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Abstract

Why was the work done: Whisky fermentations are typically performed
using specific strains of Saccharomyces cerevisiae, which produce a wash
with high ethanol yields but a limited diversity of aromas and flavours.
Innovation is an important theme for alcoholic beverages and incorporating
non-conventional yeasts in their production can enhance sensory
complexity and enable regional differentiation. This study investigated the
potential of native yeasts from Argentine Patagonia to produce whiskies
with unique flavour profiles.

How was the work done: Eight native Patagonian yeasts (Saccharomyces
uvarum, Saccharomyces eubayanus, Hanseniaspora smithiae, Lachancea
nothofagi, Lachancea cidri) were tested in pure and mixed fermentations
using distillery wort. A commercial strain of Saccharomyces cerevisiae
(Safspirit M1™) was included for comparison. Fermentation kinetics,

sugar consumption, and ethanol production were analysed, while sensory
evaluation and chemical analyses of volatile compounds were performed
on the first distillate or ‘low wines’ (20-23% ABV).

What are the main findings: Native yeasts produced lower ethanol yields
than the commercial strain but resulted in low wines with enhanced
complexity of flavour and aroma. Mixed fermentations increased ester and
phenolic notes. S. eubayanus and S. uvarum were identified as promising
yeasts for their ability to generate distinctive flavour compounds while
maintaining good fermentation performance. Low wines made with native
yeasts were preferred by a sensory panel over the control made with a
commercial yeast.

Why is the work important: This research highlights the potential of
Patagonian yeasts as a tool for whisky innovation, enabling flavour diversity.
It also contributes to industry efforts to explore microbial biodiversity as a
route to enhancing product differentiation and local whisky production.

Keywords
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Introduction

Whisky is a distilled alcoholic beverage produced
from the fermentation of malted grains (barley,
maize, rye, wheat), with the ‘wash’ distilled
and matured by storage in wooden barrels. Its
organoleptic properties are influenced by the
choice of raw materials, the barrels used for ageing,
and the fermentation and distillation processes,
together with the yeast and bacterial microbiota
(Russell and Stewart 2014). The introduction of pure
yeast cultures in fermented beverage production
has facilitated the standardisation and optimisation
of processes and products. However, this approach
has also led to a reduction in sensory complexity
(Domizio et al. 2007; Cubillos et al. 2019). In whisky
production, the yeast most used is Saccharomyces
cerevisiae, with several commercial yeasts
(‘M-type’) hybrids of S. cerevisiae and the amylolytic
S. cerevisiae var. diastaticus (Daute et al. 2024). This
property results in higher attenuation and ethanol
yields with consistent levels of desirable congeners
(Watson 1981; Campbell 2003; Russell and Stewart
2014; Waymark and Hill 2021). Most yeast research
in the whisky industry has focused on improving
and optimising fermentation efficiency and ethanol
production, rather than their role in the organoleptic
profile. This reflects the emphasis on consistency
and vyield, prioritising robust fermentation
performance over flavour complexity. As a result,
differences in whisky profiles reflect the malting,
distillation, and the maturation processes rather
than choice of yeast (Wanikawa 2020; Esteban-
Decloux et al. 2023; Picard et al. 2023). Despite
this, yeast plays a crucial role in the production of
fermented beverages, as it significantly influences
the final flavour and aroma through the production
of various congeners (Walker et al. 2019; Kelly et
al. 2023). For this reason, many alcoholic producers
are focusing on selecting non-conventional yeasts
to create diversity and foster innovation. Although
commercial and efficient S. cerevisiae yeast strains
continue to dominate whisky production, the use
of novel yeasts is a growing trend (Walker and Hill
2016; Burini et al. 2021; Daute 2022).

Yeastsofthe orderSaccharomycetalesare facultative
anaerobes that ferment sugars to ethanol and
carbon dioxide as the main fermentation products

(Suh et al. 2006; Walker and Stewart 2016), along
with a diverse mix of compounds including esters
and higher alcohols (Olaniran et al. 2017), phenols
(Mukai et al. 2010), and sulphides (Moreira et
al. 2008). The production (and level) of these
compounds depends on the yeast species, and
the specific yeasts used (Stewart 2017). Non-
conventional yeasts (other than the traditional
domesticated  yeasts) often exhibit lower
fermentative performance compared to commercial
strains, as they are less efficient at consuming the
available sugars, and are less tolerant to ethanol
stress. However, they can contribute novel flavours
and aromas, making them key players in product
innovation (Padilla et al. 2016; Burini et al. 2021).
These yeasts may be used in isolation or in mixed
fermentations (co-culture systems) (Benito et al.
2016). Despite their potential to introduce diversity
to alcoholic beverages, their application in whisky
production remains largely unexplored (Waymark
and Hill 2021; Daute et al. 2024).

Non-conventional yeasts with the potential for
innovation are diverse (Gschaedler 2017; Burini
et al. 2021). A notable example is Saccharomyces
eubayanus, a wild yeast isolated for the first
time in Patagonia (Libkind et al. 2011), and used
commercially by Heineken for the first 100%
Patagonian beer (Burini et al. 2021). Another native
yeast - Saccharomyces uvarum - is used to produce
wine and cider (Masneuf-Pomarede et al. 2010;
Flores et al. 2019). Similarly, yeasts belonging to the
Hanseniaspora and Lachancea genera contribute
distinctive aroma and flavour compounds in wine,
cider and beer (Moreira et al. 2008; Benito et al.
2016; Domizio et al. 2016; Morata et al. 2018;
Canonico et al. 2019).

