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Abstract: The production of neutral distilled spirits is increasing worldwide due to the popularity of
beverages such as vodka and gin. Yeast fermentation lies at the heart of such production, but there
are salient differences between the yeast strains employed for neutral spirits, as compared to those
used in whisky, rum, and brandy fermentation. For example, the former white spirit processes aim
to minimise the synthesis of flavour-active volatile compounds (or congeners), whilst the opposite
is true for more flavoursome brown spirits such as whisky. This paper describes the raw materials,
yeasts, and fermentation conditions involved in neutral spirit production processes and discusses
challenges and opportunities in such technology, including exciting new developments regarding
strategies to improve yeast strains.
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1. Introduction

Alcohol fermentation by yeast represents the largest of global bioprocesses and the
most profitable. In addition to the production of all fermented alcoholic beverages (beers,
wines, and distilled spirits), yeasts are also responsible for the billions of litres of fuel alcohol
(bioethanol) produced throughout the world. For distilled spirits, the yeast Saccharomyces
cerevisiae is the premier microbial ethanologen due to its propensity to efficiently ferment
sugars into ethanol, carbon dioxide, and flavour-active metabolites. The latter appear
in subsequent distillates and are known as congeners that dictate the flavour and aroma
characteristics of many distilled spirits, including whiskies, rums, and brandies. Neutral
spirit refers to potable fermentation-derived ethanol that forms the base alcohol in white
spirits, such as vodka and gin, that have seen increases in worldwide production in
recent years.

This paper describes the yeasts and fermentation strategies employed to make neutral
spirits. Neutral spirits are characterised by being notably very low in flavour congeners,
and we emphasised the importance of yeast-strain selection and fermentation conditions
for minimising congener production whilst maximising ethanol production. Regarding the
latter, new opportunities for fermentation optimization through yeast-strain engineering
strategies were discussed. As intimated by Pauley and Maskell [1], the information on the
role of yeast fermentation in neutral spirit production has hitherto not been reported in
detail, and the contribution of yeast to consumer experiences of gin and vodka have been
“shrouded in mystery”. This article aimed to provide further insight into yeast fermentation
in the production of the neutral alcohol bases for these major global distilled spirits.

2. Overview of Neutral Distilled Spirits Production
2.1. What Are “Neutral Distilled Spirits”?

A neutral spirit (or neutral alcohol) may be defined as a fermentation-derived distilled
spirit product with a minimum ethanol content of 95-96% v/v that lacks distinctive aroma
and taste. In the US, a neutral spirit is distilled at (or above) 96% alcohol by volume (ABV),
whilst in the EU, the minimum alcoholic strength following distillation is 96% ABV [2].
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Regarding its organoleptic characteristics, a neutral spirit should have no discernible taste,
other than the starting raw materials, which should be of agricultural origin. These raw
materials are typically cereals such as wheat, resulting in products referred to as neutral
grain spirits (NGSs) or grain neutral spirits (GNSs). Other raw materials can also be used,
including grapes, potatoes, molasses (either from sugarcane or sugar beets), and cheese
whey (see Section 2.3). A neutral spirit is generally the most common base alcohol for the
production of gin, vodka, and other flavoured spirit beverages. The earlier production
stages for gin and vodka are relatively similar [3,4]. The majority of gin is produced through
flavouring of a neutral spirit with botanicals such as juniper, coriander, angelica, and others.
This is achieved either by compounding botanicals in neutral spirits (maceration) or by
re-distillation in the presence of the botanicals (maceration prior to distillation or vapour
infusion) [5,6]. For vodka, the subsequent removal of congeners takes place post-distillation
and typically by charcoal filtration [7,8]. Therefore, yeast alcohol production kinetics and
yields are much more important than congener biosynthesis for producing the base neutral
spirit for gin and vodka, as compared to other distilled beverages [1].

In the European Union, the chemical properties of a spirit (referred to as the ethyl
alcohol of agricultural origin [2]) destined for vodka, gin, or other botanically flavoured
spirits (for example, kummel and akvavit) production and the allowable levels of specific
congeners are defined and summarised in Table 1.

Table 1. Requirements of neutral spirit constituents used in the production of spirit drinks. The
requirements listed are in accordance with European Union regulations (EU 2019/787 Ethyl Alcohol
of Agricultural Origin) (Adapted from [2]).

Minimum alcoholic strength 96.0%

Total acidity (grams of acetic acid per hectolitre of 100% vol. alcohol) 1.5

Esters (grams of ethyl acetate per hectolitre of 100% vol. alcohol) 1.3

Aldehydes (grams of acetaldehyde per hectolitre of 100% vol. alcohol) 0.5

Higher alcohols (grams of methyl 2-propanol per hectolitre of 100% vol. alcohol) 0.5

Methanol (grams per hectolitre of 100% vol. alcohol) 30

Dry extract (grams per hectolitre of 100% vol. alcohol) 1.5

Volatile bases containing nitrogen (grams of nitrogen per hectolitre of 100% vol. alcohol) 0.1
Furfural Not detectable

2.2. Process Quverview

A general scheme summarising starch and sugar processing into neutral alcohol,
including the role of yeasts in the production of diverse alcoholic beverages, is outlined in
Figure 1. The diversity of products is reflected by the diversity of starting raw materials,
but the common denominator in all these beverages is yeast fermentation.

