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Abstract: One of the most prominent consequences of global climate warming for the wine industry
is a clear increase of the sugar content in grapes, and thus the alcohol level in wines. Among the
several approaches to address this important issue, this review focuses on biotechnological solutions,
mostly relying on the selection and improvement of wine yeast strains for reduced ethanol yields.
Other possibilities are also presented. Researchers are resorting to both S. cerevisiae and alternative
wine yeast species for the lowering of alcohol yields. In addition to the use of selected strains under
more or less standard fermentation conditions, aerobic fermentation is increasingly being explored for
this purpose. Genetic improvement is also playing a role in the development of biotechnological tools
to counter the increase in the wine alcohol levels. The use of recombinant wine yeasts is restricted to
research, but its contribution to the advancement of the field is still relevant. Furthermore, genetic
improvement by non-GMO approaches is providing some interesting results, and will probably
result in the development of commercial yeast strains with a lower alcohol yield in the near future.
The optimization of fermentation processes using natural isolates is, anyway, the most probable
source of advancement in the short term for the production of wines with lower alcohol contents.
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1. Introduction

Commercial wines have been experiencing a steady increase in alcohol levels since the
1980s. On average, the gain in alcohol has been about 1% (v/v) every ten years, currently
reaching a total increase of 3-4% (v/v). There are two main reasons behind this trend.
From one side, global climate warming affects, in different ways, the different physiological
processes involved in grape berry ripening. Both sugar accumulation and phenolic and
aromatic maturity develop faster, but the impact is greater for sugars. This imbalance
prevents early harvesting from being an adequate solution to this problem, as it would lead
to organoleptic defects associated with unripe berries. On the other hand, the consumer
demand for tasty, structured, and full-bodied wines has pushed the market towards
winemaking styles that require the harvest of very ripe grapes. As a result, quality grapes
today tend to be richer in sugar content, leading to the observed increase in wine alcohol
levels when all this sugar is fermented by yeasts [1].

Excess alcohol in wines is becoming a problem for the industry from several points
of view. Wine balance is a delicate equilibrium between sweetness, acidity, bitterness,
and aroma compounds, with alcohol as a vehicle for the perception of the latter. Ethanol
surplus can lead to a sensory imbalance by promoting bitterness and masking fruit per-
ceptions, and increasing the perception of sweetness, astringency and hotness. Besides
this, sticking to moderate alcohol consumption becomes more difficult, and can therefore
lead to increased risks for consumer health and road safety. Taxation based on alcohol
levels in several importing countries is an additional incentive to look for wines with lower
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ethanol contents. Taken together, all of these factors might contribute to discourage wine
consumption. Furthermore, from a bioprocess point of view, high levels of ethanol could
lead to sluggish or stuck fermentation processes, with significant economic consequences.

In recent years, there has been a collective effort by researchers, engineers, and wine-
makers to develop approaches to limit the ethanol content of wines [2]. This community
is targeting almost every stage of the production cycle, including, among other examples,
grapevine clonal selection, vineyard management, winemaking practices adapted to unripe
grapes, the use of yeast strains with a lower ethanol yield (often recombinant) or metabolic
inhibitors, and partial dealcoholisation by physical means. Unfortunately, straightforward
solutions, such as early harvesting or post-fermentation treatments, often have a negative
impact on the wine quality (e.g., a green character and altered aromatic profile). Apart from
sweet wines, most wines on the market are dry wines, which should contain very low
levels of residual sugar. Solutions that result in less alcohol but an increase in residual
sugars (i.e., stopping fermentation before completion) will drastically change the wine
style, and will not be considered in this review. Here, we will present biotechnological
solutions related to the fermentation process, mainly involving the selection and improve-
ment of wine yeast strains for reduced ethanol yield, but also the use of some enzymes or
metabolic inhibitors.

In this context, a pivotal concept is alcohol yield, which is the amount of ethanol
produced per unit of sugar consumed. Most microbiological approaches to the reduction
of the alcohol level in wines will target the ethanol yield of S. cerevisiae or alternative
wine yeast species. Associated with the lowering of the alcohol yield is the concept of
alternative carbon sinks (carbon-containing metabolic end products other than ethanol).
Under standard fermentation conditions, about 60% of the hexose carbon consumed by
S. cerevisiae ends up in the form of ethanol, 30% goes to carbon dioxide, and the remainder
goes to biomass and less abundant metabolites. This led to the rule of thumb which states
that for every 17 g/L of sugar in the grape must, an additional 1% v/v of alcohol wine is to
be expected in the wine. Reducing the alcohol yield requires the diversion of the metabolic
flux from ethanol to alternative carbon sinks.

However, alcoholic fermentation is the metabolic hallmark of Saccharomyces cerevisiae,
the yeast species dominating most wine fermentation processes in the industry, either spon-
taneously or because it is used as a starter culture. This species always shows a high ethanol
yield during fermentation, with very little biological diversity [3,4]. As an example, a sur-
vey of 72 S. cerevisiae strains from various geographical origins and ecological niches found
great phenotypic diversity for other traits, but almost no differences in ethanol yield [4].
Below, we describe the different efforts made to overcome this biotechnological hurdle.