The aim of this study was to evaluate the potential
of non-conventional yeasts isolated from Patagonia
(Argentina) to produce whiskies (as low wines)
with novel flavour profiles and regional distinction.
Fermentations were peformed with S. eubayanus,
S. uvarum, Hanseniaspora spp., and Lachancea
spp., both individually and in combination with a
commercial strains of S. cerevisiae. The washes
were distilled and the 'low wines' (20-23% alcohol
by volume/ABV) evaluated.
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Materials and methods

Yeasts

Eight yeasts isolated from the natural environment
of Argentine Patagonia (Culture Collection of IPATEC,
RioNegro, Argentina) were assessed: Saccharomyces
uvarum CRUB 209 (SU 209), Saccharomyces uvarum
CRUB 222 (SU 222), Saccharomyces eubayanus
CRUB 1568T (SE 1568), Saccharomyces eubayanus
CRUB 1963 (SE 1963), Lachancea nothofagi CRUB
197 (LN 197), Lachancea cidri CRUB 568 (LC 568),
Hanseniaspora smithiae CRUB 1583 (HS 1583) and
Hanseniaspora smithiae CRUB 1602 (HS 1602).
The S. cerevisiae var. diastaticus, POF*, STA1 gene
commercial strain Safspirit M1™ (Fermentis) was
used as a control and with co-inoculation in the
mixed fermentations.

Fermentation

Fermentationswereperformedin 1Lflaskscontaining
600 mL of all-malt distillery wort (Madoc - Single
Malt Whisky, Patagonia, Argentina), with a density
of 14.2°Bx (Alla France refractometer, 0-32 + 0.2°Bx)
andapHof5.70 (Sartorius PR15 pH meter). The wort
was used according to distillery conditions, without
sterilisation or oxygenation. Pre-cultures (inoculum)
of each strain were propagated aerobically in malt
extract medium (8°Bx, supplemented with 0.25%
w/v yeast extract and 0.3% w/v casein peptone) at
20°C with orbital shaking (140 rpm). When the pre-
cultures reached the exponential growth phase, the
fermentations were inoculated at a cell density of
0.5 x 10° viable cells/mL/°Bx and fitted with airlocks
containing sterile water. Cell number and viability
were determined using alkaline methylene violet
staining with a Neubauer chamber and microscope
(Olympus CX22LED). Fermentation kinetics were
monitored by weight loss every 24 h (AND EK 1200A
+ 0.1 g) until reaching a constant weight. At the end
of fermentation, the supernatant was obtained by
centrifugation of the wash (5000 x g, 10 min, 4°C),
filtered (0.22 um) and stored at 4°C. Fermentations
were in duplicate and with controlled temperature
ramps to replicate the fermentation conditions at
the distillery: 20°C for 19 h, 25°C for 4 h, 30°C for 48
h and 25°C until weight loss was complete.

In addition, the sugar consumption and sensory
analysis of all yeasts was performed using an all-
malt wort (control wort) produced from Pilsen malt
(Robobrew All Grain Brewing System) using a small-
scale congress mash protocol (Evans et al. 2011),
sterilised by autoclaving (121°C for 15 minutes). On
cooling, zinc was added (0.3 mg/L as ZnSO,. 7H,0)
together with 15 mg/L oxygen (Hach - HQ30D). The
initial density of the wort was 15°Bx with a pH of 5.5.
Fermentation performance and sensory analysis of
the different yeasts is reported in Supplementary
Information (Figures S1-3).

Microbiological characterisation

Selective isolation of microorganisms present at the
end of fermentation (wash) was performed using
pour plates with selective culture media. Acetic
acid bacteria and/or Escherichia coli were evaluated
in Wallerstein's differential medium (WLD), non-
Saccharomyces vyeasts in Lin's Cupric Sulphate
Medium (LCSM), and Lactobacillus and Pediococcus
species in Hsu's LP medium. Plates were examined
using a stereoscopic microscope to quantify the
colony forming units (CFU/mL).

Mixed fermentations with native yeasts
and a commercial yeast

S. eubayanus CRUB 1963, S. uvarum CRUB 209 and
commercial strain Safspirit M1™, were used in co-
cultures in sequential inoculation. Fermentations
were performed in duplicate in an all-malt
distillery wort with a density of 15°Bx, and without
oxygenation or sterilisation. Flasks containing 1.5 L
of wort were inoculated with pre-cultures from each
native yeast (as previously described) at a cell density
of 0.5 x 10° viable cells/mL/°Bx, and incubated at
20°C for 23 h, followed by 25°C for 25 h. After 48
h, the M1 strain was inoculated in each flask at the
same cell density (mixed fermentations SE 1963 +
M1 and SU 209 + M1), and incubated at 30°C for
another 48 h (fermentations were stopped at 96 h
in accordance with production times). Fermentation
was monitored daily by density measurements with
a refractometer. The control fermentations involved
the commercial M1 yeast which was inoculated on
both occassions (M1 + M1).
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The washes obtained from the mixed fermentations
were individually distilled in a 3.5 L copper artisanal
alembic still obtaining a low wine between 20-23%
ABV. The first 50 mL fraction - the ‘head’ of the
distillation, containing elevated levels of methanol
- was discarded, and the next 600 mL - the ‘low
wines’ - collected for analysis.

