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Abstract

Changes in lifestyles, as well as the growing attention in healthy nutrition, led to the increasing
request of wines with reduced alcohol content. The reduction of fermentable sugars in the pre-
fermentation stage of wine is one of the common methods for the production of wines with lower
alcohol content. Viticultural practices such as early harvesting, use of growth regulators, reducing
leaf area to limit photosynthetic rate, and pre-harvest irrigation are utilized. Additionally, techniques
such as juice dilution, juice filtration with membranes, the use of enzymes (e.g., glucose oxidase), are
also employed in the pre-fermentation stage. This review summarizes and describes the classic and
innovative viticultural and pre-fermentation techniques used to reduce the alcohol content and their
main impact on the compositional characteristics of wine.
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1. Introduction

The global market for both low- and zero-alcohol beverages is undergoing significant global
expansion, growing by 34% between 2020 and 2023, and the International Wine & Spirits Research
(ISWR) predicts that the Compound Annual Growth Rate will grow by +6% between 2023 and 2027
with an increase of +7% in the non-alcohol category and +3% in the low-alcohol category [1-3]. With
health risks awareness, consumer preferences are shifting toward new product offerings alternatives
to traditional alcoholic beverages, with increasing percentage of the adult population seeking more
frequently lower alcohol wines [4]. In addition, these products meet the needs of those who avoid
alcohol for safety reasons, such as those who have to drive, as well as for reasons related to age or
religious beliefs [5,6]. Finally, some consumers are attracted to new trends and want to try innovative
and trendy consumer experiences [7-11]. Although this represents an expanding industry, it must be
also noted that many consumers are still reluctant to buy or consume wines with a low alcohol
content, due to their taste, as well as the consumers hesitation to pay the same price of a standard
wine [11-13].

However, harmful alcohol use and the related health effects are a global problem and therefore
need to be addressed not only by individual nations but also on an international level. World Health
Organization (WHO) leads a global strategy to reduce the harmful use of alcohol worldwide [14].

In winemaking sector, some countries have legislative complexity arising from different
government authorities regulating wine and reduced alcohol wine. In the United States, wine as
defined within the Federal Alcohol Administration Act (FAA Act), must contain between 7% and
24% v/v alcohol. Dealcoholized wines containing less than 7% v/v alcohol are not covered by the FAA
Act and are subject to the labeling provisions of the Federal Food, Drug, and Cosmetic Act (FD&C
Act) [15].
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By contrast, Australia recognizes as “low alcohol” only the beverages containing less than 1.15%
alcohol by volume, whereas “dealcoholized” term is not defined in the Food Standards Code [16].
These products are often labelled with statements such as: “dealcoholized wine”, “less than 0.5% v/v
alcohol” and “less than 1.0% v/v alcohol”. Products with less than 0.5% v/v alcohol are not required
to declare the alcohol content on the label though many producers choose to voluntarily include this
information [17].

In Europe, the sector is governed by Regulation (EU) 1308/2013 supplemented by Regulation
(EU) 2021/2117, which establishes the definition and classification of dealcoholized wines (alcohol
content not exceeding 0.5%) and partially dealcoholized wines (alcohol content higher than 0.5% but
lower than the minimum of the original category), as well as the technologies (partial evaporation
under vacuum, membrane and distillation techniques) that can be adopted to obtain the production
of totally and partially dealcoholized wines [18,19]. In defining this new framework, the EU has used
the recommendations by the International Organization of Vine and Wine (OIV) as a basis, in
particular Resolutions OIV-ECO 433-2012, OIV-ECO 432-2012, OIV-OENO 394A-2012 and OIV-ECO
523-2016 [20-23].

The great demand of beverages, both alcohol-free and with low alcohol content, is a great
challenge for the production of wines with controlled alcohol content using sustainable practices [10].
Therefore, winemakers are really seeking different possibilities at the various stages of winemaking
for obtaining high quality wines with a reduced alcohol content [24]. At present, strategies for
decreasing alcohol content in wines can be classified in pre-fermentation, fermentation, and post-
fermentation techniques [25].