2. Genetic Improvement of S. cerevisiae
2.1. Genetic Engineering

Since the 1990s, it has been a constant in wine biotechnology that product improvement
and problem solving tend to be addressed, in the first instance, by the genetic engineering
of wine yeasts. However, the wine industry is not the ideal breeding ground for genetically
modified organisms due to restrictions to GMOs on food production in most countries,
and their negative perception by wine consumers [5]. The only two recombinant wine
yeasts that have been commercialised so far do not seem to have become bestsellers in the
markets they were introduced in [5,6]. Therefore, none of the recombinant strains described
in this section were intended for direct commercialization. Nevertheless, their study
provided useful information for the improvement of yeast strains by alternative approaches.
Indeed, in several instances, the reduction in alcohol levels appeared as a side-effect of
genetic manipulations which were not intended for that purpose. As mentioned above,
when it comes to reducing the alcohol level, a key issue to guide genetic engineering is
the choice of carbon sinks. Figure 1 shows a summary of the main enzymatic reactions
involved in alcoholic fermentation, including those referred to on the following lines.
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Alcohol dehydrogenase (ADH) catalyses the final step in the production of ethanol
during alcoholic fermentation. It is therefore a rational deletion target for limiting ethanol
production. However, cell metabolism is complex and depends on a set of biochemical
reactions that must be balanced in several ways, especially regarding the redox balance.
For this reason, simple logics often lead to unwanted results. For example, alcohol dehy-
drogenase deletion leads to a reduction in ethanol production and an increase in that of
glycerol, but these recombinant strains are unable to grow under anaerobic conditions [7].
This genetic modification also results in higher levels of acetic acid and acetaldehyde,
far beyond levels suitable for commercial wines.

In addition to the modulation of the expression of endogenous genes by shutting
down or upregulating their expression, genetic engineering allows for the heterologous
expression of genes from other biological species. In 1994, Dequin and Barre [8] expressed
lactate dehydrogenase from Lactobacillus casei in S. cerevisiae to divert some of the pyruvate
formed in glycolysis to lactate formation. The engineered yeast strain simultaneously
performed alcoholic and lactic fermentations. The redox balance was not affected, as the
formation of lactic acid is compensated by the disappearance of ethanol in equimolecular
amounts, for the same consumption of NADH. Thus, a reduction of 1% ethanol leads to an
increase in 15 g/L lactic acid. The increased lactate content of these wines contributed to a
higher total acidity. This feature could be useful to compensate for low acidity, which is a
problem affecting some grape varieties and growing regions, and is also related to global
warming. However, this also sets a limit to this approach, as excessive acidity would make
the wines unpalatable.

Glycerol contributes positively to the viscosity, body, and sweetness of wine. It has
been a preferred carbon sink for the genetic engineering of wine yeasts. The overexpression
of GPD1, coding for glycerol 3-P dehydrogenase, results in a significant increase in glycerol
(plus 28 g/L) and a reduction in ethanol (minus 15 g/L), and also in the appearance of
excess acetate and acetoin to restore the intracellular redox balance during fermentation [9].
Researchers identified Ald6 as the aldehyde dehydrogenase isoenzyme responsible for most
of the acetate production of S. cerevisiae [10]. However, the knockout of ALD6 resulted in an
additional increase in acetoin production which, at high concentrations, negatively affects
wine aroma, providing buttery notes [11]. Following this line of research, the problem of
acetoin overproduction was tackled by overexpressing BDH1, which codes for butanediol
dehydrogenase [12]. This enzyme catalyses the conversion of acetoin to 2,3-butanediol,
a compound with no apparent sensory impact. Using this recombinant strain, wines show
a significant reduction in ethanol, and above 26 g/L of glycerol content. The number of
different genetic modifications required to achieve this objective is in itself an indication of
the difficulty of using this as a general approach to developing wine yeast strains with a
low ethanol yield.

The different adjustments that were required to develop the above-described recom-
binant yeasts respond to metabolic constraints concerning the redox balance and the
availability of an adequate pool of cofactors. Therefore, some authors have tried to act
directly on the reactions of the redox system. By cloning an NADH oxidase for the regen-
eration of the reducing power, and with controlled oxygenation, not only is a decrease in
ethanol obtained but also a significant increase in the levels of acetaldehyde, acetic acid,
and acetoin [13].

There are two enzymatic steps from pyruvate to ethanol during alcoholic fermentation
(Figure 1). The final one catalysed by alcohol dehydrogenase has been discussed above.
The first, from pyruvate to acetaldehyde, catalysed by pyruvate decarboxylase (PDC),
was also taken as an improvement target by some researchers. In the absence of PDC
activity, the Crabtree effect is abolished, but this activity is required for acetyl-CoA synthesis
in the cytoplasm and NAD™ regeneration. It is therefore essential for S. cerevisiae growing
on glucose [14]. The deletion of PDC1 resulted in a fourfold reduction of the PDC activity,
with an increase in pyruvate levels, but no reduction of ethanol levels [10]. The deletion of
PDC2, coding for a transcription factor involved in PDC gene expression, results in 19%
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PDC activity, with a clear reduction in the ethanol content, combined with an increase
in glycerol and pyruvate release [15]. This effect is enhanced by increased glycerol-3-
phosphate dehydrogenase activity, through the overexpression of GPD1, without the
over-production of acetic acid and acetaldehyde associated with GPD1 over-expression
in the original strain. Cuello et al. [16] replaced one of the native PDC2 alleles in different
diploid wine yeast strains by a truncated PDC?2 allele. These engineered strains showed
a 2% ABYV reduction without any increase in acetate production. An alternative way to
produce cytosolic acetyl CoA in pdc” strains was developed by substituting Acsl and Acs2
(acetyl coA synthetase) with a heterologous pyruvate carboxylase and a transacetylase [17].
This strain produces glycerol, succinate, pyruvate and acetate from glucose, but not ethanol.
The additional deletion of gpp1 and gpp2 (glycerol 3p phosphatase) avoids the production
of these metabolites, including glycerol, and increases the growth rate.