Analysis

Sugar consumption (glucose, maltose and
maltotriose) and ethanol production were analysed
by HPLC-Waters 600E (Nguyen et al. 2008), using
a Rezex™ ROA-Organic Acid H+ (8%) column (300
x 7.8 mm) heated at 60°C and equilibrated with
0.005N H,SO,. Elution was performed isocratically
(100% 0.005N H_SO,) at a flow rate of 0.6 mL/min.
Identification and quantification were carried out
with calibration curves of the standards D-glucose
99.8% (Merck), maltose 98% (Sigma), maltotriose
95% (Sigma) and absolute ethanol 99% (Sintorgan).
Ethanol content was also measured with an Alcohol
and Extract Meter (Alex 500, Anton Paar).

Phenolic compounds  4-vinylguaiacol (4-VG),
4-ethylguaiacol (4-EG), 4-vinylphenol (4-VP) and
4-ethylphenol (4-EP) were quantified according to
Saez et al (2011) using a Phenomenex Luna™ 5 um
C18(2) 100 A column (250 x 4.6 mm), a gradient
elution of acetonitrile and water with formic acid
(0.12 g/L, pH 3.5) and a flow rate of 0.9 mL/min.
Spectra were acquired at wavelengths beween
220-700 nm. The standards, 4-vinylphenol (10.1%
w/w in propylene glycol; Sigma), 4-ethylphenol
(99% w/w; Sigma), 4-vinylguaiacol (99.7% w/w;
Sigma) and 4-ethylguaiacol (98.1% w/v; Sigma)
were resuspended in a beer matrix, and used
for identification and quantification (Burini et al.
2022). The measurement of methanol and ethyl
esters (hexanoate, lactate, octanoate, decanoate,
butyrate, dodecanoate, isobutyrate and acetate)
were determined by quantitative analysis using
gas chromatographic flame ionisation (GC-FID)
detection according to the AOAC, 16th edition,
method 972.11; 26.1.36 and outsourced to CLONAR
(Mar del Plata, Argentina).

Sensory analysis

A descriptive sensory analysis of washes and low
wines was performed by a trained sensory panel at
IPATEC. The eight panellists (five women and three
men,ages25-45)weretrained indescriptiveanalysis,
terminology and sensory descriptors (ASBC, Sensory
Analysis-4; ASBC, Sensory Analysis-10). The sensory
attributes for aroma were: malty, estery, phenolic
and sulphury, and for flavour were: malty, estery,
bitter, sweet, sour acidic, alcoholic and phenolic
(ASBC-Sensory Analysis—12; Wanikawa 2020). Each
attribute was scored on a six-point intensity scale,
where ‘0" = ‘not present” and ‘5’ = ‘very strong’, with
the average value determined. The washes (4.9-8.9%
ABV) and the low wines 20-23% ABV) were assessed
without dilution. Samples were attemperated to
12°C for full perception of aroma and flavour (ASBC,
Sensory Analysis—10); served in transparent 40 mL
polycarbonate plastic cups, covered with aluminium
foil and coded with random three-digit numbers.
Panellists received detailed information regarding
the products to be assessed, their role in the study,
potential risks (e.g., allergenic ingredients), data
usage, and confidentiality. Only those who provided
informed consent, with the freedom to withdraw at
any time, participated in the evaluation. Individuals
under 21 years old, pregnant women, or those with
conditions that preclude alcohol consumption were
not included in the study (IFST, 2020).

Statistical analysis

Statistical analyses were performed using non-
parametric Kruskal-Wallis test (Shapiro-Wilk test,
p-value < 0.05; dplyr and car packages, R Core Team,
2022). For sensory analyses, a two-way ANOVA was
applied, verifying normality and homoscedasticity
(SigmaPlot 11).

Results

Performance of native yeasts in
fermentations of distillery wort

Fermentation kinetics, measured as carbon dioxide
(CO,) production over time, for the eight native
yeasts and the commercial strain Safspirit M1™ in
distillery wort are shown in Figure 1.
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All strains reached the stationary phase in
approximately 48 hours. However, the Patagonian
yeasts exhibited secondary fermentative activity,
at around 56 hours. This was not observed in
experiments conducted in the controls with sterile
all-malt wort (Figure S1).

