+ 8 mm column with a column temperature of 45 °C
(Thermo Scientific, MA, USA).

2.5. HPLC analysis for residual amino acids

The analysis of the residual amino acids was carried out in a ulti-
mate 3000® UPLC (Thermo Scientific, MA, USA) equipped with a
UV-visible detector (Thermo Scientific, MA, USA). The HPLC analysis
method is based on Gémez-Alonso et al. (2007), but with some mod-
ifications. The 400 puL samples were derivatised with 12 pL diethy-
lethoxymethylenemalonate (DEEMM), together with 300 pL of me-
thanol. The reactions were performed in screw-cap test tubes in an
ultrasonic bath for 30 min, followed by heating at 80 °C for 2h to de-
grade any excess DEEMM. After derivatisation, samples were filtrated
through 0.22pm nylon syringe filters (Phenomenex, CA, USA).
Chromatographic separation was performed with an Accucore® C18 LC
column (Thermo Scientific, MA, USA). The binary gradient was applied
(phase A: 25 mM acetate buffer, pH 6.0, and phase B: acetonitrile) at a
flow rate of 1.2 mL/min and a column temperature of 30 °C. The gra-
dient is shown in Supplementary Table 2.

2.6. GC analysis for volatile compounds

Higher alcohols and esters were analysed by the headspace solid-
phase microextraction (HS-SPME) technique using a 100 um poly-di-
methylsiloxane (PDMS) fibre (Supelco, Sigma-Aldrich, Madrid, Spain).
The extraction method was the same as that described by Stribny et al.
(2016). 2-heptanone (0.005%) was added as an internal standard. A
TRACE GC Ultra® gas chromatograph (Thermo Scientific, MA, USA)
with a flame ionization detector (FID) was used, equipped with an HP-
INNOWax 30m x 0.25mm capillary column coated with a 0.25pum
layer of cross-linked polyethylene glycol (Agilent Technologies, CA,
USA). The oven temperature programme was: 5 min at 35 °C, 2 °C/min
to 150 °C, 20 °C/min to 250 °C and 2 min at 250 °C. The detector tem-
perature remained constant at 300 °C. Chromatographs were analysed
by the Chrom Quest programme. Volatile compounds were identified by
the retention time for the reference compounds. Quantification of vo-
latile compounds was determined using the calibration graphs of the
corresponding standard volatile compounds.

2.7. Statistical analysis

All the fermentations were carried out in triplicate. Fermentation
kinetics was calculated by fitting the density data to the 4-parameter
logistic model. The time needed to consume all the sugars (T100) was
extracted from the smoothed data. One-way analysis of variance
(ANOVA) was conducted with version 7.0 of the Statistica software
package. The statistical level of significance was set at p < 0.05 with a
Tukey HSD test. For the nitrogen uptake order analysis, the area under
the curve (AUC) value was calculated by using the R statistical software
v. 3.0 with the “growth curver” package (Sprouffske, 2018). A heatmap
was plotted by Mev MultiExperiment Viewer, and hierarchical clus-
tering was based on Euclidean distance metrics. A principal component
analysis (PCA) was performed using the software package LatentiX 2.12
(http://www.latentix.com). Data were autoscale-normalised.