Crabtree-negative strains of S. cerevisine were also constructed by substituting all of the
active hexose transport genes with a single chimeric one [18]. This strain does not produce
ethanol as long as oxygen is available for respiration. However, its growth kinetics are
extremely slow. Further possibilities of using the respiratory metabolism of yeast to reduce
the ethanol yield during wine fermentation will be examined below in a specific section.

Triose-phosphate isomerase, encoded by TPI1, is the enzyme catalysing the inter-
conversion between the two products resulting from the breakdown of fructose 1,6-
bisphosphate: dihydroxyacetone phosphate and glyceraldehyde 3-phosphate (Figure 1).
The topology of the pathway suggests that TPI1 deletion would result in equimolar levels
of glycerol and ethanol precursors. However, in practice, such deletion strains are unable
to grow on glucose due to a redox imbalance [19]. In order to improve industrial glyc-
erol yields, additional genetic modifications have been introduced in strains deleted for
TPI1 [20]. These authors deleted ADH1 (coding for alcohol dehydrogenase) and TPI1 in a
yeast strain while overexpressing GPD1 (coding for glycerol-3-phosphate dehydrogenase),
FPS1 (coding for a glycerol transporter) and ALD3 (coding for an aldehyde dehydrogenase).
These strains produce very low levels of ethanol (about 25% of the parent strain), and their
glycerol levels are multiplied by 30. However, their growth rates were strongly reduced.

Another alternative carbon sink is yeast biomass. Despite the portion of carbon going
to biomass being quantitatively small during wine fermentation, some authors have tar-
geted reserve sugars to divert the carbon flux from ethanol. A moderate overexpression of
TPS1, the gene coding for trehalose-6-phosphate synthase, involved in trehalose biosynthe-
sis, resulted in a clear reduction in the ethanol yield, without an apparent impact on the
redox balance, according to the profile of the byproducts analysed [21].

Global transcription machinery engineering (gTME) technology has recently been
employed to construct a low-alcohol yeast strain. One strain with a reduced ethanol yield
was selected from a library of mutants in SPT15 (coding for a transcription factor) generated
by random directed mutagenesis [22]. The pleiotropic effect of this mutation downregulates
hexose transport and ethanol production, and upregulates glycerol production. Acetic acid
is not increased, but the mutant shows slower growth kinetics than the parent strain.

The treatment of must with glucose oxidase is an alternative method to decrease the
alcohol content of wine that will be discussed in the corresponding section. Based on
this method, Malherbe et al. [23] cloned a glucose oxidase gene from Aspergillus niger in a
laboratory strain of S. cerevisiae. Wines produced with the recombinant strain contained 2%
less ethanol. The recombinant strain showed antimicrobial activity against acetic and lactic
acid bacteria, probably due to the HyO; released by the oxidation reaction.

The CRISPR/Cas9 (Clustered Regularly Interspaced Short Palindromic Repeats/
CRISPR associated protein 9) genetic modification system has already been implemented
in S. cerevisiae, including wine yeasts [24,25]. The basic CRISPR/Cas9 system consists of a
guide RNA molecule (gRNA) and an endonuclease (Cas9). The endonuclease mediates a
double strand break guided by the hybridization of gRNA with genomic DNA. This triggers
the DNA repair mechanisms of the host cell. The system can be designed to target the
nuclease to the gene of interest, and to perform more or less large insertions and deletions.
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An advantage of this system is that, unlike other genetic engineering techniques, it can
easily be tuned to leave no trace of the ancillary genetic material. In addition, it is less
dependent on traditional transformation markers, and makes easier the manipulation
of diploid loci. Nonetheless, microorganisms obtained with this system still fall under
European Union GMO regulations. The genes GPD1 and ATF1 have been cloned in a
haploid wine strain using this technique [26], with no differences in ethanol production
between the strains, contrary to the results obtained in previous works [9,15]. Other works
applying this technique for the reduction of wine alcohol content will certainly appear soon.

2.2. Random Mutagenesis

Genetic improvement by random mutagenesis involves the artificial increase in
mutation rates by treatment with physical or chemical agents (UV radiation, X-rays,
ethyl methane sulfonate, nitrosoguanidine) coupled with a suitable selection strategy [27].
To be effective, the intensity of the treatments must be lethal for most of the cells in the
population. However, given the random nature of the process, the number of cells that
must remain viable in order to capture the expected mutations is often still too high for
strain-by-strain analysis. It is then critical to establish appropriate selection criteria that
link selectable or detectable phenotypes to technologically relevant features of the mutant
strains. While this seems like an easy task for some improvement outcomes—for example,
those related to the robustness of yeast strains—improvements in wine quality, including
the reduction of alcohol levels, require indirect and non-obvious selection criteria.

An improved strain of S. bayanus was developed by random mutagenesis, and was
marketed as a low ethanol producer (Oenoferm® LA-HOG from Erbsloh, Geisenheim,
Germany). According to commercial information, the genetic improvement process in-
volved two stages of chemical mutagenesis. The first one, with selection under hypersaline
conditions, was intended to recover strains with an improved HOG (High Osmolarity
Glycerol) response. In the second, the selection pressure was established with pyrazole,
an inhibitor of alcohol dehydrogenase. The commercial strain was selected among the
40 strains recovered from this last step. During the fermentation of the Pinot noir grape
juice, this strain produced 12.9 g/L glycerol and 94.6 g/L ethanol, compared to the 6.4 g/L
and 102.4 g/L, respectively, produced by the parent strain.