The sugar profile of the distillery wort consisted
of 122 g/L maltose, 27 g/L maltotriose, and 29
g/L glucose (reported as percentages in Figure 2).
The commercial strain Safspirit M1™ exhibited
the highest sugar consumption in the wort (Figure
2), utilising all of the glucose, 98.1 + 0.02% of the
maltose, and 89.4 + 0.02% of the maltotriose.
Dextrins declined by 68% (cf the unfermented wort)
and ethanol production (8.9 + 0.5% ABV, Figure 2)
was greatest with this commercial yeast. For the
wild yeasts, sugar consumption was in all cases
lower than with Safspirit M1™ (Figure 2). Glucose
consumption varied between 94.2 - 95.7%, maltose
consumption was higher in the fermentations with
H. smithiae CRUB 1583 (87 + 4.9%) and maltotriose
consumption was higher for S. eubayanus CRUB
1568T (40.1 + 2.9%). The decline in dextrins ranged
between 23 - 68%, and ethanol formation ranged

Figure 1.

from 4.9 - 7.4% ABV, with the lowest for L. nothofagi
CRUB 197 and the highest for H. smithiae CRUB 1583
(Figure 2). In the control fermentations with sterile
wort (Figure S1), the commercial strain Safspirit
M1™ exhibited the greatest consumption of sugars
and highest ethanol production compared to the
native yeasts. It is noteworthy that in this control
wort medium, all yeasts exhibited lower attenuation
and ethanol production compared to fermentations
in distillery wort. Further, in the control wort none
of the native yeasts consumed maltotriose (Figure
S2, Sl).

Microbiological contamination of the
fermentations

Contaminant microorganisms were found in all
fermentations with distillery wort, with growth
on WLD and HLP media, suggesting the presence
of aerobic and anaerobic bacteria, (presumably
Pediococcus and Lactobacillus species). In all cases,
WLD medium showed counts exceeding 500 CFU/
mL. In contrast, all samples tested negative for the
presence of non-Saccharomyces yeasts in Lin's
Cupric Sulphate Medium (LCSM).

Fermentation kinetics at laboratory scale in distillery wort of the native yeasts and control strain M1, as

carbon dioxide production (g) over time (h). SU 209: S. uvarum CRUB 209, SU 222: S. uvarum CRUB 222, SE
1568: S. eubayanus CRUB 1568T, SE 1963: S. eubayanus CRUB 1963, LN 197: Lachancea nothofagi CRUB 197,
LC 568: Lachancea cidri CRUB 568, HS 1602: Hanseniaspora smithiae CRUB 1602 and HS 1583: Hanseniaspora

smithiae CRUB 1583, M1: Safspirit M1™,

40 ———— - SU222
-~ SU 209
5 301 - SE 1568
§ SE 1963
E 201 0= LN 197
% -~ LC 568
8 . HS 1602
-~ HS 1583
- M1
O-
0O 20 40 60 80 100 120 140 160 180 200
Time (h)
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Sensory profile of native yeasts
fermentation of distillery wort

The descriptive sensory analysis conducted by
the sensory panel is summarised in radar charts
(Figure 3). The flavour, ‘sour acidic’ was the
descriptor with the greatest intensity for all washes.
Significant differences were detected between the
commercial M1 strain (with lower acidic intensity)
and the yeasts S. eubayanus and S. uvarum (p <
0.05); this was consistent with the final pH values
of 3.7 for the commercial M1 strain and 3.2 for the
Saccharomyces native yeasts. The washes obtained
with the M1 yeast were significantly more alcoholic
(p < 0.05) than those produced with the wild yeasts
except for S. eubayanus and H. smithiae which were
not significant. The reference M1 strain was also
more bitter than native yeasts (p < 0.05), with the
exception of S. eubayanus and L. cidri. For flavour,
ester levels ranged from 1.1 to 1.4 in the washes
and were similar for all yeasts (with no significant
differences). While phenols varied between 0.4-
1.4, differences (p < 0.05) were only observed in
intensity between S. uvarum and three yeasts (L.
nothofagi, L. cidri, and H. smithiae CRUB 1602).

Figure 2.

For the different native yeasts, the aroma profile
fromfermentations with S. uvarumand S. eubayanus
had the highest intensity of phenols (2.3-3.0), with
a significant difference (p < 0.05) to Lachancea and
Hanseniaspora (range of 0.6-1.2). S. eubayanus
presented the highest levels of esters (2.9 + 0.9),
although no significant differences were found
between the yeasts. For the control strain M1,
phenols were at an intermediate level (intensity of
2.1), showing significant differences with L. cidri 568
and H. smithiae 1602 (p < 0.05). It is noteworthy
that the panel also perceived phenols from this
commercial strain in fermentations with the
control sterile wort (Supplementary Information,
Figure S3), . Overall, with S. uvarum, phenols were
predominant, esters and phenolic aromas were in
balance with S. eubayanus, with esters predominate
with the Hanseniaspora strains and esters and
sulphuryaromas predominate with Lachancea yeast.

Residual sugars (% relative to the unfermented wort), residual dextrins (% relative to the unfermented wort)
and ethanol produced (% v/v) in laboratory scale fermentations in distillery wort (DW) for the native yeasts
and the commercial strain M1. In the DW bars, the total dextrins in the unfermented wort are represented in grey as
100%, and in different shades of green the percentages of glucose, maltose and maltotriose that represent 100% of

the fermentable sugars in the wort are shown.
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Mixed fermentations with native yeasts
and Safspirit M1™ in distillery wort

S. eubayanus CRUB 1963 and S. uvarum CRUB 209
were selected for co-inoculation with Safspirit M1™
strain in mixed fermentations. Their fermentation
kinetics are illustrated in Figure 4. These yeasts were
chosen for their acceptable sugar consumption,
short fermentation times, and for their distinctive
aroma and flavour profiles. In mixed fermentations,
the native yeasts reached stationary phase in 48
hours, but fermentative activity increased after
inoculation of the M1 strain (marked with a vertical
dashed line, Figure 4). In the case of the control

mixed fermentation (M1 + M1), the curve was
continuous reaching stationary phase at 96 hours.