For the production of neutral spirits destined for both gin and vodka production,
careful consideration of raw materials, yeast-strain selection, fermentation conditions, and
distillation techniques are important.
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Figure 1. Summary of the production of diverse alcoholic beverages. The role of yeast, particularly
S. cerevisiae, is pivotal in conversion of fermentable sugars to ethanol in all the beverages indicated.
(Adapted from [9]).

2.3. Substrates and Wort Preparation for Fermentation

Regarding the starting carbohydrate materials for yeast fermentation, these can either
be starch-based or sugar-based, and examples are provided in Table 2. Although this Table
shows the typical spirit types produced from each starting material, it is possible to produce
a neutral spirit from any substrate if the correct distillation processes are followed (see
Section 2.5). Despite the resulting spirit being classified as neutral, different substrates
can still introduce different qualities into the final spirit for sensory perceptions, such as
mouthfeel and organoleptic characteristics.
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Table 2. Some fermentation media for the production of distilled spirits. (Adapted from [10]).

Media Fermentable Sugars Alcohol Product Examples

Starch hydrolysates (e.g., from maize, wheat)

. : Glucose Grain neutral spirit
using amylolytic enzymes
Barley malt wort Glucose, maltose, maltotriose Malt whisky
Cereal wort based on barley malt plus un-malted . S cotch gram whisky, Bfo'urbon .
. Glucose, maltose, maltotriose whiskey, grain neutral spirit (for gin,
starch from wheat, rye, maize, sorghum, etc.
vodka etc.)
Rice hydrolysate (from Koji enzymes) Glucose Shocha, Awamori (Japan)
Sorghum (and other grains) . . .
hydrolysates Various, mainly glucose Baijiu (China)
Potato hydrolysate using amylolytic enzymes Glucose Aquavit, vodka
Coconut flower sap Glucose, fructose Arrack (Sri Lanka)
Agave Fructose Tequila, mescal, bacanora, sotol
(Mexico)
Sugar cane molasses Sucrose Rum
Sugar beet molasses Sucrose Neutral spirit
Sugar cane juice Sucrose Cachagca (Brazil), Rhum Agricole
Grape must & pomace, fruit juices Glucose, fructose Cogna.c, Arma.gnac, brapdy, srappa,
kirsch, tsipouro, slivovitz
Cheese whey Lactose Gin, vodka, cream liqueurs

Processing of starch-based sources is more involved, as compared to sugar-based
sources since the former necessitates pre-hydrolysis, whilst the latter does not. For ex-
ample, molasses requires relatively straightforward pasteurisation, dilution, and nutrient
supplementation prior to fermentation without polysaccharide pre-hydrolysis. Molasses,
a by-product of sugar refining, has also been effectively fermented and distilled to pro-
duce rums and neutral spirits. Sugarcane molasses-based distilleries for the production of
rectified ethanol are commonplace in many countries, notably Brazil and India (e.g., [11]).
Similarly, fermentable sugars for fruit-based spirits (glucose, fructose, and sucrose) are
simply extracted by physical means (e.g., pressing of grapes to yield wine musts).

Being a polymer of glucose that cannot be fermented directly by yeast, starch requires
hydrolysis (or amylolysis) for the conversion to fermentable sugars. Such processes firstly
involve particle size reduction by milling, cutting, pressing, or grinding, depending on the
starting raw material. This is then followed by mixing with water, unless the raw material
is of a sufficiently high moisture content, and high-temperature hydration to gelatinise the
starch. The temperature at which gelatinisation occurs, that is, the hydration, swelling, and
bursting of the granules into which the starch is packed, is specific to each raw material.
In the subsequent mashing stage, starch-degrading enzymes (amylases) then liberate the
fermentable sugars into a liquid, known as wort. Note, that for Scotch whisky production,
exogenous enzymes (commercially available) are not allowed to be used due to legislation,
and therefore, the saccharification of cereal starch is accomplished solely by the amylolytic
enzymes present in barley malt. These are known as endogenous enzymes. The sugars
fermented by yeast, predominantly glucose, maltose and maltotriose, are liberated from
starch during the mashing stage by barley malt enzymes. However, for spirits to be used
for gin and vodka production, namely grain neutral spirit (GNS), exogenous enzymes are
allowed for conversion of starch (mainly from wheat or maize) into fermentable glucose.
Starch is formed of two main structural components, amylose and amylopectin. Amylose
is linear, whereas amylopectin is highly branched. Therefore, the enzymes applied must be
able to hydrolyse both linear (« 1-4) and branched (o 1-6) glucosidic linkages. Such starch-
degrading enzymes are a-amylase and amyloglucosidase (also known as glucoamylase),
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respectively. The enzymes can further be applied to aid in the processability of the wort.
For example, a 3-glucanase can be applied when high 3-glucans concentrations could
cause wort run-off problems due to their high viscosity. Irrespective of the enzyme sources
for cereal-wort production, starch degradation processes do not stop when the wort leaves
the mashing vessel. This is because distiller’s wort is not boiled following mashing, as in
beer production. Consequently, the residual malt or exogenous enzymes continue their
amylolysis during fermentation, and this resembles the simultaneous saccharification and
fermentation (SSF) processes typically found in bioethanol (fuel alcohol) distilleries that
process maize and wheat [12].