2.3. Adaptive Laboratory Evolution

Adaptive laboratory evolution (also known as experimental evolution) consists of
recreating in the laboratory, in an accelerated way, the natural selection process, promot-
ing the selection of the mutations that are most useful to our purpose. This technique
shares several features with random mutagenesis [27], including some limitations, such as
that it cannot be easily targeted to specific genes, that dominant mutations are favoured,
and the difficulties of connecting readily selectable phenotypes to technological traits. How-
ever, it also offers advantages, as the strains obtained in this way do not fall under GMO
regulations. In this case, mutations appear spontaneously in the population during each
round of duplication (although it can eventually be combined with random mutagenesis).
Yeasts are grown in a selective environment in which the desired metabolic changes would
favour their growth. Once such a mutation appears, and after several generations under
the same selection conditions, many individuals in the population will harbour the desired
mutation. In addition, new variants can arise from the original one, and in this way the
favourable mutations for the intended technological objective can be accumulated in the
evolving lineage. The random nature of spontaneous mutations, and the fact that many
of them can be added over time during experimental evolution, gives some advantages
to this approach over genetic engineering. As indicated above, the challenge of this tech-
nology is to anticipate the metabolic pathways to be altered in order to reach the expected
technological output, and the growth conditions that will give advantage to the yeast cells
improved in that way.
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In the context of alcohol level reduction, adaptive laboratory evolution has been
used to channel carbon flux towards the pentose phosphate pathway (PPP; Figure 1).
The selective pressure was established using gluconate as the only carbon source [28].
Gluconate is a substrate poorly assimilated by S. cerevisize and metabolized by the PPP.
The rationale for targeting PPP was that, compared to glycolysis, an additional CO,
molecule is released for each glucose molecule entering the pathway (meaning that this
carbon will not contribute to ethanol production). The selected strain showed a 1.5-fold
increase in flux through the PPP compared to the ancestral strain, corresponding to a
reduction of 2 g/L in ethanol levels. A fivefold increase in flux through the PPP would
have been necessary to reduce the ethanol level of wine by approximately 1% (vol/vol).
However, selected evolved strains did not show a reduced ethanol yield, but an increased
production of esters [29], which can be useful, but not for the original purpose.

Other authors have used experimental evolution to push carbon flux towards glyc-
erol production. The process was based on a long-standing strategy for the industrial
production of glycerol based on sulphite addition [30]. The reaction between sulphite
and acetaldehyde decreases the availability of acetaldehyde for ethanol production and
NADH oxidation, and cells must compensate the redox balance by increasing glycerol
production. Kutyna et al. [31] used this principle to drive the evolution of a laboratory
strain, with sodium sulphite as a selective agent, at an alkaline pH. Strains evolved in this
way did show a relative increase in glycerol yields, but there was a very limited impact on
ethanol yield. In addition, genetic analysis showed that the sulphite tolerance and glycerol
yield were not linked in the evolved strains.

Glycerol is the major osmolyte in yeasts [32]. Tilloy et al. [33] targeted glycerol
production to reduce the ethanol yield from a wine yeast strain. In this case, the selective
pressure was osmotic stress and the HOG intracellular signal transduction pathway. Strains
evolved in a hypersaline medium were selected and further improved by sporulation and
back-crossing. The resulting strains showed reduced ethanol yield, increased glycerol
yield, and did not produce acetic acid. However, the metabolic analysis revealed that,
contrary to expectations, the overproduction of glycerol was not due to the activation
of the HOG pathway. Compared to recombinant strategies which were also based on
glycerol overproduction, the authors found the evolved strains did not show the drawbacks
of GPD1-overexpressing strains. At the pilot scale, these strains produced wines with
0.4% (v/v) to 1.3% (v/v) less alcohol than the control (for Syrah and Grenache grapes,
respectively). Grenache wines were tasted, and no organoleptic defects were detected.
This strain has been commercialized.
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Figure 1. Diagram of the alcoholic fermentation pathway with indications of the steps affected by
the different genetic modifications assayed to lower ethanol yields. References in black: genetic
engineering. References in yellow: adaptive evolution. Metabolites outside of the central ethanol
fermentation pathway are indicated in purple.

3. Alternative Wine Yeast Species

Microbial ecology studies of grape juice and wine fermentation clearly indicate that,
most often, S. cerevisiae is a minor species at the beginning of the fermentation process.
In contrast, it is almost invariably the dominant one at the end of spontaneous fermenta-
tions. Therefore, this species is considered particularly well adapted to the process, and has
been selected for use in inoculated fermentations. The other yeast species present during
the initial stages of fermentation were traditionally considered to be spoilage microorgan-
isms, and therefore undesirable. Over time, after inoculation with S. cerevisiae became
common practice, non-Saccharomyces wine yeast species have been found to harbour in-
teresting characteristics, such as their contribution to the aroma and complexity of the
wine, and their ability as microbiological control agents [34]. Several commercial strains
of non-Saccharomyces yeast are currently available for use in wine fermentation, including
Torulaspora delbrueckii, Lachancea thermotolerans and Metschnikowia pulcherrima, among the
most common yeast species [35]. In addition to their features related to the sensorial quality
of wines, one potentially interesting feature of some non-Saccharomyces species is their
lower ethanol yield compared to S. cerevisize. However, only during the last decade has the
possibility of using alternative yeast species to reduce alcohol content been considered [36].
A summary of the results described below, using different non-Saccharomyces yeast species
to obtain lower alcohol wines, is shown in Table 1.



