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Abstract To remain competitive in increasingly overcrowded
markets, yeast strain development programmes are crucial for
fermentation-based food and beverage industries. In a
winemaking context, there are many yeast phenotypes that
stand to be improved. For example, winemakers endeavouring
to produce sweet dessert wines wrestle with fermentation
challenges particular to fermenting high-sugar juices, which
can lead to elevated volatile acidity levels and extended fer-
mentation times. In the current study, we used natural yeast
breeding techniques to generate Saccharomyces spp. interspe-
cific hybrids as a non-genetically modified (GM) strategy to
introduce targeted improvements in important, wine-relevant
traits. The hybrids were generated by mating a robust wine
strain of Saccharomyces cerevisiaewith a wine isolate of Sac-
charomyces bayanus, a species previously reported to produce
wines with low concentrations of acetic acid. Two hybrids
generated from the cross showed robust fermentation proper-
ties in high-sugar grape juice and produced botrytised Riesling
wines with much lower concentrations of acetic acid relative
to the industrial wine yeast parent. The hybrids also displayed
suitability for icewine production when bench-marked against
an industry standard icewine yeast, by delivering icewines
with lower levels of acetic acid. Additionally, the hybrid yeast

produced wines with novel aroma and flavour profiles and
established that choice of yeast strain impacts on wine colour.
These new hybrid yeasts display the desired targeted fermen-
tation phenotypes from both parents, robust fermentation in
high-sugar juice and the production of wines with low volatile
acidity, thus establishing their suitability for wine styles that
are traditionally troubled by excessive volatile acidity levels.

Keywords Saccharomyces interspecific hybrids . Targeted
wine yeast strain development . Non-genetically modified
(non-GM) . High-sugar fermentation

Introduction

Developing improved strains of yeast is crucial for fermenta-
tion industries in the food and beverage sectors. There are
many yeast phenotypes that stand to be improved (e.g., stress
tolerance) and others that could be introduced (e.g., novel
metabolic pathways for desirable flavour production) into
existing strains. Whilst genetic engineering approaches pro-
vide a means of achieving this for a wide range of phenotypes,
with the potential to deliver precise genetic changes and opti-
mal quality assurance, there is reluctance by consumers in
some market segments to accept genetically modified organ-
isms (GMOs) in the human food chain. Thus, traditional ap-
proaches and variations thereof remain the only options in
most food and beverage industries.

Fortunately, there are many non-GMO approaches that can
be used for industrial yeast strain development. In recent
years, our laboratory has used interspecific hybridization as
a non-GMO strategy to produce novel desirable phenotypes in
wine yeast. The hybrids were generated by mating a wine
strain of Saccharomyces cerevisiae with Saccharomyces
paradoxus (Bellon et al. 2011) and Saccharomyces mikatae
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(Bellon et al. 2013). The Saccharomyces genus comprises
several species of yeast that are evolutionarily closely related
and have the same highly conserved mating system, enabling
them to interbreed (seeMorales and Dujon 2012 for a detailed
review of interspecific hybridization in yeasts). Whilst the
diploid progeny of Saccharomyces spp. interspecific hybrids
is largely sterile, they can reproduce (and therefore grow)
asexually (Naumov 1996). However, converting sterile dip-
loid hybrids to allotetraploids restores fertility and allows the
production of viable diploid spores (Greig et al. 2002). On the
other hand, triploid interspecific hybrids have been shown to
have poor spore viability (Sebastini et al. 2002), which is
consistent with observations by Bellon et al. (2013) in which
it was found that allotriploid interspecific hybrids were rela-
tively stable.

The above hybrids were generated largely to see what was
achievable in the context of their application to winemaking
and to wine quality. For both hybrids, wine quality parameters
were improved, but not in predictable ways. Building on this
foundational work, the current study aimed to test interspecific
hybridization as means of introducing targeted phenotypic
changes to meet a particular challenge, namely the generation
of a wine yeast strain capable of fermenting high-sugar must
to make sweet dessert wines without excessive amounts of
acetic acid or ethyl acetate.

Sweet dessert wines (e.g., icewine and botrytised wine) are
made from grape juices with extremely high sugar content.
When S. cerevisiae is in an environment with a high-sugar
concentration, it produces increased levels of glycerol as a
compatible solute. This process utilises NADH, which has to
be regenerated to maintain redox balance. This is largely
achieved through oxidation of acetaldehyde, leading to the
production of acetic acid (Blomberg and Adler 1989).

Whilst acetic acid concentrations in Canadian commercial
icewine range from 0.49 to 2.29 g/L (Nurgel et al. 2004), well
below the sensory threshold of 3.185 g/L (Cliff and Pickering
2006), the production of high acetic acid levels during fermen-
tation can lead to the esterification of acetic acid by ethanol to
form another volatile metabolite, ethyl acetate, with a charac-
teristic solvent or nail polish aroma. Nurgel et al. (2004) found
that ethyl acetate concentrations in icewine ranged from 0.086
to 0.369 g/L, with some wines well above the sensory thresh-
old of ethyl acetate of 0.198 g/L (Cliff and Pickering 2006).

In the case of botrytised wine, Botrytis cinerea not only
concentrates sugar content in grapes, it also generates consid-
erable amounts of acetic acid; as much as 1 g/L can be found
in juice from infected grapes (Zoecklein et al. 1995a). Thus,
there is a high level of acetic acid even before wine yeast
begins fermentation.

In addition to the negative impacts of high osmolarity on
acetic acid production, a high concentration of sugar also
causes significant stress for yeast cells (Kontkanen et al.
2004) which can potentially lead to a suboptimal (stuck or

sluggish) fermentation. When fermentation is compromised
in this way, there is a disproportionate impact on the twomajor
sugars in must. Grape juice contains approximately equal
quantities of glucose and fructose. Uptake of these sugars by
yeast is mediated by specific transporters, encoded by HXT
genes. There are up to 20 HXT genes and these have varying
substrate affinities (Wieczorke et al. 1999), but all have a
higher affinity for glucose than fructose (Reifenberger et al.
1997). Consequently, as fermentation progresses, the ratio of
fructose/glucose increases. At the same time, membrane trans-
porters become compromised due to the increasing concentra-
tion of ethanol (Walker 1998). Extremely low glucose/
fructose ratios can impact negatively on fermentation comple-
tion and result in slow or stuck fermentation (Gafner and
Schütz 1996).