Although cereals are the most common substrate utilised in the production of neutral
spirits, likely due to being cost-effective products of local agriculture, some distillers
use alternative, non-cereal sources of starch-based spirits. For example, potatoes can be
used [13], but the basic steps of reducing particle size, starch gelatinisation, and mashing
remain the same, including milling, cooking with alpha-amylase, cooling, and the addition
of amyloglucosidase prior to yeast fermentation. Following mashing and starch conversion,
cooling the wort to suitable temperatures (e.g., 20-30 °C) then takes place to facilitate active
yeast fermentation. Selected distilling strains of S. cerevisiae typically produce a fermented
wash at 8-10% v/v ethanol.

An interesting raw material for neutral spirit production is cheese whey. This liquid is
a by-product of the cheese-making process and is rich in lactose, as well as other nutrients,
for yeast fermentation. Although S. cerevisiae is unable to ferment lactose, other yeasts,
notably Kluyveromyces marxianus, are able to do so, and this property has been exploited by
several large-scale distillery operations worldwide (e.g., in Ireland, New Zealand, Turkey).
See O’Shea [14], Tomaszewska and Bialonczyk [15], and Hughes et al. [16] for further
information on cheese-whey-based spirits.

2.4. Fermentation Process Control

Although low congener-producing yeast strains are typically selected for the produc-
tion of neutral spirits, the control of the fermentation temperatures and duration, together
with other processing parameters (e.g., vessel pressure), can further help reduce flavour
formation. The principal components analysis (PCA), as presented in Figure 2, highlighted
the effect of temperature on congener production with distinct congener groups found at
each of the fermentation temperatures. A substantial decrease in the concentration of a large
number of congeners was apparent as fermentation temperatures increased. Regarding
fermentation times, these should be minimised to curtail the development of congeners in
neutral spirits, as compared to the situation with prolonged fermentation typified by more
flavoursome spirits, such as malt whisky.

2.5. Neutral Spirit Distillation

A neutral spirit is produced by removing most of the congeners during the distillation
of the fermented wash. Multiple distillation steps using a multi-column continuous system
is typically used to achieve the desired concentration of alcohol and the level of congeners.
Following the primary distillation that consists of a stripping and rectifying column, the
spirit may be processed through an extractive distillation step (hydro-selection), a secondary
distillation (stripper and rectifier), fusel-oil recovery, and a methanol reduction step. Table 3
demonstrates the efficiency of a multi-column distillation system for producing a spirit
with barely any detectable congeners present. In comparison, a pot-distilled new-make
whisky spirit is typically rich in congeners. The reader is directed to Murray [17] for more
comprehensive coverage of distillation technology for distilled spirit production.
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Figure 2. PCA of congener data obtained following corn-whisky fermentation at 20 °C, 33 °C,
and 38 °C using a neutral yeast strain (circles) and a whisky yeast strain (diamonds). (a) Scores
plot (b) Loadings plot. Analysis courtesy of Lallemand Biofuels & Distilled Spirits R&D,
Montreal, QC, Canada.

Table 3. Congener profile of new-make whisky and neutral spirits. Values are presented as grams
per hectolitre of alcohol. Values with the symbol < are the test-detectable limits and indicate that the
compound was not detected. Analysis courtesy of Tatlock & Thomson (by Leven, UK) on samples
provided by Arbikie Distilling Ltd. (Arbroath, UK).

Compound New-Make Whisky Grain Neutral Spirit
Amyl 3 2124 <0.1
Isobutanol 78.0 <0.2
Amyl 2 64.6 <0.1
Ethyl acetate 36.9 <0.2
n-Propanol 17.4 <0.1
Acetaldehyde 11.2 0.2
Ethyl palmitate 7.3 <0.1
Acetal 5.6 <0.1
Methanol 5.2 <0.1
Furfural 3.1 <0.1
Ethyl caprate 2.1 <0.1
Ethyl lactate 12 <0.2
Ethyl laurate 1.0 <0.1
Ethyl caprylate 0.8 <0.1
Ethyl palmitoleate 0.8 <0.1
n-Butanol 0.7 <0.1
Ethyl myristate 0.4 <0.1
Isoamyl acetate 0.4 <0.1
Ethyl caproate 0.2 <0.1