The reduction of alcohol, at the pre-fermentation, fermentation, and post-fermentation stages,
include the reduction of fermentable sugars, the reduction of alcohol production, and the separation
of alcohol product, respectively [24,26-28]. However, the technological procedures used during the
pre-fermentation and fermentation stages usually result in wines with alcohol contents that are still
above the required ethanol concentration needed to fall under dealcoholized wines. While, post-
fermentation technological approaches, namely distillation-based, membrane-based techniques, and
their combination, have been used for the removal of alcohol up to content lower than 0.5% v/v [29].

There is clearly great interest in curbing the excess alcoholic strength of some wines, and also in
producing low-alcohol wines and/or alcohol-free wines that suit market requirements, while
maintaining their sensory quality in all cases.

This review summarizes and describes the classic and innovative viticultural and pre-
fermentation techniques used to reduce the alcohol content and their main impact on the
compositional characteristics of wine.

2. Agronomic Strategies

The development of viticultural practices has historically also been aimed at promoting the
accumulation of sugars in the berries [30]. Today, in the context of global warming, physiology of
grapevines is changing; these modifications exert a profound shift in primary (sugar and organic acid
balance) and secondary (phenolic and aromatic compounds) berry metabolisms and the resulting
composition of wine [31,32].

Therefore, with a view to producing wines with a low alcohol content, the concept of grape
ripening must be reconsidered and must necessarily include other parameters such as polyphenols,
aromas and acidity/alcohol balance in addition to sugars [33-37].

Understanding the factors that influence grape sugar concentration is crucial for winegrowers,
not only to determine the optimal timing for harvest, but also to anticipate future adaptations to
climate change. Recent temperature trends have affected the wine producing sector, leading to
increased sugar concentrations at harvest, reduced ripening duration, and a shift in ripening period
to earlier in the season, when temperatures are higher [38].

As global surface temperatures are projected to continue to rise during the 21st century, a
comprehensive understanding of the effects of environmental factors on grape berry ripening
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dynamics is necessary to better anticipate adaptation strategies [39]. Therefore, winegrowers and
winemakers are required to adopt cultivation approaches and strategies in order to obtain grapes
with an adequate phenolic and/or aromatic maturity, but without an excessive sugar content [28,40].

In viticulture, three strategies can basically affect alcohol level in wines; these approaches are
very different each other and can be summarized as follows: i) choice of grape variety; ii) location of
the vineyard; iii) management practices [41,42].

This last strategy appears the most interesting one because it could be applied also on current
vineyards without making any substitution of vineyards, as is the case in the first two options.
Considering the physiological mechanism of the plant, winemakers can employ different viticultural
practices useful to align vine growth, vine development, and fruit ripening with environment
conditions: these are canopy management, pre-harvest irrigation, early grape harvest. These
viticultural strategies should be taken into account to be applied to improve the adaptation of
vineyards and their ripening in a warmer climate and contribute to the reduction of alcohol in wines
[24,25].

For instance, improving vine water status by increasing irrigation regimes has been shown to
increase vegetative growth and yield, often resulting in a delay in the harvest date [43]. By contrast,
reducing the vine source capacity by defoliation should result in a delay in the capacity of the vine to
produce carbohydrates, therefore, reducing the accumulation of grape sugar [44].

2.1. Canopy Management

Although it is possible to lower wine alcohol content post-fermentation at present, it would be
more useful to start the process in the vineyard. In this regard, proper grapevine canopy management
can also be used to control the accumulation of sugar during grape ripening, this resulting inr wines
with a low alcohol content [45]. In addition, some viticultural techniques such as severe shoot
trimming, minimal pruning, late winter pruning and leaf removal may delay grapevine ripening [41].

2.1.1. Defoliation and Trimming

Defoliation, otherwise referred to as “leaf removal” or “leaf thinning” is a classical and
fundamentally canopy management practice in vineyards for the productivity and quality of grapes
[44,46-48]. The primary objective of early leaf removal practices is to promote both aeration and
drying in order to mitigate yield loss due to diseases, such as gray mold (Botrytis cinerea) and sour
rot, particularly in compacted cluster varieties [49,50]. Another main purpose of early leaf removal is
to enhance fruit and wine quality in cool climate. In addition, defoliation at different canopy positions
using various methods (e.g., manual or mechanical defoliation practices) leads to a reduction in the
photosynthetic active leaf area (LA) [51]. It is known, in fact, that the rate of sugar accumulation in
berries is largely dependent on the ratio of LA to fruit weight (FW), and LA reduction has a strong
influence on the rate of sugar accumulation in berries which can lower the alcohol concentration in
the resulting wine [52].