Unlike S. cerevisiae, Saccharomyces bayanus carries the
FSY1 gene, which encodes an active transporter with high
affinity for fructose (Rodrigues de Sousa et al. 2004), thus
offering the potential to reduce the risk of a suboptimal fer-
mentation associated with accumulation of this sugar. In ad-
dition, studies have shown that some strains of S. bayanus
contribute less acetic acid to wines than S. cerevisiae
(Castellari et al. 1994) whilst contributing more savoury wine
sensory attributes such as ‘cooked orange peel’, ‘honey’,
‘yeasty’, ‘nutty’ and ‘aldehydic’ (Eglinton et al. 2000). All-
in-all, this Saccharomyces yeast has a great deal to offer in the
context of high-sugar wine fermentations.

However, whilst phenotypic studies of S. bayanus grape
juice isolates have shown reasonable sugar tolerance, this spe-
cies has poor ethanol tolerance compared to S. cerevisiaewine
strains (Belloch et al. 2008), which limits its usefulness in
industrial wine production. Nonetheless, the combined traits
of S. bayanus and wine strains of S. cerevisiae suggest prog-
eny of a cross involving these yeasts would have the potential
to efficiently ferment high-sugar juice and produce quality
wine. However, the genetic basis of desirable winemaking
properties in industrial yeasts is largely unknown. In this con-
text, heterozygosities in the wine yeast parent used in this
study may contribute to a wide range of wine-related pheno-
types. Spore-spore hybridisations between these species have
been undertaken by researchers previously (see for example:
Zambonelli et al. 1997; Rainieri et al. 1998) and the assort-
ment of chromosomes during meiosis led to the resultant hy-
brids displaying a diverse range of fermentation traits. For this
reason, our approach has been to use diploid S. cerevisiae
wine yeast for hybridisation relying upon a rare mating type
switching event to produce mating-competent diploid cells.

In the current study, interspecific wine yeast hybrids were
generated by rare mating a commercial S. cerevisiae wine
yeast with a S. bayanus grape juice isolate. (The S. bayanus
parent of the hybrids generated for this study has been molec-
ularly typed as S. bayanus var uvarum; a subgroup of the
S. bayanus species. Recent studies in other laboratories
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indicate that this subgroup should constitute a separate spe-
cies, Saccharomyces uvarum (Pérez-Través et al. 2014). At
this time, however, there is not a single, agreed, classification
so the authors have retained the existing name of S. bayanus.)
Two progeny from the cross (AWRI 1571 and AWRI 1572)
were investigated for their suitability to produce wines from
high-sugar grape juices. The two strains were compared with
their parents in a series of fermentations using Chardonnay
juice with varying additional sugar supplementations and
botrytised Riesling. Subsequently, the same two interspecific
hybrid strains were assessed for icewine fermentation suitabil-
ity by benchmarking against a S. cerevisiae industry standard
yeast K1-V1116. Strains were evaluated for fermentation
rates, sugar consumption patterns and production of ethanol,
glycerol and acetic acid. Organic acid analyses were per-
formed on the Chardonnay and botrytised Riesling wines,
whilst ethyl acetate levels were quantified in botrytised Ries-
ling and icewines. In addition, botrytised Riesling wines were
analysed for targeted volatile flavour-active fermentation
products and wine colour differences. Finally, in order to es-
tablish their potential for commercialisation, the hybrid strains
were evaluated for genetic stability over 200 generations of
mitotic growth.

Material and methods

Yeast strains

S. cerevisiae AWRI838 (an isolate of the commercial wine
yeast strain EC1118), S. bayanus AWRI 1176 (isolated from
fermenting grape juice) and standard commercial S. cerevisiae
wine yeast K1-V1116 (supplied by Lallemand Inc. Montreal,
QB, Canada) yeast strains were used. Control yeast strains for
ploidy determinations using fluorescence flow cytometry
analysis were BY4741 MATa, haploid and BY4743, diploid,
(Euroscarf®, Frankfurt, Germany) and 53-7 tetraploid (Salm-
on 1997). AWRI strains are available from the Australian
Wine Research Institute Microorganism Culture Collection
(WDCM 22).

Generation of interspecific hybrid yeast

Rare mating was used for interspecific hybridizations between
the diploid wine yeast S. cerevisiae AWRI 838 and haploid
spores of a wine isolate of S. bayanus as described previously
(Bellon et al. 2011).

PCR confirmation of hybrids

PCR-RFLP analysis on genomic DNA (Ausubel et al. 1994)
of the rDNA internal transcribed spacer using the restriction

enzyme HaeIII (Esteve-Zarzoso et al. 1999) was undertaken
to establish the presence of both parent species.

Genetic stability of interspecific hybrid isolates

To determine the genetic stability of interspecific hybrids over
many rounds of mitotic growth, the hybrid strains were sub-
cultured daily using nutritional liquid medium, YEPD (1 %
w/v yeast extract, 2 %w/v peptone, 2 %w/v glucose) for 200
generations. Subsequently, 20 isolates from each hybrid were
investigated using PCR-RFLP targeting each arm of the indi-
vidual 16 chromosomes (Supplemental Table S1). Primer de-
sign and molecular analysis were performed as previously
described (Bellon et al. 2013) using S. cerevisiae S288c and
S. bayanus MCYC 623 sequences.