Methyl Acetate <0.1 <0.1
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2.6. Distilling Yeasts: General Characteristics

Yeasts are single-celled micro-fungi that have widespread uses in industry. The reader
is directed to additional published reference material for detailed coverage of the biochem-
istry and industrial applications of yeast [18]. The species of yeast that predominates in
neutral spirit fermentation is S. cerevisiae. This yeast is also primarily involved in fermenta-
tion for the production of most other alcoholic beverages, including beer, wine, cider, and
matured distilled spirits, such as whisky, rum, and brandy. Different strains of S. cerevisiae
have been selected for specific applications in fermented beverage production, and al-
though this yeast predominates in distilled beverage fermentation, other yeast species
have occasionally been employed, such as Schizosaccharomyces pombe and Kluyveromyces
marxianus, as outlined in Table 4.

Table 4. Yeasts employed for production of distilled spirits. (Adapted from [19]).

Alcohol Type

Yeast Involved Comments

Whisky

Scotch whisky producers currently use selected
distilling strains of S. cerevisiae in three main
formats: cream yeast, pressed (cake), and dried
yeast. Malt whisky distilleries traditionally use
pressed yeast, but larger grain distillers have
S. cerevisiae now adopted cream yeast. Dried yeasts are not

as prevalent as pressed and cream formats in
whisky fermentation; however, they are
becoming more popular with smaller scale
producers due to their shelf-life stability at
room temperature.

Rum

S. cerevisiae strains in rum fermentation are
developed as starter cultures and provide
faster fermentation with higher alcohol levels
and more fatty acids, but fewer esters,
resulting in lighter styles of rum.

S. cerevisiae and Schiz. pombe Schiz. pombe in rum fermentation provides
slower fermentation for lower alcohol levels
and fewer fatty acids but more esters, resulting
in heavier styles of rum with stronger aromas.
Growth of Schiz. pombe is favoured by low pH
with higher sugar concentrations.

Tequila, Mezcal, Bacanora

Various yeasts have been isolated from such
Natural yeasts in artisanal processes: S. cerevisiae, Kluyveromyces
Agave fermentation marxianus, Pichia spp., Brettanomyces spp.,
Rhodotorula spp., etc. [20].

Brandies, Gin, Vodka, etc.

For brandies, cognac, etc., the base wine is
produced by pure starter cultures of S.
cerevisiae. For gin, vodka, etc., selected

distilling strains of S. cerevisiae are used.

S. cerevisiae

Cheese whey-derived beverages K. marxianus

Lactose-fermenting yeast produce ethanol
destined for gin, vodka, and cream liqueurs.

2.7. Properties of Yeast for Neutral Spirit Production

The general desirable characteristics of distilling strains of yeast exploited for pro-
duction of different distilled spirits are outlined in Table 5. When considering yeasts used
for the production of flavoursome distilled spirits (e.g., malt whisky), rather than neutral
alcohol destined for gin and vodka, the desired yeast attributes have been focused on con-
gener flavour development, rather than ethanol yield [21]. Conversely, for the production
of neutral spirits, the desired attributes of yeasts include rapid fermentation with high
alcohol but low congener yield and tolerance to environmental stresses. The physiological
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and biochemical characteristics of a distilling yeast strain for neutral spirits are strongly
influenced by the chosen fermentable substrate, which could either be sugar-based (e.g.,
molasses) or starch-based (e.g., wheat).

Table 5. Distilling yeast desired attributes: qualitative criteria (adapted from [22]).

. Malt Whisky Grain Whisky Neutral Spirit Fruit-Based
Yeast Attributes . . . .
Fermentation Fermentation Fermentation Fermentation
Rapid fermentation
(e.g., 1-2 days) 2 4 4 4
Continuous fermentation 1 2 2 2
Alcohol yield 2 4 4 4
Acceptable spirit c}'laracter 5 4 5 3
(congener profile)
Maltotriose utilisation 4 4 2 1
Less yeast biomass 2 3 3 2
Stre{ss tolera.nce: 5 4 4 5
High gravity
3 4 4 4
Temperature 3 4 4 4
Ethanol
Competitive (vs. bacteria) 2 3 4 3
Fermentathn consistency 3 5 5 5
Yield
5 3 2 4
Flavour 5 5 5 5
Yeast vitality
Avallablll.ty as: 3 5 5 3
Cream/liquid yeast
3 1 2 3
Cake yeast
4 1 2 2
Dry yeast
1 4 4 2
Freshly propagated
1 1 3 1
Recycled

Qualitative descriptors: 1 = undesired (or not applicable); 2 = less desired; 3 = moderately desired; 4 = highly
desired; 5 = very highly desired (essential).