Sugar consumption in the mixed
fermentations

At the endpoint (96 hours), fermentations with the
native mixed yeasts had a higher residual sugar
content and lower ethanol production compared
to the control (Figure 5). The control M1 yeast
completely consumed glucose, 97.0 + 0.2% of
maltose and 84.0 + 1.7% of maltotriose. Whereas
the mixed fermentations had a similar sugar
consumption which was lower than for the control

Aroma Flavour Figure 3.
o SU 209 Malty Malty Aroma (left) and flavour (right)
® suU222 2 g sensory profile of laboratory
® M1 3 Estery 3 Ehenolic scale washes by the native yeasts
2 : (separated by genus). The M1 control
Estery < ) Sulphury strain is represented in all the radar
/ Bitter Alcoholic charts in black.
\V
. Sweet  Sour acidic
Phenolic
Mal Malt
® SE 1568 5 i 5 Y
® SE 1963 4 Este 4 .
o M1 3 ry 3 Phenolic
2 2
Estery Sulphury
Bitter Alcoholic
Sweet  Sour acidic
Phenolic
Mal Mal
® HS 1602 5 b 5 N
» HS 1583 4 4 .
® M1 3 Estery 3 Phenolic
2 2
Estery Sulphury
Bitter Alcoholic
Sweet  Sour acidic
Phenolic
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® LC586 o i
LN 197 4 4 .
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fermentation utilising 87.3-100% glucose, 96.1-
96.5% maltose and 45.0-46.4% maltotriose. The
relative level of dextrin declined to between 55.4-
62.2%. (Figure 5). Ethanol production was 6.8 +
0.2% ABV for S. uvarum CRUB 209 + M1, 6.6 £ 0.2%
ABV for S. eubayanus CRUB 1963 + M1 compared to
8.6 £0.9% ABV for the control (M1). Accordingly, the
ethanol yield was 78.8% for the mixed fermentation
with S. uvarum, 76.1% for the mixed fermentation
with S. eubayanus, compared to 100% with the
control fermentation.

= M1+ M1
: =e= SE 1963 + M1
10807 ' -~ SU 209 + M1
|
>
& 1.0401 :
6 i
Q 1
2 :
& 1.020+ '
n 1
1
)
1
1.000+ !
0 20 40 60 80 100
Time (h)
Figure 5.

Sensory evaluation of the mixed washes

The sensory profile of the mixed fermentation
washes as radar charts is shown in Figure 6. In
the mixed washes with both native yeasts, the
predominant flavour was sour acidic (4.0-4.2), which
were higher than the control M1 + M1 wash (1.8 +
1.3; p < 0.05). With aroma, fruity esters (described
as apple and banana) predominated (2.9 + 1.1 and
2.7 + 1.3, respectively), with S. uvarum 209 + M1
and the control strain (M1 + M1). But no significant

Figure 4.

Fermentation kinetics at laboratory scale in
distillery wort of the mixed fermentations (washes),
as specific gravity (g/mL) against time (h). The point
of innoculation of strain M1 is indicated by the vertical
dashed line. SE 1963 + M1 (S. eubayanus CRUB 1963
+ M1 control strain); SU 209 + M1 (S. uvarum CRUB
209 + M1 control strain). M1 + M1 (control fermentation
inoculated on both occasions with the commercial M1
strain).

Residual sugars (% relative to the unfermented wort), residual dextrins (% relative to the unfermented wort)
and ethanol produced (% v/v) in laboratory scale fermentations of distillery wort (DW) for the mixed washes.
In the DW bars, the total dextrins in the unfermented wort are represented in grey as 100%, and in different shades of
green the percentages of glucose, maltose and maltotriose that represent 100% of the fermentable sugars in the wort

are shown.
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Table 1.

Volatile phenol and ester
concentrations (mg/L) in distilled
low wines from mixed (SU +

M1 and SE + M1) and control

(M1 + M1) washes. Compounds
with concentrations above their
respective sensory thresholds
(indicated in the second column,
mg/L) are in bold.

@ 4-vinylphenol (odour threshold
for beer, Wackerbauer et al.
1982), 4-vinylguaiacol (Jalo
2022), 4-ethylphenol (Jalo 2022),
4-ethylguaiacol (Poisson and

Schieberle 2008), ethyl acetate (Salo

et al. 1972), ethyl isobutyrate (Gao
et al. 2014), ethyl butyrate (Poisson

Volatile Compound

4-vinylphenol
4-vinylguaiacol
4-ethylphenol
4-ethylguaiacol
Ethyl acetate

Ethyl isobutyrate
Ethyl butyrate
Ethyl dodecanoate
Ethyl decanoate
Ethyl octanoate

and Schieberle 2008) and - from
Waymark and Hill (2021) - ethyl
dodecanoate, ethyl decanoate, ethyl
octanoate, ethyl lactate and ethyl
hexanoate.