3. Results

3.1. Fermentation kinetics and cell composition in the mix-culture
fermentation

Fermentations were carried out at four different conditions with a
combination of two temperatures, 12°C and 28 °C, and two nitrogen
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concentrations, 60 mg/L and 300 mg/L YAN. The strains used in these
fermentations were parental strains S. cerevisiae (Sc), S. eubayanus (Se)
and S. uvarum (Su) and two hybrid strains, ScxSe and ScxSu. For com-
parison purposes, the mix-culture fermentations between S. cerevisiae
and the cryotolerant parental strains (Sc + Se and Sc + Su) were also
carried out. The results indicated that 12 °C and 60 mg/L YAN formed
an extremely harsh condition and none of the tested strains or combi-
nations of strains were able to complete fermentations within 500 h.
However, the lowest residual sugar concentration was detected in the
Su fermentation, which was > 3-fold lower than the Sc fermentation
(21 vs. 75g/L; Supplementary Table 3). For the other fermentation
conditions, the time needed by the different strains to end fermenta-
tions (T100) are shown in Fig. 1 (A-C). As expected, Sc displayed such
better performance and spent less time to finish fermentations than Se
and Su, mainly under the optimum condition for S. cerevisiae (28 °C and
300 mg/L YAN). The cryotolerant strains carried out the fermentations
more slowly. They had difficulties to deplete all the sugars at 28 °C and
60mg/L YAN and > 10 g/L fructose remained in the must (Supple-
mentary Table 3). On the contrary, the hybrid strains displayed out-
standing fermentation performance, and even exceeded their Sc par-
ental strain by completing fermentations in shortest time under all the
conditions. The fermentation time of the mix-culture fermentations was
somewhere between that of the Sc and cryotolerant strains. In order to
determine the competitiveness of each strain in the mix-culture fer-
mentations, the percentage of each inoculated strain was also mon-
itored (Supplementary Fig. 1). Our results showed that temperature
strongly influenced the imposition of Sc on Se and Su. Sc was less
competitive than the cryotolerant strains at 12°C. Regardless of ni-
trogen content, at the end of these low temperature fermentations, the
percentage of Sc represented only 20-30% of the total population. In
contrast at 28 °C, the percentage of Sc was around 60%-80%. A high
nitrogen concentration also favoured the implementation of Sc, but the
influence was not as determinant as temperature.

1.1 Metabolites production by different fermentations

At the end of the fermentations, major metabolites were analysed by
HPLC (Supplementary Table 3). The yields of ethanol, glycerol, and
organic acids by sugar consumption were calculated. No significant
differences were observed for the ethanol yields in most of the fer-
mentation conditions (Fig. 2, Supplementary Table 4). However, sig-
nificant differences were observed for the glycerol yields for the various
tested conditions. Generally speaking, Sc was a low glycerol producer,
whereas the cryotolerant strains gave the highest glycerol yields for all
the conditions. Interestingly, under the low-nitrogen condition at 28 °C,
the hybrid strains achieved significantly higher glycerol production
than their Sc parental strain (> 2 g/L higher), but no significant dif-
ferences were found in the fermentations done with 300 mg/L YAN.
Acetic acid synthesis also strongly depended on yeast strains. The hy-
brid strains produced significantly smaller amounts of acetic acid than
Sc, especially when nitrogen was limited in the SM. Su was the lowest
acetic acid producer under all the conditions. Another metabolite
whose concentration seemed to be nitrogen-dependent was succinic
acid. A negative correlation was found between nitrogen concentration
and succinic acid production, with higher yields for all the strains when
nitrogen was limited.

3.2. Quantification of volatile compounds

Volatile compounds production was considerably influenced by
fermentation temperature, nitrogen concentration and yeast strains
(Supplementary Table 5). The concentrations of eleven volatile com-
pounds were determined, and they were classified as ethyl esters (ethyl
hexanoate, ethyl octanoate, ethyl decanoate, diethyl succinate), acetate
esters (ethyl acetate, isoamyl acetate, 2-phenylethyl acetate), and
higher alcohols (isobutanol, isoamyl alcohol, benzyl alcohol, 2-
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phenylethanol). The unfinished fermentations at 12 °C and 60 mg/L of
YAN were not included in the comparisons. Supplementary Fig. 2 shows
the distribution of these three groups of aroma compounds from all the
fermentations under the same condition. Regardless of the inoculated
strain, the fermentations carried out with limited nitrogen demon-
strated slightly higher acetate esters and ethyl esters production, but
these differences were not statistically significant. Higher alcohols
production was strongly influenced by fermentation conditions. A much
larger amount of higher alcohols was produced when fermentations
were carried out with 60 mg/L YAN, with double the concentration of
that in the fermentations run with 300 mg/L YAN. A PCA was carried
out with the aroma data of all the fermentations (Fig. 3). The first two
principal components accounted for 65% of total variance. The topo-
graphy distribution of the PCA showed that the environmental factors
(nitrogen and temperature) more strongly impacted aroma production
than the inoculated strain because all the strains were grouped ac-
cording to fermentation conditions. The only exceptions were strains Se
and Su at 28 °C/300 mg/L YAN, which grouped with the samples at low
temperature, which could be interpreted as a consequence of their
cryotolerant feature. The fermentations performed with the higher YAN
concentration grouped mainly for the higher production of some ethyl
esters, isoamyl acetate, and benzyl alcohol, while the fermentations
performed with the lower YAN concentration stood out for higher al-
cohols production.