Fluorescence flow cytometry analysis to determine ploidy
of interspecific hybrids

Ploidy analyses on newly formed hybrids were undertaken
using the fluorescent dye propidium iodide as previously de-
scribed (Bellon et al. 2013). Cells harvested following 200
generations of mitotic growth were analysed using a SYBR
Green 1-based staining protocol which includes a protein re-
moval step using 40 U/mL Proteinase K (Fortuna et al. 2001).
SYBR Green 1-stained cells were detected at 530/30 nm
(FL1) using BD FACSFlow™ (Becton Dickinson, Sydney,
Australia) sheath fluid and fluorescence plotted to a linear
scale. Twenty-five thousand cells per sample were analysed
to obtain cell DNA intensities.

High-sugar Chardonnay fermentations

Fermentations were performed in filter sterilised Chardonnay
juice: total sugars (glucose and fructose) 145 g/L, yeast assim-
ilable nitrogen 269 mg/L, titratable acid 6.8 g/L, pH 3.01,
acetic acid <0.05 g/L sourced from The Yalumba Wine Com-
pany (Angaston, South Australia) with the addition of
300 mg/L di-ammonium phosphate. High-sugar juices were
prepared to 195, 250 and 355 g/L sugar levels by the addition
of equal amounts of glucose and fructose.

All strainswere initially grown inYEPDmedium for 2 days
and then acclimatised by 2 days growth in ½ X Chardonnay
grape juice medium (diluted with sterile water), shaking
(100 rpm), for 2 days, with the exception of the 355 g/L sugar
fermentation that underwent a two-step acclimatisation over
4 days starting with a ¼ X Chardonnay grape juice medium
for 2 days.

Triplicate 100ml fermentations were carried out at 22 °C as
described previously (Bellon et al. 2013) and sampled in du-
plicate for chemical analyses.
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Botrytised Riesling fermentation

Riesling juice: total sugars (glucose and fructose) 315 g/L,
yeast assimilable nitrogen 312 mg/L, titratable acid 10.5 g/L,
pH 3.11 sourced from The Yalumba Wine Company
(Angaston, South Australia), was filter sterilised, and fermen-
tations were performed as previously described, using the
two-step acclimitisation. Triplicate fermentations were sam-
pled in duplicate for chemical analyses.

Wine chemical analysis

Concentrations of residual sugars (glucose and fructose), eth-
anol, glycerol, and acetic, succinic, lactic and citric acids, were
determined by Agilent 1200 Series HPLC (Agilent, Mel-
bourne, Australia) using a Bio-Rad HPX-87 column (Bio-
Rad Laboratories, Sydney, Australia) (Nissen et al. 1997).

Targeted volatile fermentation products analysis

Stable isotope dilution combined with gas chromatography/
mass spectroscopy (GC/MS) (Siebert et al. 2005) was used to
analyse target compounds previously identified as important
for wine flavour and aroma. Wine samples were prepared in
two dilutions, 1/20 and 3/10, with model wine (11 % ethanol,
10 % potassium hydrogen tartrate, pH adjusted with tartaric
acid to 3.1). Analysis was performed on an Agilent 7890A gas
chromatograph equipped with Gerstel MPS2 multi-purpose
sampler and coupled to an Agilent 5975C VL mass selective
detector (Agilent, Melbourne, Australia). Instrument control
and data analysis were performed with Agilent ChemStation
software.

Wine colour

Wines were analysed spectrally to obtain the CIELab param-
eters L*, a*, b* (Bakker et al. 1986) by measuring the trans-
mittance of the wine every 1 nm over the visible spectrum
from 360 to 830 nm using a Varian Cary 300 spectrophotom-
eter (Varian Australia, Melbourne, Australia) with a 10-mm
quartz cuvette, a D65 illuminant and a 10° standard observer.

ΔEab values (colour difference) were determined by the
Hunter-Scotfield equation (Damasceno et al. 2008)

CIELab 1976ð Þ ΔEab ¼ ΔL*ð Þ2 þ Δa*ð Þ2 þ Δb*ð Þ2
h i1=2

Statistical analyses

A one-way analysis of variance (ANOVA) and Student’s t test
(p<0.05) were used to determine differences between wines
produced by different yeast strains.

Icewine fermentation

Riesling icewine juice: sugars (glucose and fructose) 473 g/L,
yeast assimilable nitrogen 359 mg/L, titratable acid 6.1 g/L,
pH 3.48), was kindly provided by Niagara Vintage Harvesters
Ltd (Virgil, ON, Canada) and filter sterilised. Three yeast
strains (K1-V1116, AWRI 1571 and AWRI 1572) were inoc-
ulated from starter cultures in YEPD medium into ¼ X Ries-
ling icewine juice (with the addition of 2 g/L di-ammonium
phosphate) and grown aerobically at 25 °C with shaking at
130 rpm until cell density reached 2×108 cells per millilitre
after which 25 ml were diluted with 25 ml of ½ X Riesling
icewine juice, respectively, and held for 1 h without shaking at
room temperature. A half volume (25 ml) of undiluted Ries-
ling icewine juice was added into these 50-ml cultures, which
were then held for 2 h without shaking at room temperature.

Following this acclimatisation procedure, each 75-ml
starter cultures was inoculated into 425 ml of 1 X Riesling
icewine juice to achieve a yeast inoculum rate of 1×107

cells per millitre in a final volume of 500 ml. Fermenta-
tions were carried out at 17 °C in triplicate and continued
until the yeast stopped consuming sugar, signaled by no
further change in sugar concentration for 3 days. Sugar
concentration was measured by the Lane-Eynon method
(Zoecklein et al. 1995b).