Ethyl lactate

differences were observed with S. eubayanus + M1
(1.1 + 1.2). A higher intensity of phenols (p < 0.05)
was found in S. eubayanus 1963 + M1 (0.9 + 0.2)
compared to S. uvarum + M1, where no phenols
were perceived. With S. eubayanus + M1, the
profile of phenols, esters and sulphides exhibited
similar intensities.

Analysis of low wines from mixed washes
with native yeasts and Safspirit M1™

Levels of volatile phenols (4-vinylguaiacol,
4-vinylphenol, 4-ethylguaiacol and 4-ethylphenol)
and esters (ethyl hexanoate: ethyl lactate, ethyl
octanoate, ethyl decanoate, ethyl dodecanoate,
ethyl butyrate, ethyl isobutyrate, ethyl acetate) in
the distilled low wines together with their perception
threshold in whisky are reported in Table 1.

The type and concentration of phenols (mg/L) in the
low wines from both mixed washes with the wild
yeasts was similar, but distinct to that from the M1
control wash. In the low wines of S. uvarum CRUB
209 + M1 and S. eubayanus CRUB 1963 + M1, the
four phenols were detected, although 4-vinylphenol
(4-VP) and 4-ethylphenol (4-EP) were at levels below
their threshold. The clove like 4-vinylguaiacol (4-VG)
predominated, exceeding the perception threshold
more than fivefold; for 4-ethylguaiacol (4-EG)

Ethyl hexanoate

Threshold® SU+M1 SE+M1 M1l+M1
0.2 03 0.7 1.9
14 8.2 8.2 10.0
2.7 1.6 1.7 0

0.007 0.6 0.3 0
17 89 115 95
0.06 0 0.1 0.2
0.01 0.9 0.6 11
0.6 0.8 0.9 0.9
1.1 15 15 2
0.2 2.6 2.5 24
14 9.5 12.2 9
0.08 10.2 8.2 9.9

(spicy, smoky, clove-like) the levels exceeded the
perception threshold but to a lesser degree, with
a higher value for S. uvarum CRUB 209 + M1. For
the M1 control strain, 4-VG was the predominant
phenol (seven fold greater than the threshold);
but - unlike the mixed washes with native yeasts
- 4-VP (medicinal, band aid, smoky) exceeded
the threshold, whereas 4-EG and 4-EP were not
detected.

The profile of esters was similar for the low wines
from the mixed fermentations of the three yeasts.
Values exceeded the perception threshold for
ethyl acetate (solvent, rose-like), ethyl butyrate
(pineapple-like, berry), ethyl octanoate (sour apple,
fruity, winey, waxy) and ethyl hexanoate (apple-like,
aniseed, pineapple) and, to a lesser extent, (but
also above threshold) of ethyl dodecanoate (floral,
soapy, fruity) and ethyl decanoate (apple, fruity,
sweet). Ethyl isobutyrate (fruity, butterscotch) was
not detected in the distillates of S.uvarum but was
prominent with the commercial M1 yeast.

Sensory evaluation of mixed low wines

Figure 7 shows the sensory evaluation of the aroma
and flavour of distilled low wines from the co-
culture fermentations and that with the control M1
strain. All distillates were similar - with a
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predominant alcoholic character, a malty aroma having a more ester-rich profile, a sweeter flavour,
and flavour and absence of sulphury notes. The low and a lower perception of phenolic notes compared
wines from the native yeasts were described as to the control distillate from the commercial yeast.
Figure 6.

Aroma (left) and flavour (right) sensory profile in washes from mixed (S. uvarum 209 + M1 and S. eubayanus
1963 + M1) and control (M1 + M1) laboratory scale fermentations of distillery wort.

Aroma Flavour
Malt
® SU 209 + M1 o Malty
® SE 1963 + M1 4 |
® M1+ M1 g Estery Phenolic
Estery Sulphury
Bitter Alcoholic
Phenolic Sweet Sour acidic
Figure 7.

Aroma (left) and flavour (right) sensory profile in washes from mixed (S. uvarum 209 + M1 and S. eubayanus
1963 + M1) and control (M1 + M1) laboratory scale fermentations of distillery wort.

Aroma Flavour
Malt Mal
® SU 209 + M1 o g”y
® SE 1963 + M1 )
® M1+ M1 2 Estery : Phenolic
Estery Sulphury
Bitter Icoholic
Phenolic Sweet Sour acidic
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Discussion

In this work, we show that fermentation with
novel ‘wild” yeasts provides an opportunity in the
flavour development of whisky. While fermentation
is typically performed by a limited number of S.
cerevisiae strains, wild yeast can provide a viable
strategy for new yeasts for whisky production. Here,
for the first time, the fermentation performance
and organoleptic profile for different yeasts isolated
from Patagonia (Argentina) was assessed. These
yeasts - Saccharomyces uvarum, Saccharomyces
eubayanus, Lachancea nothofagi, Lachancea cidri
and Hanseniaspora smithiae — offer the potential
to produce regionally distinctive whiskies. The
fermentative and organoleptic character of washes
from distillery and sterile, all-malt wort revealed
differences between the native yeasts and the
commercial strain (M1) in terms of ethanol vyield,
together with aroma and flavour profiles. In
agreement with (Daute 2022), the commercial M1
yeast exhibited superior fermentative performance,
reflecting adaptation to ensure rapid and complete
fermentation of malt wort sugars with high levels
of ethanol production (Walker et al. 2019). The
domestication of yeasts under these conditions has
led to efficient maltose utilisation and the evolution
of specific transporters that facilitate maltotriose
assimilation (Gallone et al. 2016).