Biomolecules 2021, 11, 1569

8 of 16

Table 1. Fermentation conditions and the results obtained for alcohol level reduction using strains of different non-

Saccharomyces wine yeast species on natural grape must.

. Sugar Content Sensory Time .folr . Ethanf)l
Single Species (e/L) Conditions Analvsis © cerevisiae Reduction Reference
& y Addition (% ABV)

Saccharomyces uvarum 171¢ standard Negative No. Pure culture 0.5 [37]

240 standard Negative® No. Pure culture 1.7 [38]

210-2402 standard No ¢ at 50% sugars 0.8-0.9 [39]

Metschnikowia pulcherrima 230-2402 standard No © at 50% sugars 0.9-1.6 [40]

210-2402 standard No ¢ at 50% sugars 1.0-1.1 [39]

240 standard No different € 0h(1/10) 1.0 [38]

2302 standard No © 3 days 0.8-1.25 [41]

264 standard No different € 3 days 1.0 [42]

260 oV discont No 0h 37 [43]

2122 DO =20% 3 days Negative © 72h 3.6 [44]

2204 3VVH72h No ¢ 72h 1.5 [45]

Starmerella bacillaris 244 standard Different 24 h 0.5-0.6 [46]

(Candida zemplinina) 250 standard No 48 h 0.5 [47]

2122 Do _digs/o 3 Negative © 69-52 h 0.6 [44]

Starmerella bombicola 218 1.2VVHO;72h No © 72h 1.5 [48]

Hanseniaspora uvarum 230-236 standard Different © 7 days 0.8-1.1 [49]

238 standard Positive © 48 h 0.9 [50]

Hanseniaspora opuntiae 230-236 standard Different © 7 days 0.6-1.3 [49]

Hanseniaspora vineae 2522 20VVH 24 h No ¢ 24 h 25 [51]

Torulaspora delbrueckii 223 standard Positive © 4 days 0.5 [52]

1952 standard No different © No. Pure culture 0.5 [53]

2202 1.5-3VVH72h No © 72h 0.9-1.0 [45]

Candida oleophila 2062 DO =20% 5 days Negative © 120 h 14 [44]

Pichia kudriavzevii 230-236 standard Different ¢ 7 days 0.4-0.6 [49]

Pichia guilliermondii 206 ° DO =20% 5 days Negative € 120 h 3.6 [44]

21274 DO =20% 3 days Negative © 72h 1.8 [44]

Pichia kluyveri 2122 DO =20% 3 days Negative © 72h 2.7 [44]

Lachancea thermotolerans 222 standard Higher acidity © 48h 0.7 [54]

2202 standard Negative ¢ 6 days 1.2 [55]

Meyerozyma guilliermondii 2302 standard No © 3 days 12 [41]

Zygosaccharomyces bailii 220 3VVH72h No © 72h 12 [45]
Two Species

M. pulcherrima/S. uvarum 210-2402 standard No © at 50% sugars 1.8 [39]

M. pulcherrima/S. bayanus 1952 standard Positive © 96 h 0.9 [53]
Immobilized

Hanseniaspora osmophila 202 standard No ¢ 72h 1.0 [56]

Hanseniaspora uvarum 202 standard No ¢ 72h 1.2 [56]

Starmerella bombicola 202 standard No ¢ 72h 1.6 [56]

Metschnikowia pulcherrima 202 standard No € 72h 1.5 [56]

2042 1.2VVH72h No ¢ 72h 14 [57]

Schizosaccharomyces 2402 standard No*© 0h/48h 1.7/2.4 [58]

japonicus

2 Heat treated or filter sterilized; ® DMDC treated; ¢ Volatile Compound Analysis performed; DO: dissolved oxygen; VVH: volume per

volume per hour.

The cryophilic species Saccharomyces uvarum has been described as a low ethanol,
low acetate, and high glycerol producer yeast [37,59,60]. In experimental fermentations,
the ethanol contents of wines produced with two strains of S. uvarum were 0.5 and 0.3%
ABV lower than S. cerevisiae wine, and their hybrids showed ethanol contents which were
intermediate between the parent species [37]. An important reduction (1.7% ABV) was
obtained with a strain of S uvarum in Merlot wine, but it showed predominantly negative
attributes in a sensory analysis, with aromas of meat and barnyard [38]. Another cryophilic
species, Saccharomyces kudriavzevii, has been described as a high glycerol producer [61].
Although S. kudriavzevii is not found in winemaking, S. cerevisiae x S. kudriavzevii hybrids
are often isolated from cold-climate wine environments. However, the ethanol yield of
these hybrids has been found to be higher than that of S. cerevisiae [62].
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In 2011, Magyar and Toth [63] studied the ethanol yield of several strains of S. cerevisiae,
S. uvarum/bayanus, Candida zemplinina (currently Starmerella bacillaris) and Candida stellata.
All of the other species showed a lower ethanol yield than S. cerevisiae, in particular
C. zemplinina isolates. In addition, this species is fructophilic and shows a high glycerol yield.
A great number of strains of this species have been explored for ethanol production [64,65].
Wines made with the selected strains contained, at best, 0.6% ABYV less than the control
wine [46,47].