Yeast cell densities were determined by cell counting in a
haemocytometer. Acetic acid, glycerol, ammonia nitrogen and
primary amino nitrogen were determined using enzymatic kits
(Megazyme International Ireland Ltd, Bray, Ireland). Ethanol
and ethyl acetate were measured using gas chromatography
(Agilent, Santa Clara, USA) using an Agilent 6890 system
equipped with flame ionisation detector and DB Wax
(30 m×0.23 mm×0.25 μm) column. The carrier gas was
helium. For ethanol measurement, samples were diluted 10-
fold and 1.0 μl was injected into the injection port heated to
225 °C. The column head pressure was set as 24.4 psig, and
the flow rate of helium gas was 2.5 ml/min. The oven temper-
ature was programmed to start at 60 °C, increase to 95 °C at
15 °C ml/min and then increase to 225 °C at 75 ml/min and
hold for 1 min. The detector temperature was 225 °C, and 2 %
1-butanol was used as an internal standard. For ethyl acetate
measurement, 1.0 μl of sample was injected and heated to
230 °C. The column head pressure was 15.4 psig, and helium
flow rate was 1.5 ml/min. The oven temperature was hold at
35 °C for 2 min, and then increased to 230 °C at 10 ml/min
and hold for 2 min. The detector temperature was 230 °C, and
5 % 4-methyl-2-pentanol (2 g/L) was used as an internal
standard.

Differences between variables were determined by
XLSTAT statistical software package released by Addinsoft
(Version 7.1; Paris, France). Analysis of variance (ANOVA)
with mean separation by Fisher’s Least Significant Difference
(LSD, p<0.05) was used for statistical analysis.
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Results

Generation and genetic stability of interspecific hybrids

Two interspecific hybrid colonies (AWRI 1571 and AWRI
1572) were generated through the rare mating of the diploid
S. cerevisiae wine yeast strain AWRI838 with spores of
S. bayanus AWRI 1176. The existence of both parental ge-
nomes in these hybrids was confirmed by species-specific
PCR-RFLP of target rDNA (Fig. 1).

Fluorescence flow cytometry analysis with linear plots of
cell fluorescence was performed to determine ploidy levels of
hybrid strains. Although cells were grown to late stationary
phase, all cultures produced dual peaks of fluorescence and
this could be attributed to some cells undergoing DNA syn-
thesis, or perhaps more likely, it reflects cell pairs where
mother-daughter cells have not yet completely separated. Dip-
loid and tetraploid control strains gave non-dividing (G0/G1)
fluorescent peaks in the region of double or quadruple fluo-
rescent levels of the control haploid strain, respectively. Pa-
rental yeast strains, AWRI 838 and AWRI 1176, gave fluores-
cent peaks equivalent to the diploid control strain whilst both
hybrid strains appear to have a triploid genome complement,
with non-dividing peak levels approximately midway be-
tween diploid and tetraploid peaks (Fig. 2).

In addition, the genome of each hybrid strain was assessed
for genetic stability after 200 mitotic generations. Species-
specific PCR-RFLP markers to each arm of all 16 chromo-
somes revealed that the incipient hybrids were stable as no
loss of chromosome from either parent species was identified
in any of the twenty isolates from each hybrid investigated
(Supplemental Data Fig. S1). Also, the hybrids remained sta-
ble triploids as no reduction in DNA fluorescence levels was

observed in any 200-generation hybrid isolates (Supplemental
data Fig. S2).

Chardonnay wines

Four sets of replicate Chardonnay grape juice containing a
range of reducing sugar concentrations were fermented
with either a commercial S. cerevisiae strain AWRI 838,
S. bayanus AWRI 1176 or their hybrid progeny AWRI
1571 or 1572. Analysis of the final wines revealed that
all strains were capable of completing fermentation at the
lowest sugar concentration of 145 mg/L and all were chal-
lenged, to varying degrees, by juices with 355 g/L reduc-
ing sugar (Fig. 3a, b).

Generally, the least robust yeast was the bayanus strain
AWRI 1176, in most cases producing wines with higher levels
of residual glucose (Fig. 3a) and fructose (Fig. 3b).
AWRI1176 wines made from juice with 355 g/L had not only
higher fructose concentrations, but more than double the con-
centration of residual glucose thanwinesmade by S. cerevisiae
AWRI 838 (57 g/L compared to 26 g/L). In contrast, hybrid
strains AWRI 1571 and AWRI 1572 produced wines with the
lowest residual sugars in all Chardonnay juices, but most no-
table in 355 g/L sugar Chardonnay juice (17.4 and 19.5 g/L
glucose compared to 25.9 g/L produced by AWRI 838, and 65
and 67 g/L fructose compared to 78 g/L produced by AWRI
838).

From Fig. 3c, it is evident that at lower levels of reducing
sugar (145 and 195 g/L), S. cerevisiae AWRI 838 produced
wines with more than double the amount of acetic acid than
S. bayanus AWRI 1176 and hybrids AWRI 1571 and 1572.
However, whilst S. cerevisiae AWRI 838 still produced al-
most double the amount of acetic acid relative to the hybrid
strains in fermentations with higher concentrations of reduc-
ing sugar (0.38 g/L compared to 0.15 g/L for hybrid strains in
250 g/L reducing sugar and 1.11 g/L compared to 0.65 g/L for
hybrid strains in 355 g/L reducing sugar), S. bayanus AWRI
1176 produced wines with excessively high concentrations of
acetic acid, 0.61 and 1.42 g/L in 250 g/L reducing sugar and
355 g/L reducing sugar, respectively.

Glycerol content in final wines is shown in Fig. 3d. Where-
as S. bayanus AWRI 1176 generally produced wines with
glycerol concentration 2 g/L higher than S. cerevisiae AWRI
838 in each juice, at lower concentrations of reducing sugar
the hybrid strains produced wines with glycerol levels similar
to their S. cerevisiae parent, AWRI 838, but in 355 g/ L re-
ducing sugar the production of glycerol by the hybrid strains
increased dramatically to levels higher than their S. bayanus
parent, reaching 17.8 and 15.7 g/L for AWRI 1571 and 1572,
respectively, compared to 14.8 g/L for AWRI 1176 and 12.7 g/
L for AWRI 838.