Se produced the largest amount of acetate esters (mostly ethyl
acetate) at 28 °C and Su exhibited the same behaviour at 12 °C (Fig. 4;
Supplementary Table 5). Conversely, Sc and hybrids yielded larger
amounts of ethyl esters, mainly diethyl succinate, than the cryotolerant
parental strains at low temperature or under low-nitrogen conditions.
Significant differences in ester production were observed by the two
hybrids: ScxSe produced a higher level of ethyl esters than ScxSu, re-
gardless of the fermentation conditions. Regarding the higher alcohols,
Sc and the hybrid strains were the best producers at 28 °C. At 12°C,
hybrids also maintained good higher alcohols production, whereas the
synthesis of Sc significantly lowered. The production of 2-phenylethyl
acetate and 2-phenylethanol was higher for both the cryotolerant and
hybrid strains, and occurrence was more obvious for the fermentations
conducted at low temperature or at a limited YAN concentration
(Supplementary Table 5). The mix-culture fermentations generally gave
intermediate production values between the pure culture of Sc and the
pure cultures of the cryotolerant strains, but behaviour was more ir-
regular because it depended mostly on the degree of imposition of each
inoculated strain (Supplementary Fig. 1).

3.3. Nitrogen source uptake order by hybrid strains under different
conditions

Nitrogen source preference and nitrogen source assimilation order
shed light on the nitrogen metabolism regulation by certain yeast spe-
cies. In order to explore nitrogen uptake order by hybrids and their
parental strains, the residual nitrogen in the must was analysed by
HPLC during fermentation. The percentage of nitrogen consumption
was plotted against time as the nitrogen consumption curve. The area
under the curve (AUC) provided comprehensive information about the
time to start consumption, the consumption rate and the maximum
consumption percentage. A high AUC value indicates a more rapid
complete consumption of certain nitrogen sources. Conversely, a low
AUC value denotes slow or incomplete consumption (individual con-
sumption curves are found in Supplementary Figs. 3-6). Although the
fermentations run at 12°C with 60 mg/L YAN did not finish, the ni-
trogen consumption under this condition was complete. Therefore, this
condition was included for the analysis. For an overview of nitrogen
consumption efficiency, the AUC value of the total YAN consumption
was calculated for the different strains and conditions (Fig. 5). The
nitrogen uptake rate of the parental strains was clearly influenced by
fermentation temperature. Sc showed the quickest nitrogen
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Fig. 1. A-C. Time (hours) required to consume the 100% (T100) of the sugar content in the synthetic must with 12 °C 300 mg/L YAN, 28 °C 60 mg/L YAN, and 28 °C
300 mg/L YAN. The letters at the top of bars indicate the significant difference groups (HSD Tukey test p < 0.05).
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nitrogen concentration was 60 mg/L and 300 mg/L respectively. Different strains are represented by different coloured bars.

consumption efficiency at a high temperature, while Se and Su more
rapidly consumed total nitrogen at 12 °C. These differences were more
pronounced with 300 mg/L YAN because all the strains quickly ex-
hausted total nitrogen under the 60 mg/L YAN conditions. It is note-
worthy that the hybrid strains were more similar to the fittest parent at
each temperature.

The AUC values of 20 individual nitrogen sources for each fer-
mentation condition were also calculated and ranked from high to low
to indicate the uptake order. Ranking orders were represented on a
heatmap with hierarchical clustering (Fig. 6). Three major groups (A-C)
were obtained that, as with aroma production (PCA; Fig. 3), were de-
termined mainly by the fermentation conditions. Once again, the ex-
ception came from the parental Se and Su at 28 °C and 300 mg/L YAN,
which were grouped in cluster C (12 °C and 300 mg/L of YAN). Another

interesting exception was the parental Sc and the two hybrids at 28 °C
and 300 mg/L of YAN, which were not included in any of these major
groups and represented the three conditions with a shorter fermenta-
tion time.