The following salient features of yeasts to be employed specifically for neutral spirit
fermentation should be considered:

Fast utilisation of all available fermentable sugars

Production of high alcohol yields at the end of fermentation

Good thermotolerance (e.g., ability to ferment at temperatures as high as 37 °C)
Non-flocculent behaviour (aggregation of yeast cells into sedimentary clumps)
Tolerance to osmotic stress (e.g., high-sugar molasses and high-gravity cereal wort)
Low production of flavour compounds (congeners)

Regarding the latter attribute, several commercially produced yeasts are available that
inherently synthesise low levels of congeners, such as higher alcohols, aldehydes, and esters.
Although higher alcohols account for the majority of congeners present, the esters are the
most influential congener group formed during fermentation from a flavour perspective.
Figure 3 compares the ester profiles of a cereal wort fermented with one such neutral spirit
yeast, to a whisky yeast. Although the overall concentration of esters present remained
lower when using a neutral yeast, this difference was reduced at higher temperatures.
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Figure 3. Effect of yeast strain and temperature on ester formation during corn-whisky fermentation.
Congener concentrations were measured in distillates from single distillation with a 30 L capacity
hybrid still and are expressed in grams per hectolitre of absolute alcohol (AA, 100% vol. alcohol). EA:
ethyl acetate. Esters analysed: isoamyl acetate, ethyl caprylate, ethyl caprate. Analysis courtesy of
Lallemand Biofuels & Distilled Spirits R&D, Montreal, QC, Canada.

Distilling yeast strains can be cultured in house or supplied on a commercial basis
by yeast supply companies [1]. Some small-scale and artisanal distilleries have adopted
spontaneous fermentation that rely on indigenous microbiological flora, such as wild yeasts
and bacteria. These microbes are found in the raw materials and are part of the fabric
of distillery environments. Spontaneous fermentation have typically been exploited in
small distilleries in Mexico (for Tequila and Mezcal production) and in Brazil (for Cachaga
production), and their products are typically rich in congeners. Therefore, this is not an
ideal practice for the production of a neutral spirit. In addition to S. cerevisiae, several
non-Saccharomyces yeasts can be used as pure starter cultures or can occur naturally in
beverage fermentation. For example, Schiz. pombe was found in molasses fermentation for
rum production, and K. marxianus strains can ferment lactose in cheese-whey to produce
white spirits, such as vodka and gin. Several wild yeast species, such as non-distilling
strains of S. cerevisiae, Pichia membranefaciens, Torulaspora delbrueckii, and Candida species,
can also be found in some distillery fermentations [9]. Although the levels of such yeasts
can be deleterious in affecting fermentation progress, they are usually controlled at low cell
numbers due to the predominance of S. cerevisiae as the main yeast strain if used at high
starting cell densities during production. However, another wild yeast, Dekkera bruxellensis
(anamorph Brettanomyces bruxellensis), was found to dominate and out-compete S. cerevisiae
in wheat-based distillery fermentation [23].

2.8. Yeast Handling/Management

As indicated above, distilleries can choose between freshly propagated and com-
mercially supplied pure-cultured strains of S. cerevisize. The latter may be supplied in
compressed (cake) form, liquid (cream) form, or in dried form (Table 6 and [21,24]).
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Table 6. Distilling yeast formats.

Yeast Format % Dry Matter Shelf Life Storage Conditions
Cream (Liquid) ~18% 9-10 days <5°C
Cake (Pressed) 27-33% 16-30 days <7°C
Dried ~96% 2 years or more Stable in vacuum packs at

room temperature

The pitching rate (inoculum) is generally around 107 cells/mL. Distilled spirit pro-
ducers, as compared to brewers and winemakers, do not recycle yeast, and instead, the
fermented wash, including the yeast, is frequently distilled. This results in the concomi-
tant destruction of yeast cells, thus necessitating supplies of freshly propagated or freshly
supplied yeast for subsequent fermentation. The distillation of yeast-containing fermented
wash also contributes flavour to the resultant spirit, which is undesirable for neutral
alcohol production.

Typically, distilled spirit fermentations are allowed to proceed for a few days without
precise temperature control. The pH is also not commonly controlled in a cereal-mash
fermentation. The pH prior to fermentation is typically 5-5.5 pH and can fall to a pH of
4.2-4.5 by the end of fermentation. Yeast viability declines at the end of fermentation due to
the combination of a low pH, temperatures > 30 °C, and a high final ethanol concentration.
These additional reasons are why yeast is not recycled by distilleries.

For all types of industrial fermentation processes that use yeast, it is important to
ensure the yeast strain employed has good viability and vitality and is a pure culture. The
latter means that the strain of yeast is genetically pure and that the culture population
is free from contaminating micro-organisms, including other yeast strains. Some (larger)
distilleries have suitable equipment to propagate enough pure yeast aerobically to pitch
(inoculate) into the distillery’s fermenters. Note, that yeast propagation is different from
fermentation. The former relies on the yeast’s respiratory capabilities to generate sufficient
energy (in the form of ATP) from the aerobic metabolism of sugar, whilst the latter produces
ethanol and CO, under anaerobic conditions with lower energy generation.