Little difference was observed in ethanol production be-
tween S. cerevisiae AWRI 838 and hybrid strains AWRI

1 2 3 4 5 6

Fig. 1 Confirmation of interspecific hybridization by rDNA ITS PCR-
RFLP. Lane 1 100 bp ladder, lane 2 AWRI 838, lane 3 AWRI 1176, lane
4 DNA from both parents, lane 5 AWRI 1571, lane 6 AWRI 1572
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1571 and 1572 (Fig. 3e). S. bayanus AWRI 1176 made wine
with reduced concentrations of ethanol in each juice, particu-
larly in 250 and 355 g/L reducing sugar, but this result is
attributable to the much higher residual sugar levels in the
final wines.

Measurements of cell growth (optical density) and sug-
ar utilisation (refractive index) during all Chardonnay fer-
mentat ions are provided in supplementary data
(Supplemental data Fig. S3 and S4 respectively).
S. cerevisiae strain AWRI 838 showed the most robust
fermentation properties of all strains, evident for cell
growth and final cell density following fermentation of
the juice with the highest sugar concentration (Supple-
mental data Fig. S3d). Although little difference in sugar
utilisation was observed between strains at lower concen-
trations of juice sugar, S. bayanus strain AWRI 1176

displayed a slower rate of sugar utilisation at higher juice
sugar levels (Supplemental data Fig. S4c and S4d).

Botrytised Riesling wines

All four yeast strains started well in botrytised Riesling juice.
However, after day 2, S. bayanus strain AWRI 1176 grew at a
slower rate than the other three strains, which had similar
increases in cell densities (Fig. 4a) and sugar utilisation pro-
files (Fig. 4b). The lower cell density of AWRI 1176 was
reflected in a reduced level of sugar utilisation during fermen-
tation with the finished wine having higher residual sugars,
glucose 69 g/L and fructose 139 g/L compared to glucose
concentrations of 47–52 g/L and fructose concentrations of
119–124 g/L in S. cerevisiae and hybrid-made wines
(Table 1).
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AWRI 1176 also produced wines with a lower ethanol con-
centration, 9.5 %v/v compared to 12.1–12.5 %v/v for
S. cerevisiae and hybrid-made wines. All strains produced
wines with similar levels of glycerol (23.4 to 24.5 g/L) and
little difference was observed in succinic, lactic and citric
acids levels. However, acetic acid concentrations varied con-
siderably between wines (Table 1), with AWRI 1176
(S. bayanus) and AWRI 838 (S. cerevisiae) producing

considerably more than the hybrid strains AWRI 1571 and
AWRI 1572, (1.1 and 0.9 g/L compared to 0.55 and 0.67 g/
L, respectively).

Analysis of volatile fermentation products (Table 2) re-
vealed that there were clear differences between the two ‘pa-
rental wines’ (there were significant differences for 13 of the
16 compounds analysed), and these differed from the hybrid-
made wines. In general, hybrid AWRI 1571 produced wines
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with volatile fermentation product concentrations similar to
that of the S. cerevisiae parent, including similar levels of
ethyl acetate. Only two compounds followed solely the
S. bayanus parental profile, 2-methyl propyl acetate (banana)
and 2-methyl propanol (fusel), whilst two compounds were
produced at an intermediate level, ethyl 3-methyl butanoate
(berry) and 2-phenyl ethyl acetate. Ethyl 2-methyl butanoate
(sweet fruit) was produced at a higher concentration than for
either parent.

Wines produced by hybrid AWRI 1572 were less sim-
ilar to S. cerevisiae parent-made wine, with only seven of
the s ix teen compounds analysed fol lowing the
S. cerevisiae parent wine profile. Four compounds were
produced in much lower concentrations than either parent,
ethyl acetate (nail polish), ethyl 2-methyl propanoate
(fruity), 2-methyl propyl acetate (banana) and 2-methyl

propanol (fusel). Conversely, butanol (fusel) was pro-
duced in much higher concentrations than either parent,
721 μg/L compared to 630 μg/L for AWRI 838
(S. cerevisiae) and 445 μg/L AWRI 1176 (S. bayanus).

Wine colour was analysed spectrally by measuring absor-
bance across the visible range of the spectrum from 360 to
830 nm, using CIELab parameters, L* (a measure of intensity,
the higher the value the lighter the colour), a* (positive values
relate to redness, negative values to greenness) and b* (posi-
tive values relate to yellowness, negative values to blueness).
Browness of wines is attributed to absorbance at 420 nm.

Botrytised Riesling wines made by S. bayanusAWRI 1176
had the strongest browness (A420 58.36) with S. cerevisiae
AWRI 838 having the weakest (A420 42.91), whilst wines
made by hybrids AWRI 1571 and 1572 showed an interme-
diate level of brownness (A420 53.09 and A420 48.77,

Table 1 Fermentation products
in botrytised Riesling wines Compound (g/L) AWRI838 AWRI1176 AWRI1571 AWRI1572

Glucose 52.1±0.01 b 69.0±2.8 a 47.7±0.4 c 49.7±0.5 b

Fructose 123±1 b 139±2 a 119±1 c 125±1 b

Glycerol 23.3±0.2 a 23.4±0.1 a 24.5±0.5 a 24.4±0.3 a

Ethanola 12.1±0.2 a 9.5±0.1 b 12.5±0.1 a 12.4±0.1 a

Acetic acid 0.91±0.05 a 1.1±0.06 a 0.55±0.01 b 0.67±0.03 b

Succinic acid 8.92±0.04 b 9.60±0.09 a 9.61±0.22 ab 9.30±0.19 ab

Lactic acid 3.92±0.04 a 3.81±0.04 a 3.83±0.08 a 3.80±0.19 a

Citric acid 2.55±0.01 a 1.98±0.01 c 2.21±0.02 b 2.22±0.01 b

Within a row, values connected by same letter are not significantly different (p<0.05)
a% (v/v)