Two main groups were obtained when this hierarchical clustering
was applied to the individual 19 amino acids and ammonium chloride
(Fig. 6). Regardless of the fermentation conditions, the green cluster
gathered the most rapidly consumed amino acids (the greenest squares)
and the yellow cluster grouped all the amino acids of a delayed uptake
(the yellowest squares). Black squares represent the amino acids of
intermediate consumption. A more detailed consumption order for each
individual nitrogen source for the different strains and fermentation
conditions is found in Fig. 7. As reported for other S. cerevisiae strains,
Lys was practically the first amino acid to be consumed by all the strains
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Fig. 3. The PCA plot of the volatile compounds produced by different strains under three fermentation conditions. Scores represent fermentations. Loadings denote

different volatile compounds.

and fermentation conditions, followed by other amino acids that were
early consumed, e.g. Ile, His, Asp, Leu, Arg, Ser and Thr. Lastly, Pro,
Cys, Glu, Ala and Gly were among the last consumed amino acids. From
this individual nitrogen source consumption overview, some strain-
specificities are worth mentioning. The biggest differences among
strains were detected at 28 °C and 300 mg/L YAN as total nitrogen was
quickly exhausted in the nitrogen-limiting fermentations. Sc was the
fastest nitrogen-consuming strain that depleted all the nitrogen sources
within 30 h, except for proline and cysteine (Supplementary Fig. 4). The
hybrid strains showed similar consumption profiles to Sc, and almost all
the sources were depleted. Conversely, Se and Su consumed nitrogen
more slowly than Sc, with many residual nitrogen sources after 30 h of
fermentation. As expected, both nitrogen concentration and fermenta-
tion temperature clearly conditioned the uptake profile of the amino
acids in the different strains. The cryotolerant strains consumed Arg
more quickly in the nitrogen-limiting fermentations than in 300 mg/L
of YAN. The Trp consumption performed by all the strains at 12 °C was
much slower than that at 28 °C. Su consumed Asp more quickly than the
other strains at 12 °C. One remarkable finding was the preference Phe
consumption by the cryotolerant and hybrid strains. In all the strains,
Tyr was very rapidly consumed at 12 °C with 300 mg/L YAN (Fig. 7).

4. Discussion

4.1. Advantage of interspecific hybridisation for yeast strain adaptation to
different fermentation environments

Interspecific hybridisation in the Saccharomyces genus was suc-
cessfully applied for yeast strain improvement. Strains were crossed to
obtain robust hybrids that carried different favourable traits of parental
strains. The hybrid strains between S. cerevisiae, and the selected low
nitrogen-demanding cryotolerant strains of S. eubayanus and S. uvarum
(Su et al., 2019), were constructed herein. These hybrids showed good
adaptation to different fermentation conditions and outcompeted their
parental strains in fermentation rate terms. The phenomenon in which
hybrids possessed phenotypic superiority over parental strains has been
previously reported and is known as heterosis or hybrid vigour
(Lippman and Zamir, 2007; reviewed by Steensels et al., 2014). The
hybrid process provides a heterozygous advantage to buffer against
deleterious recessive alleles and provides genetic plasticity to adapt to
variable environmental conditions. Apart from hybridisation, the co- or
sequential inoculation of non-Saccharomyces or Saccharomyces non-
cerevisiae strains has also been suggested as an oenological practice with
multiple purposes, such as increasing aroma complexity, lowering
ethanol content and increasing glycerol in wine (Alonso-del-Real et al.,



Y. Su, et al. International Journal of Food Microbiology 310 (2019) 108331
12°C 300YAN 28°C 60YAN 28°C 300YAN
350 350 350
b
= 300 300 - 300
@
i 250 - 250
£ 20 c
wv
=200 4 200 200
O 150 4 150 a 150
2 a a a
© ) 100 100
£ 100 ab b a
Rl anj - . HDH ﬂ
0 0 T T T T T T T 0
S P P P P F ¥ R P P P Ff > F Ff P P &P &f
$ o F of of o of of & o of 6o
20 20 20
E 15 15 15
%) ab
£ b ab d d ¢
s cd
’6 10 10 bc 10
b
+ a
o b
= a a
z ﬂ : ; 5
=
g ¢ : : " s ’ S @ o oo \> >
& o o coe > & @o ¥ o P o P £ o S K o c.) <3‘C° 6@
& F & & S o o of S f F
1400 1400 1400
- b
< 1200 b b j
® 1200 . {_ EIg.1 1200
£ 1000 1000 ] i 1000 A
w
2 800 800 a @ 800
8
< 600 600 600
—
2 400 400 400
20
T 200 H ﬂ 200 4 200
0 0 - . 0
‘bo q)o c"o %Q' %\) (-OQ; _@\) "90 ‘-‘:70 ‘.9\) xe’e xc_,o '?e- ﬁ‘:o\) o e, @0 %Qa @0 @0 6\)
£ F o of $ & F o

Fig. 4. Production (mg/L) of acetate esters, ethyl esters and higher alcohols by different strains under three fermentation conditions.