Gobbi et al. (2014) [66] assessed the ethanol yield of 32 strains belonging to 8 dif-
ferent species, compared to a control strain of S. cerevisiae, and found that the species
Hanseniaspora uvarum showed the lowest yield, followed by Zygosaccharomyces sapae and
Zygosaccharomyces bisporus. The authors highlight the variability among strains of the
same species, and the correlation found between ethanol yield and secondary metabolite
production. Mestre et al. (2017) [67] also selected a strain of H. uvarum among 117 strains
belonging to 32 different species. Malbec wine produced with the selected strain [50] had a
0.9% drop in ethanol in compared to that made from S. cerevisiae, and a good qualification
in a sensory analysis.

Contreras et al. (2014) [40] studied the ethanol yield and sugar consumption of
50 yeast strains, with the aim of selecting suitable strains to lower the alcohol content of
wine. The authors highlighted the potential of strains of the species C. stellata, Schizosaccha-
romyces malidevorans and, mainly, M. pulcherrima. A selected strain of M. pulcherrima was
used for sequential fermentations with S. cerevisiae, and allowed for an ethanol reduction
of 1.6% (v/v) for Shiraz must and 0.9% (v/v) for Chardonnay must. An increase in ethyl
acetate and 2-methyl propanol was observed, which can negatively impact the wine quality.
More recently, they fermented Merlot must with M. pulcherrima in a sequential inocu-
lation with S. cerevisiae [38]. Compared to wine inoculated with S. cerevisiae, wine from
spontaneous fermentation contained 0.7% (v/v) less ethanol, and wine fermented by M. pul-
cherrima contained 1% (v/v) less. In the sensory analysis, spontaneously fermented and
M. pulcherrima wines were indistinguishable, and very similar to the control. Coinoculation
with M. pulcherrima and S. uvarum, in sequential inoculation with S. cerevisiae, allowed a
stronger reduction (1.7% v/v) than using these strains separately (0.8-1.0% v/v) [39].

Rossouw and Bauer (2016) [49] studied the ethanol yield of 91 yeast strains, including
some isolates of S. cerevisize and two commercial strains as control strains. The authors
highlight the variability in the rate and extent of sugar utilisation between strains of the
same species, except for S. cerevisiae species, and the differences in aroma compounds
produced by strains affecting the wine aroma. Wines made with selected strains of Hanse-
niaspora opuntiae, Hanseniaspora uvarum, and Pichia kudriavzevii, in sequential inoculation
with S. cerevisiae, contained between 0.4 and 1.5% ABYV less than the control wines.

There are currently several strains of T. delbrueckii for winemaking in the market which
have been selected for their contribution to the aromatic complexity of wine. Regarding
the ability to lower the alcohol content, there was a 0.5% v/v reduction in the ethanol
content compared to the S. cerevisiae control wine [52]. Puskas et al. (2019) [53] studied
the effectiveness of one commercial strain of T. delbrueckii and one strain of M. pulcherrima,
in co-inoculation with S. cerevisiae and/or S. bayanus. In pasteurised must, a reduction
of 0.9% (v/v) in ethanol concentration was achieved with Metschnikowia and 0.5% with
Torulaspora, but this effect was lost in natural must, probably due to the low dominance of
the selected strains.

L. thermotolerans has also been introduced in the market because its positive effects
on wine aroma, total acidity, and volatile acidity [68]. Wines obtained with the sequential
inoculation of L. thermotolerans and S. cerevisiae contained 1.2% less ethanol than the control
wine, but suffered a decrement in aroma quality [55].

Some authors are also exploring yeast cell immobilization to improve effectiveness
and process control (Table 1). Canonico et al. (2016) [56] studied the use of immobilised
alternative yeasts, together with free S. cerevisiae in sequential inoculation. Using Starmerella
bombicola, H. wvarum, Hanseniaspora osmophila and M. pulcherrima, ethanol reduction values
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from 1.0 to 1.6% (v/v) were achieved. Changes in the volatile compounds were also
observed. It was predicted that these could potentially affect the sensory properties of
the wines, either positively or negatively, depending on the case, but the study did not
include a sensory evaluation. Finally, the authors indicated that this technology makes
the process more expensive. Domizio et al. (2018) [58] obtained a 1.7-2.4% reduction of
ethanol levels with immobilized cells of Schizosaccharomyces japonicus in co-inoculation and
sequential inoculation with free S. cerevisiae. The levels of acetoin, ethyl acetate, and acetate
esters were higher in both wines, and acetic acid and glycerol were higher in wine made by
sequential inoculation.

Several of the studies described above show some promise for non-Saccharomyces
yeast used in sequential or co-inoculation with S. cerevisiae for the reduction of ethanol
yields during wine fermentation, and hence the alcohol content of wines. However,
even under laboratory controlled experimental conditions, the reduction values were
generally moderate (Table 1), and difficulties associated to scale-up were often reported.
Fairly different reduction values are published by different laboratories, which is not
surprising because the authors did not follow standardized conditions (the optimization
of fermentation conditions is usually a secondary objective of their work), and different
strains were used in each case. According to the available information, when developing
protocols aiming at alcohol level reduction, attention should also be paid to the impact of
strains and fermentation conditions on the sensory properties of the wines. In addition,
the use of non-Saccharomyces species for alcohol reduction faces technological challenges
common to other oenological applications of these strains. These include difficulties for
the industrial production of most of them as active dry yeast, a generally low tolerance to
sulphiting agents, low imposition, or considerations about compatibility with S. cerevisiae
starters (which will almost always be necessary, in sequential or simultaneous inoculation
with non-Saccharomyces, to ensure that fermentation is completed).