Table 2 Volatile fermentation products in botrytised Riesling wines

Compound (μg/L) Aroma descriptor AWRI838 AWRI1176 AWRI1571 AWRI1572

Ethyl acetate Nail polish 20971±1480 a 21014±2882 a 16800±650 a 13746±810 b

Ethyl propanoate Fruity 136±19 ab 93±12 c 143±4 a 113±5 bc

Ethyl 2-methyl propanoate Fruity 103±16 a 115±22 a 103±5 a 62±1 b

Ethyl butanoate Fruity 74±17 a 27±7 b 79±3 a 68±1 a

Ethyl 2-methyl butanoate Sweet fruit 2.65±0.2 b n.d. c 3.75±0.05 a 3.15±0.2 b

Ethyl 3-methyl butanoate Berry 3.25±0.2 a 2.05±0.2 c 2.8±0.1 ab 2.55±0.2 bc

Ethyl hexanoate Green apple 170±36 a 67±17 b 190±16 a 168±4 a

2-Methyl propyl acetate Banana, fruity 49.9±9.1 a 36.9±7.1 ab 30.7±1.8 b 21.1±0.3 c

2-Methyl butyl acetate Banana, fruity 20.9±3.1 a 11.9±1.2 c 15.8±1.8 abc 14.1±1.1 bc

3-Methyl butyl acetate Banana 304±61 a 164±30 b 212±13 b 165±1 b

2-Phenyl ethyl acetate Floral n.d. c 342±44 a 95±15 b 85±18 b

2-Methyl propanol Fusel, spirituous 98810±880 a 76620±630 b 79590±405 b 57060±240 c

Butanol Fusel, spirituous 630±30 b 445±9 c 643±2 b 721±14 a

2-Methyl butanol Nail polish 4648±610 a n.d. b 4427±45 a 4472±290 a

3-Methyl butanol Harsh, nail polish 6873±510 a 3193±536 b 6898±804 a 6085±757 a

Hexanol Green, grass 1850±862 a 1238±16 a 1357±162 a 1370±177 a

Within a row, values connected by same letter are not significantly different (p<0.05)

n.d. not detected
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respectively) (Table 3). The CIELab L* parameter revealed
that the intensity of colour was in the reverse order to
browness, AWRI 1176 wines being lightest and AWRI 838
wines being darkest. The hybrid-made wines also showed
intermediate levels of red/green and yellow/blue hues, AWRI
838-produced wines with both higher a* values, (less negative
value relates to less green colour) and higher b* values (more
yellow) whilst AWRI 1176 produced wines with the greatest
green colour and the least yellow colour. The obvious visual
differences in colour intensity and hue between the wines was
confirmed with calculated ΔEab values of 11.1 (AWRI 838/
AWRI 1176), 8.6 (AWRI 838/AWRI 1571) and 6.0 (AWRI
838/AWRI 1572). Note that ΔEab >1 indicates that samples
are just readily perceived visually as different to each other in
colour.

Icewines

Riesling icewine fermentations were conducted with three
yeast strains; commercial S. cerevisiae icewine standard yeast
K1-V1116, and two S. cerevisiae x S. bayanus hybrid strains
AWRI 1571 and AWRI 1572. Although growth appeared
slower and reached a lower cell density for hybrid strains
AWRI 1571 and 1572 relative to the commercial strain K1-
V1116 (Supplemental data Fig. S5), all three strains showed
similar rates of sugar consumption throughout fermentation
(Fig. 5a) with final residual sugar values being virtually iden-
tical (ranging from 263 to 267 g/L) (Table 4)

Commercial wine yeast K1-V1116 showed the highest pro-
duction of acetic acid during the fermentation (Fig. 5b) with a
final wine concentration of 2.13 g/L, whilst hybrid strains
AWRI 1571 and 1572 produced significantly lower levels at
1.72 and 1.57 g/L, respectively (Table 4).

Interestingly, analysis of ethanol, glycerol and ethyl acetate
concentrations of wines made by standard yeast K1-V1116
and wines made by hybrids AWRI 1571 and AWRI 1572
showed no significant differences with average concentrations
of 10.5 % v/w ethanol, 10.1 g/L glycerol and 73.7 mg/L ethyl
acetate (Table 4).

Discussion

Microbial strain development for the food and beverage sector
is hindered by consumer reluctance to accept genetically mod-
ified organisms (GMOs) in the human food chain. This has led
researchers to return to traditional approaches including
targeted breeding. Whilst such strategies lack the precision
of genetically modified (GM) techniques and quality assur-
ance is more of a challenge, there are many non-GMO
methods available, particularly when working with highly
tractable microbes such as Saccharomyces spp.

Building on prior research and development that tested the
feasibility of using interspecific breeding of yeasts in the
Saccharomyces genus to generate novel phenotypes for appli-
cation in winemaking (Bellon et al. 2011, 2013), the current
manuscript describes a proof of concept trial to generate inter-
specific Saccharomyces spp. hybrids to introduce targeted im-
provements in important, wine-relevant traits. Specifically, the
aim was to generate novel wine yeast that can tolerate the
many challenges of growing in and fermenting high-sugar
grape juice without generating excessive volatile acidity in
the form of acetic acid and ethyl acetate.

Winemakers endeavouring to produce sweet dessert wines
from high-sugar juices require wine yeasts that can conduct
efficient fermentation in reasonable time whilst reaching a
target ethanol concentration (10 and 13 % v/v ethanol for
Canadian icewine and French Sauternes, respectively, for in-
stance). However, fermentations involving high-sugar juices
commonly suffer from elevated volatile acidity levels and ex-
tended fermentation times.

S. bayanus has been reported to produce reduced levels of
volatile acidity in wine fermentations (Eglinton et al. 2000),
and has some potential advantages in dealing one of the prob-
lems associated with suboptimal (slow or sluggish) fermenta-
tion, namely the production of heightened ratios of fructose/
glucose in the latter stage of fermentation. This becomes par-
ticularly pronounced in suboptimal fermentations and is due
to S. cerevisiae lacking a high affinity fructose transporter. An
active fructose-specific transport system (FSY1) has been
identified in S. bayanus (Rodrigues de Sousa et al. 2004),

Whilst S. bayanus may seem like a good option to trial in
high-sugar fermentations, it is not sufficiently robust to deal
with the harsh conditions of grape must fermentation; it is
highly affected by high glucose content and high ethanol con-
tent in culture media (Belloch et al. 2008). However, it’s po-
tential when mated with a robust S. cerevisiae wine yeast is
clearly worth exploring.