2017a; Jolly et al., 2014; Padilla et al., 2017; Zhang et al., 2018). For
comparison purposes, mix-culture fermentations were also included
herein. As in our previous work (Su et al., 2019), we observed that the
population of different strains was strongly influenced by both fer-
mentation temperature and nitrogen concentration. Low temperature
favoured the growth of S. eubayanus and S. uvarum, while higher tem-
perature gave rise to S. cerevisiae dominating in fermentation, especially
at a high nitrogen concentration. Generally speaking, the mix-culture
fermentation behaviour was similar to that of the strains with a higher
carrying capacity. The intermediate metabolites production level be-
tween both strains in the mix-culture fermentation was also observed.
Although the mix-culture fermentation improved the fermentation rate
under suboptimum conditions, they were not as efficient as the hybrid
strains. For applications in industry, the instability of the co- or se-
quential inoculation could be more difficult to manage, and wine
quality could be hard to predict. Therefore, interspecific hybridisation
could be a better alternative to improve yeast fermentation capacity.

4.2. Influence of fermentation conditions on yeast metabolism

Fermentation conditions have greatly impact yeast metabolism. The
combination of two temperatures and two YAN concentrations was
applied in the present study to explore the behaviour of the hybrid
strains. The factorial ANOVA illustrated that the fermentation tem-
perature, the initial nitrogen concentration, strains and the

combination of different factors significantly impacted most of the
metabolites herein analysed (Supplementary Table 6). Specifically, ni-
trogen availability strongly influenced succinic acid production. A > 2-
fold larger amount of succinic acid was produced when fermentations
were carried out at a lower nitrogen concentration. Rollero et al. (2015)
analysed the combined effects of nitrogen, lipids and temperature on
fermentation metabolites production. Correspondingly, they also
pointed out that succinic acid production was negatively regulated by
the initial nitrogen concentration. The possible involved mechanism
was explained by Camarasa et al. (2003): when nitrogen is limited in
media, less glutamate is produced from a-ketoglutarate. Hence succinic
acid synthesis acts as a safety valve (Rollero et al., 2015) that directs the
accumulated a-ketoglutarate pool to the TCA cycle. Thus nitrogen-
limited fermentations could potentially contribute to biological acid-
ification, a very desirable process, if we take into account the current
drop in titratable acidity, or the increase in pH, in grape musts and
wines as a consequence of climate change (Jones et al., 2005). Acetic
acid yield is a substantial wine quality factor because it confers off-
flavour. Our results demonstrated that the hybrid strains produced
significantly less acetic acid than Sc, especially when nitrogen was
limited in the SM. This feature could be inherited from cryotolerant
parental strains as S. uvarum and S. eubayanus produced lower acetic
acid levels. In general, acetic acid production was quite high in our
study, which could be due to the absence of lipids in our SM. As pre-
viously described (Beltran et al., 2008; Rollero et al., 2015), acetic acid
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production is largely influenced by lipid concentration, and more acetic
acid is released by yeast in the SM than in natural grape must due to the
difference in lipid concentration (Beltran et al., 2008).

Volatile compounds production was also strongly impacted by the
fermentation conditions. The largest amount of volatile compounds was
generally produced when fermentations were carried out at 28 °C with
60 mg/L YAN. Previously, several authors (Beltran et al., 2007; Carrau
et al., 2008; Rollero et al., 2015) have demonstrated the negative re-
lation between nitrogen concentration and higher alcohols production.
The larger amount of higher alcohols synthesis under nitrogen-limited
conditions could be due mainly to the de novo synthesis of branched-
chain amino acids (BCAAs) through the anabolic pathway (reviewed by
Stewart, 2017). In our study, higher production took place only for
higher alcohols, but also for ethyl esters and acetate esters at low ni-
trogen concentrations. Interestingly, ethyl acetate and diethyl succinate
were two compounds with the biggest contribution for the concentra-
tion of acetate esters and ethyl esters, respectively. The production of
these two compounds was higher when nitrogen was limited and
matched the very large succinic and acetic acids productions. Without
considering ethyl acetate and diethyl succinate, a positive correlation
between acetate esters and ethyl esters production and nitrogen con-
centration was observed (Supplementary Fig. 7), which agrees with the
conclusion drawn by several previous studies (Mouret et al., 2014a;
Rollero et al., 2015). Low-temperature fermentation has normally been
applied to better conserve aromas (Beltran et al., 2002; Gamero et al.,
2013; Molina et al., 2007; Torija et al., 2003). However, Mouret et al.
(2014a, 2014b) mentioned the possible overestimated influence of
temperature on ester synthesis. Our results illustrate that the initial
nitrogen concentration, instead of temperature, seems to more strongly
impact volatile compounds formation. Nevertheless, as the fermenta-
tions performed at 12 °C and 60 mg/L YAN did not finish, this evidence
may not be sufficient to reach this conclusion.