Yeast strain purity, viability, and vitality are key analytical parameters to ensure con-
sistent fermentation [25]. Therefore, a pitching yeast contaminated by lactic-acid bacteria is
considered to have poor viability; if it were to be used to initiate a distillery fermentation, a
sluggish fermentation with low alcohol yield would be expected.

2.9. Alcoholic Fermentation

Yeasts ferment sugars into alcohol, carbon dioxide, and secondary metabolites, as
they reproduce and grow under anaerobic conditions. The reproduction of S. cerevisiae is
by a mechanism known as budding. Figure 4 summarises the main pathways adopted
by yeast when converting sugars into alcohol under anaerobic conditions. Glycolysis,
also known as the Embden-Meyerhof-Parnas pathway, involves the action of 10 cytosolic
enzymes in yeast that degrades glucose (and other fermentable sugars) into pyruvate
with the production of energy (2ATP) for yeast cell growth. Full details of the glycolysis
pathway, including the enzymes and the substrates, can be found in any biochemistry
and distilled spirits textbooks (e.g., [19,26,27]). The final pathway is fermentation, which
involves two yeast enzymes that convert pyruvate into ethanol and carbon dioxide as the
yeast regenerates NAD to control the redox balance. The key fermentative enzymes in
question are the pyruvate decarboxylase and the alcohol dehydrogenase.

The principal fermentable sugars found in cereal wort are glucose, maltose, and
maltotriose, whilst those found in molasses are predominantly sucrose. The initial con-
centration of these sugars dictates the final yield of ethanol at the end of fermentation [9].
Theoretical yields can be calculated utilising the Gay-Lussac equation, which states that
1 g glucose yields 0.511 g of ethanol. In a 100% efficient system, 1 tonne of starch liberates
1.111 tonnes of glucose (due to the addition of 1 molecule of water per 1 molecule of glucose
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formed) which, in turn, produces 567.7 kg of ethanol or 719 L of pure ethanol. In practice,
yields are typically lower than these estimates as a result of processing and equipment

inefficiencies.
2ADP + 2Pi 2ATP
Glucose 2 Pyruvate
GLYCOLYSIS
2NAD* 2NADH + H* 2 CO;

WV

2 Ethanol 2 Acetaldehyde
FERMENTATION

Figure 4. Summary of glycolysis and fermentation.

2.10. Secondary Metabolic Products of Yeast

The primary products of yeast fermentation are ethanol and carbon dioxide. Sec-
ondary yeast metabolites are minor compounds produced in much lower concentrations.
Nevertheless, a large percentage of the flavour congeners in distilled spirits is contributed
by the secondary metabolites produced by yeast during fermentation, as summarised in

Figure 5.
SULFATE
H.S + SO, &
SUGARS
— AMINO ACIDS
PYRUVATE ———————= KETO ACIDS
| ACETALDEHYDE |
ACETYL-CoA ETHANOL
ORGANIC /
ACIDS
FATTY ACYL-CoA FUSEL
/ ALCOHOLS
& ESTERS
FATTY

ACIDS LIPIDS

Figure 5. Outline of metabolic inter-relationships in the synthesis of secondary yeast metabolites.
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As compared to a malt-based spirit, grain neutral spirits tend to be quite “clean” and
contain relatively low levels of flavour congeners. Figure 3 and Table 3 present congener
profiles to demonstrate the impact of yeast and distillation techniques on the presence of

flavour congeners.

The flavour (taste and aroma) characteristics of yeast-derived flavour congeners in
distilled spirits are summarised in Table 7. The principal flavour congeners in distilled
spirits include fatty acids and their esters (e.g., ethyl caprate, ethyl laurate), organic acids
(e.g., succinic acid), higher alcohols (e.g., n-propanol, isoamylalcohol), aldehydes (e.g.,
acetaldehyde), and vicinal diketones (diacetyl). Additional information regarding the
origins and identification of different flavour congeners in distilled spirits can be found

in [9,17,19,20,26-29].

Table 7. Important yeast-derived flavour congeners in distilled spirits. (Adapted from [10]).

Metabolite Class General Flavour Characteristics Examples of Compounds Taste/Aroma
Within certain concentration n-Propanol .
L - ; Alcoholic
limits, higher alcohols impart Isobutanol Pharm.
Higher alcohols desirable flavour and aromas to Isoamyl alcohol armacy
. Fusel, alcoholic, fruity, banana
fermented beverages, notably in (3-Methylbutan-1-ol) Rose petals. perfume
distilled spirits. 2-Phenylethanol P s perit
Ethyl acetate Solvent, acetone
Ethyl butyrate Pineapple, banana, mango
These compounds impart fruity Ethyl caproate Apple, aniseed
Ester and floral flavours and aromas to Ethyl caprylate Apple
Sters fermented beverages and Ethyl hexanoate Pineapple, unripe banana
distilled spirits. Ethyl lactate Butter, cream
Ethyl octanoate Sour apple, apricot

Isoamyl acetate

Banana, pear, fruity

Carbonyl compounds

Above its flavour threshold, this
compound can impart a “grassy”
or “green apple” flavour.