In the current study, laboratory-scale fermentations in high-
sugar juice (Chardonnay with sugar additions, botrytised
Riesling and Riesling icewine) were used to investigate the
suitability of two S. cerevisiae×S. bayanus hybrid strains
(AWRI 1571 and AWRI 1572) for high-sugar grape juice
wine production. The strategy of rare mating (where a diploid

Table 3 Spectral colour measurements of botrytised Riesling wines
including CIELab parameters

A420 L* a* b* Δ Eab (cf AWRI 838)

AWRI 838 42.91 92.72 −0.0369 25.73

AWRI 1176 58.36 96.12 −1.0496 58.66 11.1 ab

AWRI 1571 53.09 95.06 −0.92005 17.54 8.6 bc

AWRI 1572 48.77 94.61 −0.6475 20.05 6.0 c

ΔEab >1 indicates that samples are just visually readily perceived as
different to each other in colour. Within a row, values connected by same
letter are not significantly different (p<0.05)
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cell becomes homozygous for mating type and can mate with-
out sporulation) was adopted to ensure that no loss of impor-
tant fermentation traits from the wine yeast parent would oc-
cur due to the assortment of chromosomes that would occur if
it was sporulated (Zambonelli et al. 1997). Previous reports
have identified stable natural allotriploid yeast from the wine
industry including the wine yeast VIN7 (Borneman et al.
2012) and the spoilage yeastBrettanomyces bruxellensis (Cur-
tin et al. 2012).

The putative hybrids from successful rare mating events
between a diploid S. cerevisiae commercial wine yeast AWRI
838 and haploid spores of a S. bayanus Australian grape juice
isolate, AWRI 1176, were confirmed using PCR-RFLP anal-
ysis of the ITS region within the rDNA tandem repeat on
chromosome XII. Fluorescence flow cytometry analysis
showed that hybrid ploidy content was consistent with fluo-
rescent levels of a triploid genome with peaks midway be-
tween that of the diploid and tetraploid genome control strains.
Genome instability and ploidy reduction have previously been
reported in S. cerevisiae polyploids (Mayer and Aguilera
1990) and Saccharomyces interspecific hybrids (Kunicka-
Styczyńska and Rajkowska 2011; Kumaran et al. 2013). Thus
it was important to evaluate stability of the hybrids generated
for the current study. Thirty-two species-specific genetic
markers were designed to monitor the presence of each arm

of every parental chromosome. None of these markers were
lost from either hybrid after two hundred mitotic generations.
Furthermore, fluorescence flow cytometry analyses confirmed
that each hybrid remained triploid. In addition, it is important
to note that wine yeast is not re-pitched as in the brewing
industry. Instead, inocula are generated fresh from stock cul-
tures each vintage and go through no more than 8–10 gener-
ations during a wine fermentation. Thus, it is unlikely that
genomic instability will prove to be an issue in the application
of the yeast strains generated in the current study.

An assessment of fermentation ability showed that,
generally, the interspecific hybrids fermented the various
high-sugar juices at least as well as the S. cerevisiae wine
yeast parent, with similar levels of residual sugar, similar
growth curves and similar rates of sugar utilisation. In
contrast, and as expected, the S. bayanus parent per-
formed poorly except at the lowest concentrations of sug-
ar in the Chardonnay juice fermentations. In addition, the
hybrid yeasts wines had reduced levels of volatile acidity
for all three musts.

Other wine quality parameters (glycerol, ethanol, succi-
nate, etc. concentrations) were favourable, largely being sim-
ilar to AWRI 838 wine yeast or falling somewhere between
the two parents. In the Chardonnay juice fermentations at
high-sugar levels, the two hybrid strains outperformed the
S. cerevisiae wine yeast in sugar utilisation and were similar
to this wine yeast in all other respects apart from acetic acid
and glycerol production. Acetic acid levels for both hybrids
were about 60 % of what was found in the S. cerevisiae-made
wines and glycerol levels were slightly greater. Interestingly,
whilst the S. bayanus parent, as expected, produced wines
with lower levels of acetic acid compared to the S. cerevisiae
parent at lower sugar levels, this was reversed in juices with
250 g/L and above. Whilst the reason for this is unknown, the
phenotype did not carry over into the hybrids.

Botrytised Riesling wines produced by hybrid yeast strains
showed differences in concentrations in a number of the vol-
atile secondary metabolites relative to wines made by
S. cerevisiae parent AWRI 838. Both hybrids produced acetic
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Table 4 Fermentation products in icewines

Compound (g/L) K1-V1116 AWRI 1571 AWRI 1572

Sugar 264±10 a 263±10 a 267±14 a

Ethanol a 10.8±1.4 a 10.5±0.9 a 10.3±1.2 a

Glycerol 9.57±0.39 a 10.22±0.43 a 10.46±0.95 a

Acetic acid 2.13±0.16 a 1.72±0.10 b 1.57±0.19 b

Ethyl acetateb 79±31 a 79±22 a 63±21 a

a% (v/v)
bmg/L

Within a row, values connected by same letter are not significantly dif-
ferent (p<0.05)
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acid at levels at about 65 % of the S. cerevisiae parent but in
the case of ethyl acetate only AWRI 1572 produced signifi-
cantly lower levels. Nonetheless, ethyl acetate has been shown
to have a suppressive effect on the formation of other fruity-
aroma compounds, even at concentrations below the sensory
threshold for this compound (Etiévant 1991). In addition, eth-
yl acetate levels below the sensory threshold can impart an
added richness and sweetness, whereas levels above convey a
characteristic solvent or nail polish remover aroma. Important-
ly, both hybrids produced less volatile acidity overall than the
S. cerevisiae parent.