4. Aerobic Fermentation
4.1. Non-Saccharomyces Species

Glycerol has been the target in many attempts to reduce ethanol yields by genetic
improvement (see above). However, reducing the alcohol content by 1% (v/v), by diverting
all excess carbon to glycerol, can result in more than 15 g/L extra glycerol in the wine.
This sets a technological limit to this strategy, as a further increase in the glycerol yield
would lead to values well above the commercially acceptable levels. However, almost
every alternative carbon sink can have a detrimental sensory impact if produced in excess,
even for compounds with positive sensory attributes.

In this context, some authors, including our research group [69,70], proposed CO,
generated by the aerobic respiration of yeast as a neutral carbon sink. By respiration,
all of the carbon present in sugar is converted to CO,, in a process that requires molecular
oxygen. However, S. cerevisiae is a Crabtree-positive yeast. This implies that, except
under very small concentrations of glucose, it will mostly ferment sugars and produce
ethanol, even in the presence of oxygen. Therefore, the proposal was made to perform a
multi-starter fermentation with S. cerevisiae and alternative yeasts with higher respiration
capacities [70]. The appropriate yeast would be inoculated into the must, and during the
first hours, oxygen would be provided to the fermentation tank. After some time, the forced
aeration would be stopped, and the traditional process would follow. S. cerevisiae could be
inoculated from the beginning (co-inoculation), or when the aeration is stopped (sequential
inoculation). The more sugar is respired during the aeration process, the lower the ethanol
yield of the overall process will be.

The availability of suitable yeast strains was a prerequisite to reach this goal. To be
useful, these strains must be able to respire in the stressful conditions of grape must,
with no negative impact on the wine sensory properties. In a screening of 65 strains from
28 yeast species, Quirés et al. (2014) [71] found an interesting result for some S. cerevisiae
strains. Despite the Crabtree effect, the residual respiration activity of some of them was
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enough to allow for a substantial reduction in the ethanol yield according to the measured
respiration quotient (RQ) values. However, S. cerevisiae strains showed a boost in their
acetic acid production when provided with air. In contrast, several non-Saccharomyces
strains showed a combination of metabolic features suggesting that they might be suited
for use in the reduction of alcohol levels. Namely, some strains showed a moderate-to-high
sugar consumption rate, very low acetic acid production, and a low RQ (which means
a low expected ethanol yield). Indeed, one strain of M. pulcherrima was used in a co-
inoculation with S. cerevisige in laboratory-scale bioreactors for the fermentation of natural
grape must (260 g/L sugar content). Several inoculation and aeration rates were assayed.
The alcohol level reduction reached 3.6% (v/v) with a somehow too-high volatile acidity,
or 2.2% (v/v) with acceptable volatile acidity levels [43]. Some environmental factors that
can be controlled during wine fermentation—such as nutrients, temperature, and dissolved
oxygen levels—will certainly affect both the ethanol and acetic acid yield by different
yeast strains. Interestingly, strains of M. pulcherrima and Candida sake show low acetic acid
production almost independently of the fermentation conditions [72].

Fermentation conditions leading to lower ethanol yields based on the use of non-
Saccharomyces strains under aerobic conditions have been studied by these and other authors,
using T. delbrueckii, M. pulcherrima, Zygosaccharomyces bailii, C. zemplinina, M. pulcherrima,
Pichia guilliermondii, Pichia kluyveri, Candida oleophila, Starmerella bombicola, or Hanseniaspora
vineae [44,45,48,51,57,73,74]. The authors have worked with different aeration times and air
flows, free or immobilized cells, and different varieties of white grapes (Table 1). As a trend,
increased aeration leads to better results in terms of reduced alcohol levels, but also to a
greater impact on the volatile compounds (including volatile acidity) and a lower rating
from sensory panels. It can be concluded that the results are promising, but the process
needs to be further developed, including the criteria for the selection of non-Saccharomyces
strains for this application, in order to develop useful protocols for the industry.

4.2. S. cerevisiae Strains Improved for Aerobic Fermentation

As mentioned above, one major drawback for the use of S. cerevisiae under the aerobic
growth conditions required for respiration was that strains of this species produced un-
acceptable acetic acid levels under these conditions. In order to overcome this problem,
the researchers turned to other wine yeast species. Although this strategy is yielding some
promising results (see the previous section), and though the use of non-Saccharomyces
species could bring some other benefits to the wine, it also hinders the fermentation man-
agement in the winery. The use of a single yeast starter that will at the same time be able
to reduce alcohol levels, and drive fermentation to the end, while not increasing volatile
acidity, would be an optimal alternative.