Acetaldehyde

Green apple

Organic acids

These compounds contribute in a
beneficial way to the astringency,
or “sharpness”, of fermented
beverages. The presence of some
acids, notably lactic acid, may
indicate undesirable
bacterial spoilage.

Succinic acid
Citric acid
Acetic acid
Lactic acid

Sour, acidic notes

Glycerol is produced during
normal yeast metabolism or when
yeasts are confronted with

Contributor to

Polyols osmotic stress. Glycerol Glycerol viscosity /mouthfeel in certain
contributes desirable viscosity to beverages
fermented beverages,
notably wines.
Diacetyl in some beers is
undesuable, 1Irlnpartmg a . Diacetyl has a rancid-butter,
rancid-butter or “butterscotch .
Diacetyl butterscotch flavour.

Vicinal diketones

flavour, but levels can be reduced
during beer conditioning.
Diacetyl is also found in
distilled spirits.

Pentane-2,3-dione

Can be a flavour attribute in some
spirits (e.g., whiskies)

Sulphur compounds

These are important flavour and
aroma compounds but, at higher
concentration, are generally
regarded as undesirable.

Hydrogen sulphide
Di-/tri-methyl sulphide
Sulphur dioxide
Thiols

Rotten eggs, struck match, burnt
rubber.
Blackcurrant at certain levels.

Phenolic compounds

4-Vinyl guaiacol
4 Ethyl phenol
m-Cresol

Spicy, smoky, clove-like,
medicinal, peaty

Esters are especially important flavour congeners in alcohol distillates due to their
fruity and floral characteristics. Ester production by yeast during fermentation is facilitated
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by condensation reactions between alcohols and acyl CoAs. Ethyl acetate is the predom-
inant ester produced, with isoamyl acetate formed at lower concentrations to impart a
fruity (banana) aroma to spirits. However, certain esters, notably ethyl lactate, are linked to
lactic acid bacterial metabolism. Another group of flavour congeners derived from yeast
metabolism that are important in distilled spirits are higher alcohols. Their production by
yeast is related to the concentrations of amino acids in a fermentation medium. For example,
phenylalanine stimulates phenylethanol production, giving rise to a rose-like aroma.

In many distilled spirits, yeast-derived congeners are beneficial contributors to the
flavour characteristics of distillates, if controlled within certain limits. The choice of the spe-
cific strain of distiller’s yeast, together with the contributions from other micro-organisms,
such as lactic-acid bacteria, are important in dictating the final flavour and aroma char-
acteristics of the distilled spirits. Furthermore, for the production of neutral spirits, the
yeast strain selected, together with the distillation stage, are crucial for minimising the
concentration of these flavour congeners.

2.11. Yeast Strain Improvement Strategies

Walker and Walker [30] discussed various yeast-strain-engineering strategies for the
enhancement of alcoholic fermentation performance in both beverage and biofuel ethanol.
For the latter, de Silva Fernandez et al. [31] discussed approaches to improve yeasts for
converting sugar, starch, and cellulosic substrates to bioethanol as a renewable transport
fuel. There were similarities in the desired attributes of yeast strains for biofuel and neutral
spirit applications. Most notably, this included the minimal biosynthesis of glycerol as well
as the other secondary metabolites, such as higher alcohols, acids, and esters. Moreover,
the production of a flavour-less distillate in both cases would be a common goal. For both
biofuels and distilled spirits, yeast-strain improvement can be accomplished via physiolog-
ical, genetic, and molecular and synthetic biological strategies. Very high yields of ethanol
(>20% v/v) have been achieved using cereal starches in large-scale bioethanol (fuel alcohol)
distilleries, for example, in the United States. This was possible by employing various yeast
physiological and process-engineering approaches, including very-high-gravity fermenta-
tion; stress-tolerant yeasts; optimised nitrogen and mineral nutrition; temperature staging;
and simultaneous saccharification and fermentation [32]. Such approaches have the poten-
tial for increasing ethanol yields for neutral spirit producers. The adaptive evolution of
yeast strains with improved fermentation characteristics and increased tolerance to stress
have also been employed. This involves growing yeast, preferably in chemostat cultures,
under a particular selective pressure (e.g., increased ethanol concentrations) to select for
faster growing spontaneous mutants. This has proved successful to enhance yeast substrate
utilisation, ethanol production, and stress tolerance. Such cell-engineering approaches may
be applicable for achieving high ethanol yields for neutral spirit producers.