Desirable (from a winemaking perspective) flavour-active
compounds were produced in higher concentrations by one or
both hybrid strains relative to their S. cerevisiae wine yeast
parent; ethyl 2-methyl butanoate (‘sweet fruit’) and 2-phenyl
ethyl acetate (‘floral’). Increasing the concentration of a fla-
vour or aroma compound can lead to an increased sensory
impact of that particular compound, and can also lead to the
masking of other (potentially non-desirable) flavours or
aromas (Saison et al. 2009).

Production of volatiles in the hybrids was moderated rela-
tive to the S. cerevisiae parent: a number of metabolites were
produced inmid-range concentrations by both hybrids relative
to the parental strains. Generally, wine made by hybrid AWRI
1571 followed the highest metabolite concentration produced
by S. cerevisiae parent AWRI 838 more often than hybrid
AWRI 1572, although, on a small number of occasions, me-
tabolites were produced at lower concentrations similar to
S. bayanus parent yeast AWRI 1176. Interestingly, transgres-
sive phenotypes were more apparent in hybrid AWRI 1572
than hybrid AWRI 1571, in the form of both increased and
decreased concentrations in a number of secondary metabo-
lites. A positive aspect to the production of lower metabolite
concentrations is that this hybrid yeast produced much lower
concentrations of two compounds with negative sensory attri-
butes, ethyl acetate (‘nail polish’) and 2-methyl propanol
(‘fusel’).

It is important to note that differences between the
phenoypes of the two hybrids are not unexpected. Whilst they
have the same S. cerevisiae genomic inputs, the S. bayanus
parent was sporulated prior to mating to produce haploids.
The meiotic events in this process would have generated ge-
netic variants with differing phenotypic traits (Zambonelli
et al. 1997).

Colour is one of the first wine sensory properties evaluated
in the glass and invariably one of the first descriptors used in
assessing a botrytised wine, with colour terms ranging from
‘glowing yellow-green’ to ‘pale gold’, ‘deep gold’ and ‘am-
ber’. The easily visually discernible colour differences be-
tween the botrytised wines were confirmed by high ΔE*ab
values recorded for each assessment of S. cerevisiae wines
relative to S. bayanus and hybrid wines; 11.1 (S. cerevisiae
AWRI 838/S. bayanus AWRI 1176), 8.6 (S. cerevisiae AWRI

838/hybrid AWRI 1571) and 6.0 (S. cerevisiae AWRI 838/
hybrid AWRI 1572).

B. cinerea-infected vines have a grey, powdery appearance
with the berries developing a light brown colour in white
cultivars, resulting in a distinctly brown-coloured grape juice.
B. cinerea produces a powerful oxidative enzyme (laccase)
that can oxidise hydroxycinnamic acids (grape juice phenolic
compounds caftaric and coutaric acid) to caftaric acid o-qui-
none. Condensation reactions of cafteric acid o-quinone gen-
erate brown polymeric pigments (Salgues et al. 1986). Gluta-
thione can interfere with this process by trapping caftaric acid
quinones in the form of 2-S-glutathionyl caftaric acid, also
referred to as grape reaction product (GRP). The formation
of GRP is believed to limit juice browning (Cheynier et al.
1986). As all botrytised Riesling fermentations were conduct-
ed in the same juice and under the same conditions, the dif-
ferences in wine colour can be attributed to differences in
yeast metabolism between the different strains. Studies have
shown that the ratio of grape hydroxycinnamic acids to gluta-
thione molar ratio alone does not correlate well with oxidative
browning and that the presence of other compounds capable
of trapping free o-quinones may be involved (Cheynier et al.
1990). Both hybrid strains produced wine colour attributes
intermediate to the individual parent-made wines, indicating
that genetic material inherited from both parents impact on
yeast fermentation metabolites involved in the development
of wine colour. Descriptor marketing plays an important role
for wine companies wanting an edge in tight economical times
and yeast that can deliver colour variations to the commonly
industry-used S. cerevisiae strains could assist winemakers in
developing novel wine styles.

The hybrid strains also displayed suitability for icewine
production. Whilst the hybrid strains consumed equivalent
amounts of sugar as S. cerevisiae industry standard yeast
K1-V1116 during fermentation, their wines contained acetic
acid levels of approximately 75% relative to the S. cerevisiae-
made wine. No difference in ethanol, glycerol and ethyl ace-
tate concentrations were seen between hybrid-made wines and
S. cerevisiae-made wine. Growth curves for the three strains in
icewine indicate that the hybrids had a lower growth rate and
reached a lower final cell number than K1-V1116. This how-
ever appears not to have impacted on their fermentation
performance.

In conclusion, this manuscript demonstrates that interspe-
cific hybridization can be used in rational wine yeast develop-
ment to introduce targeted phenotypic outcomes. The intro-
duct ion of genet ic mater ia l from non-cerevis iae
Saccharomyces species to traditional S. cerevisiae wine yeast
can impact positively on wine yeast metabolite production
during fermentation of high-sugar musts to deliver wines with
low volatile acidity. Novel interspecific hybrids generated
from a cross between a robust S. cerevisiae wine yeast and a
S. bayanus grape juice isolate produce botrytised Riesling
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wines with much lower concentrations of acetic acid relative
to the industrial wine yeast parent and lower levels of acetic
acid when benchmarked against an industry standard icewine
yeast. Additionally, the hybrid yeast produce wines with novel
aroma and flavour profiles and establish that yeast strain
choice can impact on wine colour. These new wine yeast
provide an opportunity for winemakers wishing to minimise
acetic acid levels in wine styles that are traditionally fraught
with volatile acidity issues.

This study was performed at laboratory-scale as ‘proof of
concept’. Future industry-scale winemaking trials will deter-
mine the commercial potential of these strains for application
in the wine industry.
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