A wine strain of S. cerevisiae improved for lower acetic acid production was expected
to be able to meet all of these requirements. Indeed, recombinant wine yeast strains partly
defective in carbon catabolite repression (CCR) due to REGI gene knockout were shown to
produce reduced levels of acetic acid under anaerobic conditions [75]. Interestingly, reg1
mutant strains can grow on non-preferred carbon sources (glycerol or galactose, for ex-
ample) in the presence of the non-metabolizable glucose analogue 2-deoxyglucose (2DG).
In contrast, strains with an intact CCR will be inhibited under these growth conditions.
Although this link between CCR and acetic acid production under aerobic conditions is
not yet clarified, it is possible to take a practical advantage of it to design experimental
evolution strategies to develop S. cerevisiae wine yeast strains which are better suited for
alcohol level reduction. This was recently performed by Guindal et al. [76] using galactose
as a carbon source in the presence of growing amounts of 2DG for around 100 genera-
tions. Several evolved strains from different wine yeast genetic backgrounds were indeed
derepressed for glucose, and had been indirectly selected for lower acetic acid produc-
tion under aerobic conditions. As a trend, the glycerol yields were also increased for the
selected evolved strains. However, some strains had to be discarded due to impaired
fermentation kinetics. Indeed, there is always a risk of unwanted change during adaptive
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laboratory evolution. This must be managed by the careful design of experimental condi-
tions and a thorough characterization of the derived strains before they can by promoted
to industrial applications.

On the other side, in the framework of the European project CoolWine (ERA Co-
BioTech), researchers are working on the development of rational strategies for adaptive
laboratory evolution aiming at alcohol level reduction. For S. cerevisiae, the aim is to develop
new strategies to reduce the above-mentioned problem of excess acetic acid production in
the presence of oxygen, while for non-Saccharomyces strains, the aim is to improve their
survival and competitiveness in the context of winemaking.

Although the general trend for S. cerevisiae strains is the production of high volatile
acidity under aerated wine fermentation conditions, we recently found rare isolates showing
acceptable acetic acid yields under aerobic conditions [77]. These strains show promise
to be used for alcohol level reduction by sugar respiration, without resourcing to non-
Saccharomyces yeast or the requirement for genetic improvement. However, genetic improve-
ment will still be necessary to ensure enough genetic diversity for industrial applications
(a single strain cannot fulfil all industry requirements), and to take advantage of the features
of commercial strains that have previously shown optimal features for winemaking.

5. Enzymatic Treatment of Grape Must

One conceptually simple approach for the reduction of the ethanol content of wines
is to remove excess sugar from the grape juice before fermentation. Biotechnologically,
this goal can be achieved using enzymes, and the enzymatic activity proposed for this
application is glucose oxidase. This enzyme catalyses the oxidation of glucose to gluconic
acid. The reaction involves molecular oxygen as a co-substrate, and releases hydrogen
peroxide as a by-product.

The use of glucose oxidase during the pre-fermentation stages to produce low-alcohol
wines was first proposed by Villetaz (1986) [78], and was optimised by this and other
authors (as reviewed in [79]). However, the use of glucose oxidase is not among the
procedures included in the International Code of Oenological Practices [80].

The procedure proposed by Pickering et al. [81] involved an initial grape must deacid-
ification to accommodate the pH to that which is optimal for the enzyme used, as well as
aeration during the enzymatic treatment. Catalase was added with glucose oxidase to re-
move the hydrogen peroxide formed in the reaction. The removal of the hydrogen peroxide
improves the yeast survival and the activity of glucose oxidase enzyme itself. By treating
Riesling grape juice for 10 h under these conditions, these authors produced wines with an
alcohol content reduced by 3.7% (v/v) [82]. However, gluconic acid negatively affected the
taste of the wine, fruity aromas were perceived with less intensity, and their persistence
was also reduced [83]. A second deacidification or a sweetening were proposed to alleviate
the effect of gluconic acid [81].

Rocker et al. [84] assayed several methods of deacidification following glucose oxidase
treatment. However, the wines were more acidic than the control, and lost part of their
fruitiness. Other authors have used encapsulated enzymes in order to improve glucose
oxidase activity without prior pH correction [85,86]. Wines obtained from juices treated
for two days under these conditions showed a 0.68% (v/v) reduction in their ethanol
content [85].

6. Metabolic Inhibitors

Depending on their mode of action, sublethal concentrations of some metabolic
inhibitors might be expected to alter the ethanol yield of S. cerevisiae. This is the case of
furfural, an aromatic aldehyde resulting from sugar dehydration. It can be found in wines
at concentrations below the perception limit (20 mg/L). Furfural is toxic for S. cerevisiae,
and the detoxification mechanism involves its transformation to furfuryl alcohol by alcohol
dehydrogenase, the same enzyme catalysing the final step of alcoholic fermentation from
acetaldehyde to ethanol. The use of furfural has been proposed to reduce the ethanol yield
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during wine fermentation [87]. However, the suggested dose, 50 mg/L, is clearly above
the perception limit, for a modest reduction in ethanol content of 0.6% (v/v). The same
research group suggested other metabolic inhibitors to be used for the same purpose [88],
but no experimental results have been published yet.

7. Conclusions

The metabolic versatility of oenological yeasts, considering both non-Saccharomyces
and Saccharomyces species, and our growing knowledge about it, can be exploited to
address the problem of the rising alcohol levels observed over the last few decades in
wine. Research groups have approached the problem from various perspectives: the
exploration of natural genetic diversity, focusing mainly on non-Saccharomyces yeasts;
the genetic improvement of S. cerevisiaze by genetic engineering, random mutagenesis,
or experimental evolution; or the modification of the environmental conditions (metabolic
inhibitors, aerobiosis). A combination of aerobic conditions with yeast genetic improvement
(of both Saccharomyces and non-Saccharomyces yeast strains) is currently one of the most
promising options. However, considering the metabolic diversity of wine yeast species and
the impact of oxygen on yeast metabolism, any technological improvement developed in
the laboratories must be validated by the sensory analysis of the wines produced at the
pilot or industrial scale.
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