In contrast, non-conventional wild yeasts have
evolved in natural environments distinct from
anthropogenic fermentation conditions. Lachancea
spp. and Saccharomyces eubayanus were
isolated from the bark of Nothofagus (southern
beech) trees, while Hanseniaspora smithiae and
Saccharomyces uvarum yeasts were from the
stromata of Cyttaria hariotii and Cyttaria johowii,
fungal parasites of Nothofagus trees. These
substrates lack the sugars maltose and maltotriose,
explaining the reduced fermentation performance
(attenuation and ethanol yield) of the native yeasts
and reflecting their limited exposure/adaptation
to the major sugars in malt wort. Accordingly, the
use of these wild yeasts as the sole microorganisms
in the fermentation of barley/malt wort, presents
limitations to production of beverages that require
high fermentation efficiency and alcohol yield.
However, the aromatic contributions of these
yeasts may add value in fermentations in tandem
with other microorganisms.

A key difference in the production of whisky and
beer is that in whisky the malt wort is not boiled,
enabling limit dextrinase to degrade dextrins
to fermentable sugars (Walker et al. 2012) with
contaminating microorganisms able to proliferate
in fermenter. Microbiological analysis with WLD and
HLP media showed the presence of aerobic and
anaerobic lactic acid bacteria in the distillery wort,
which are found in late-stage whisky fermentations
(van Beek and Priest 2002; Reid et al. 2020). The
presence of bacteria influenced fermentation
kinetics and ethanol yield in the washes obtained
with the native yeasts, evidenced by the emergence
of a secondary fermentation phase after 56 hours,
which was not observed in the sterile control wort
(Supplementary information Figure S1). This is likely
a result of bacteria competing for the increased
sugar availability due to the lower fermentation
capacity of the wild yeasts. A similar secondary
fermentation pattern and reduced ethanol vyield
have been reported for other non-conventional
yeasts, which was attributed to the growth of
contaminating microorganisms (Daute 2021). In
contrast, no secondary fermentation was observed
in fermentations with the commercial M1 yeast,
which would out-compete contaminating bacteria
and limit their growth by rapidly utilising sugars
and nutrients and/or producing inhibitory levels of
ethanol (Narendranath et al. 1997). Furthermore,
the higher ethanol yield observed in distillery wort
fermentations compared to sterile control wort
fermentations is likely a result of enzymic (limit
dextrinase) and microbial degradation of dextrins
and complex sugars, increasing the availability of
simple sugars for yeast metabolism (Narendranath
et al. 1997; Park et al. 2014; Daute 2021). The
increased activity of lactic acid bacteria (LAB) in
native yeast fermentations also affected sensory
characteristics, resulting in higher perceived acidity.
The final pH for these fermentations was 3.2-3.7
below that of whisky (4.0-4.5) (Aylott 2014; Walker
et al. 2019), indicating that the fermentation
parameters promoted LAB growth beyond those
normally observed in whisky fermentation, which is
consistent with the long fermentation periods and
the proliferation of these bacteria.

The sensory evaluation of all washes exhibited
a phenolic character in both aroma and flavour,
suggesting the yeasts have a phenolic off-flavour
(POF*) phenotype. The production of volatile
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phenols is linked to the presence of PAD1, FDC1,
and/or VPR genes (Vanbeneden et al. 2008), which
remain functional in wild (non-domesticated)
yeasts (Gallone et al. 2016). Previous studies have
reported volatile phenol production in all-malt wort
for S. eubayanus and noted intraspecific variability
(Urbina et al. 2020; Burini et al. 2022). Similarly
studies with Lachancea and Hanseniaspora species
in brewery wort have highlighted variability in
volatile phenol production (Methner et al. 2019; Toh
et al. 2020; Rodriguez Madrera et al. 2021; Postigo
et al. 2023; Aguiar-Cervera et al. 2024). Whilst there
are no reports of S. uvarum fermentations in all-
malt wort, studies with cider fermentations have
detected volatile phenol production at levels below
the sensory threshold (Flores et al. 2019). Phenols
were also detected for the commercial M1 strain.
The SafSpirit™ M-1 strain is a hybrid between S.
cerevisiae and S. cerevisiae var. diastaticus, which
would explain the POF* phenotype (Krogerus and
Gibson 2020). In addition, there are reports that
bacteria of the Lactobacillus and Pediococcus genus
exhibit POF* phenotype (van Beek and Priest, 2000),
suggesting that they could also contribute to the
phenolic profile.