Regarding more directed genetic-based yeast-strain improvements, these involve ei-
ther classical genetics (e.g., strain hybridisation), genetic engineering (recombinant DNA
technology), gene editing (via CRISPR/Cas9), or synthetic biology. Figure 6 summarises
some of the strain improvement strategies for industrial yeasts based on molecular ge-
netic approaches that have been discussed by Argyros and Stonehouse [33], for yeasts
for bioethanol production. However, the improved yeast traits, as shown in Figure 6,
represented the desired characteristics for both biofuel and distilled spirit fermentation.
For example, the exploitation of genetically engineered yeast strains to utilise raw starch
could circumvent the need to use exogenous amylolytic enzymes to saccharify starch, and
such strains were successfully developed [34]. Particularly concerning neutral alcohol, one
approach potentially involved a reduction in glycerol biosynthesis, but a suppression of
the pathways leading to other by-products were feasible and would be highly beneficial.
Regarding glycerol, this represented a significant metabolic product of yeast fermentation
that could result in corresponding losses in ethanol yields (around 4%) by S. cerevisiae [35].
To counteract this, van Aalst et al. [36] described how to alter the energy coupling in
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anaerobic yeast fermentation to reduce or eliminate glycerol biosynthesis whilst, at the
same time, maximising alcohol yields. This would also benefit neutral spirit producers.

Complex sugars Simple sugars

Nutrients

Eg. N, P, vitamins, minerals

—

Available nutrients

Secreted enzymes
Eg. Amylases, cellulases, hemicellulases,
proteases, phytases

Glucose

Improved tolerance to
inhibitors in process
Eg. Ethanol, furfural,

weak acids

Modulation of Introduction of new
native pathways I pathways

-

Transporter
/, )N improvements
7 | \ Eg. Pentose sugars,
e I A galactose
z

Byproducts -
Production of non-ethanol

Reduction of fermentation byproducts
Eg. Glycerol, biomass, CO,

fuels and chemicals
Eg. Isobutanol, propanediol

¥
Ethanol

Figure 6. Yeast strain improvement opportunities (adapted from [33]).

Gene-editing technologies using CRISPR/Cas9 in yeast have been well established [37]
and applied to confer ethanol stress tolerance in S. cerevisiae [38]. Deparis et al. [39]
discussed how other industrially relevant traits could be introduced into yeast using gene
and pathway engineering.

Regarding synthetic biological approaches, Walker and Pretorius [40] discussed the
opportunities to engineer wine yeast communities for specific fermentation attributes, and
similar approaches have been feasible for developing new distilling yeasts, including strains
with specific characteristics for neutral spirit fermentation. The synthetic biological tool
SCRaMbLE (Synthetic Chromosome Recombination and Modification by LoxP-mediated
Evolution) is a method that allows yeast to optimise metabolic pathways [41], potentially
for ethanol fermentation. It could also be used to improve tolerance to fermentation
stress factors, such as ethanol toxicity and elevated temperatures [42]. When applied to
S. cerevisine, SCRaMbLE was a powerful tool for increasing the industrial fermentation
productivity [43]. Nevertheless, SCRaMbLE has been performed primarily on laboratory
yeast strains. However, recent studies [44,45] have indicated the potential to transition syn-
thetic biological approaches in order to improve the characteristics of industrial S. cerevisiae
strains with polyploid genotypes. The synthetic biology approach in yeast showed it was
possible to completely replace the yeast glycolysis pathway with alternative pathways (e.g.,
Kuijpers et al., [46]). Therefore, one could envisage future synthetic yeast variants contain-
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ing synthetic, modular pathways, resulting in new and more efficient functions, including
reduced congener biosynthesis, which would be pertinent for neutral spirit production.

Although synthetic biological approaches for improving beverage yeast characteristics
have yet to be proven in scaled-up industrial fermentation, the technology for neutral
alcohol production processes has great potential. This is particularly pertinent for the
development of novel yeast strains with a reduced biosynthesis of secondary fermentation
metabolites, notably glycerol. Nevertheless, in addition to the technology constraints, the
negative consumer perception of genetically modified or synthetic microbe variants in food
and drink production may prove a difficult challenge to overcome (e.g., [47,48]).

3. Conclusions

This paper discussed the desired properties of yeasts and the fermentation processes
employed for the production of neutral distilled spirits. Due to the increasing global
production of spirits such as gin and vodka, it is important for producers of the base
alcohol for such beverages to select the best strains of S. cerevisiae for optimum fermentation
performance with the appropriate carbohydrate substrate. The yeast properties in question
include, but are not limited to, the fast utilisation of available sugars and high ethanol
yields, with the reduced biosynthesis of secondary flavour metabolites. Commercial yeast
companies can supply suitable yeast strains for neutral spirit production, and further
options are available via strain engineering to achieve yeast attributes, resulting in the
desired characteristics in the distillates. Considering what the future may hold regarding
novel next-generation ethanologenic yeasts, one intriguing scenario includes the possibility
of curtailing the production of carbon dioxide whilst augmenting ethanol biosynthesis
during fermentation by S. cerevisiae. Several molecular genetic strategies for developing
CO;,-fixing yeasts and potentially achieving such sustainable outcomes have already been
reported [49-52]. Some of the strategies for improved yeast strains, as highlighted in this
paper, should point the way for future improvements for neutral spirit producers.
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