Comparing with S. cerevisiae, the cryotolerant parental strains pro-
duced larger amounts of acetate esters and smaller quantities of ethyl
esters and higher alcohols. Among the acetate esters, a bigger amount
of ethyl acetate was detected, which will confer wines a solvent-like off-

flavour. For this reason, the S. eubayanus and S. uvarum strains used in
our study may not be perfect strains for pure culture fermentations in
sensory character terms. However, the hybrid strains, mainly ScxSe,
produced bigger amounts of ethyl esters and higher alcohols. These
compounds are highly desirable in wine because they are the main
donors of fruity and floral aromas. Moreover, the higher production of
both 2-phenylethyl acetate and 2-phenylethanol by the hybrid strains
provided the wine a pleasant rose-like odour, which enhanced aroma
complexity.

4.3. Nitrogen requirement and sequential utilisation by hybrid strains

In our previous work (Su et al., 2019), competition fermentations
were carried out between S. cerevisiae and the cryotolerant strains at
low nitrogen concentrations. The result revealed that the selected
cryotolerant strains outcompeted S. cerevisiae at low nitrogen con-
centrations, with fermentation temperature no higher than 20 °C.
However, the cryotolerant strains displayed poor fermentation capacity
at 28°C. The hybrid strains demonstrated outstanding fermentation
behaviour at 28 °C with only 60 mg/L YAN, while the cryotolerant
parental strains did not manage to deplete all the fermentable sugars
under the same condition. During fermentations, nitrogen sources were
consumed more rapidly by the hybrid strains than by the parental
strains, which indicates better ability to compete in the uptake of key
nutrients. Under the nitrogen-limiting condition, this strategy could
ensure an optimum population size.

For S. cerevisiae, the nitrogen source uptake order is regulated
mainly by nitrogen catabolite repression (NCR) and the Ssylp-Ptr3p-
Ssy5 (SPS) mechanism. As S. eubayanus and S. uvarum are phylogen-
etically closely related to S. cerevisiae, an alike regulation system is also
expected. Similar nitrogen source uptake order has been observed
among S. cerevisiae, cryotolerant strains and hybrid strains. In our
study, fermentations were conducted under the same condition, and
grouped together on the heatmap of nitrogen uptake order. Therefore,
instead of yeast strains, the fermentation conditions more substantially
influenced the nitrogen source uptake order. Notably, phenylalanine
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was consumed relatively more quickly by the S. eubayanus, S. uvarum
and hybrid strains, which corresponded to higher productions of 2-
phenylethanol and 2-phenylethyl acetate by these strains via the
Ehrlich pathway.

5. Conclusions

For the first time, this work used selected low nitrogen-demanding
cryotolerant strains for hybrid construction with S. cerevisiae. The ob-
tained hybrid strains showed good adaptation to low-temperature and
low-nitrogen fermentation conditions and better fermentation perfor-
mance than the parental strains. A high fermentation speed not only
saves time and energy for wineries, but also prevents contamination by
undesirable microorganisms during fermentation. Hybrid strains are
very promising for conducting fermentations under stressful conditions.
We are well aware that our constructed strains are genetically modified
and unable to be directly used in industry. However, as a result of these
preliminary insights, we are now constructing non-GMO strains by
applying natural auxotrophy and temperature as selection markers, as
previously reported by Magalhaes et al. (2017). Due to the inherent
instability of interspecific yeast hybrids, the constructed hybrids will be
subjected to a genomic stabilisation process after several generations of
vegetative propagation. This process of stabilisation can be exploited
for obtaining segregants (evolved hybrids) that display a high range of
phenotypes (Sipiczki, 2018).

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ijffoodmicro.2019.108331.
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