The production of fruity esters by Lachancea and
Hanseniaspora yeasts were found in barley worts
(Canonico et al. 2019; Bellut et al. 2020; Rodriguez
Madrera et al. 2021; Aguiar-Cervera et al. 2024).
Similarly, with S. eubayanus, there are reports
of moderate concentrations of isoamyl acetate
(banana and pear aroma) and ethyl acetate (fruity
aroma at low concentrations and solvent-like aroma
at high concentrations) (Krogerus et al. 2015;
Mertens et al. 2015; Burini et al. 2022; Kelly et al.
2023). The bacterial microflora in whisky wort also
impacts on the sensory profile by adding acidity and
fruity aromas (Reid et al. 2020; Wanikawa 2020;
Daute 2022). The increase in lactic and acetic acids
in the fermenting wort promotes fruity and floral
notes through the production of ethyl lactate and
ethyl acetate (van Beek and Priest 2000), which are
detected in distillates (Reid et al. 2020).

These results suggest that the dynamics of sugar
consumption by the native yeasts with their lower
fermentative efficiency, together with their complex
interactions with other microorganisms, could be
complemented by a second fermentation using
commercial strains used in whisky fermentation.

Moreover, wild yeasts provide different profiles
of aroma and flavour compounds to that of the
commercial strain. Notably, S. eubayanus and
S. uvarum contribute to the phenolic and fruity
profiles and accordingly were selected for mixed
fermentations.

To evaluate the feasibility of producing whiskies
with novel sensory profiles using native yeasts
while maintaining ethanol yield, sequential mixed
fermentations were conducted with the selected
yeasts in co-cultures with the M1 strain. The
combination of non-Saccharomyces yeasts with
a commercial Saccharomyces yeast to enhance
ethanol vyield and flavour complexity is used in
brewing, winemaking and distilled beverages
(Duarte et al. 2013; Nufiez-Guerrero et al. 2016).
In this study, native yeasts were initially inoculated
alone due to their lower fermentation kinetics,
allowing them to dominate the early fermentation
phase, the period of highest aroma and flavour
metabolite production (White and Zainasheff
2010). The commercial strain was then introduced
to ensure sugar consumption and increase ethanol
yield. Although this strategy facilitated full sugar
consumption in the wort and vyielded higher
ethanol levels compared to wild yeasts alone, it did
not achieve the level of ethanol found with the M1
strain alone. The lower ethanol yield observed in
mixed washes, relative to the (M1 + M1) control,
could be attributed to the inefficient conversion of
sugars to ethanol by wild yeasts, nutrient depletion
caused by the initial inoculated native yeasts which
may inhibit M1 growth (Fleet 1998; Taillandier et
al. 2014), and/or potential antagonistic interactions
between vyeasts (Fleet 2003; Albergaria et al.
2010; Branco et al. 2014). However, the resulting
fermentation exhibited greater aromatic and
flavour complexity, underscoring the role of the
initial fermentation with wild yeasts in enhancing
the depth and richness of the final product.

For the three distilled low wines, all esters - except
ethyl lactate - exceeded their sensory perception
thresholds. Esters are among the most significant
congeners and have been reported in both low
wines and whiskies (Kelly et al. 2023; Poisson and
Schieberle 2008; Waymark and Hill 2021; Daute
2022). While ester concentrations were comparable
between the mixed and control fermentations,
sensory analysis revealed that low wines from
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native yeasts were perceived as sweeter and richer
in esters. Although quantification of volatile phenol
showed high concentrations exceeding perception
thresholds, these compounds were not perceived
with high intensity by the sensory panel. The higher
ethanol ABV in low wines possibly influenced the
sensory perception by modulating the thresholds
of aroma compounds, resulting in varying intensity
levels in the final distillate. Further, the composition
of the whisky matrix also contributes to differences
in perception of fruity ester (Ickes and Cadwallader
2017; Karlsson and Friedman 2017; Daute 2022;
MacGarry 2023). While sensory analyses of malt
whisky is usually performed on ‘new-make spirit’
(ca. 65% ABV after the second distillation), in this
study we chose to evaluate the ‘low wines’ from the
first distillate as an approximation of fermentation
derived aromas. It is important to note, that
low wines retain the metabolic signature of the
yeast consortium prior to second distillation and
maturation in cask, allowing a clearer attribution
of observed differences in microbial activity. While
some volatile compounds produced by the yeast
may carry over into the final spirit, the medium
chain ethyl esters (C6-C12) and the vinyl/ethyl
phenols exhibit vapour—liquid partition coefficients
that suggest they would be largely retained in the
new-make spirit.

Finally, this study confirms that wild yeasts can
be used alongside commercial yeasts but also
shows that the resulting low wines display novel
flavour profiles that could positively influence the
development of innovative whiskies of the future.

Conclusions

This the first report of the fermentation dynamics
of non-conventional yeasts isolated from natural
Patagonian environments for whisky production.
While native yeasts have lower efficiency in sugar
consumption compared to the commercial M1
strain, mixed fermentations with the industrial
strain - alongside interactions with the native
microbial flora in the distillery wort - enhanced the
organoleptic complexity of the distilled low wines.
Moreover, they provide a distinctive contribution
to the development of unique products, helping
to expand existing markets and create new ones.
Further, using autochthonous yeasts imparts a
distinctive sensory signature in the distillate.
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