The impacts of defoliation on the composition of the harvested grapes and related wines have
variable results depending on several factors, among which the main are: cultivars and clones, timing,
methods (mechanical or manual), environmental conditions, defoliation site (basal or apical leaf
removal) [46,53-57].

Many studies reported that grapes of defoliated vines generally show higher sugar content and
lower titratable acidity, as well as a reduction in the flavonoids and phenolic total content with
respect to grapes from not-defoliated vines [46,53,58,59].

On the other hand, some studies have indicated that reducing carbohydrate production during
the growing season, as a consequence of defoliation, may have a negative impact on subsequent
grapevine productivity [60,61]. However, other studies in which a delay in berry ripening was
obtained by decreasing the ratio between LA and yield as a result of defoliation treatments, showed
a reduced concentration of fermentable sugars in grapes during ripening, but any negative impact
on the capacity of the vine in the following year [62,63].
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Another study reported that, as a result of late leaf removal above a Sangiovese bunch area (at
post veraison, average 12° Brix), the total soluble solids content in grape must were significantly
reduced without affecting other compositional parameters such as phenolic substances [48]. Similar
results were very recently found also for Pinot noir variety [64].

It has been demonstrated that, compared to basal defoliation, apical defoliation can be a novel
and effective way to moderate wine alcohol with minimal influenced on wine aromatic properties,
and therefore may be a technique to mitigate the influences of global warming on increasing wine
alcohol level [65].

It is therefore necessary to carefully evaluate the effects of this practice on the vegetative-
productive balance of the vine and on the qualitative characteristics of the grape [66].

Although defoliation practices result in ripening delay, they could also lead to excessive bunch
exposure and, therefore, heat-damaged fruit. In addition, unbalanced vines, the ones in which the
vegetative vigor is too high compared to the fruit load, could cause an imbalance in grape
composition. In this regard, the technique and phenological phase in which defoliation takes place
greatly influences both the sugar concentration and the pH, as well as the phenolic profile and the
aromatic component of the harvested grapes [54,59,67-72].

In this regard, it has been found that late leaf removal (post-veraison defoliation) causes a
reduction in the concentration of soluble solids in the juice (-0.7° Brix compared to control), but
negatively affected the concentration of anthocyanin and phenolic substances in Montepulciano
grapevines [73].

A concomitant decrease in both grape anthocyanin accumulation and berry sugar concentration
has been reported as a result of late leaf removal in Bobal and Tempranillo vines in eastern Spain [74].

In a recent study, Vitis vinifera L. cv. Grenache has been trained in an open-vase system in La
Rioja (Spain) and two severe leaf removal were carried out at two different stages, after fruit set and
at veraison, and compared each other besides to a third untreated control. Both leaf removal
treatments tended to decrease sugar content with no effect on yield; these effects were highly affected
by the year. Defoliation accounted for a decreased flavanol and stilbene contents in berries at harvest
[54].

In another study, the impacts of defoliation in the pre-flowering phase (T1), after fruit set (T2)
and at veraison (I3), on yield components, grape composition and wine of the cv. Trnjak was
investigated. Berries of T1 had lowest sugar content (19.47 °Brix) while T3 had highest (22.3 °Brix).
The wines of early defoliation treatment were associated with significantly lower alcohol (11.9% v/v)
in comparison to both T3 (13.9% v/v) and control (12.1 % v/v). Both techniques applied at veraison
produced wines with lower anthocyanins and flavonols than those obtained without any
intervention [75].

Defoliation in the upper middle part of the canopy of Sangiovese vineyard resulted in a reduced
content of soluble solids in the berries and a lower alcohol wine, with minimal changes in
anthocyanins and phenolics [57].

In another study, the veraison phase of Tempranillo was delayed by 20 days by making a severe
cut immediately after fruit set. At the same harvest date, the fruits on the pruned vines (LA/FW =
0.64) were 3.5°Brix lower than the control (LA/FW = 1.88) but there was also a small but significant
reduction in yield and total anthocyanin amount [63].

Differently, in a Sangiovese vineyard, late trimming increased the total berry skin anthocyanin
and phenolic concentration, without affecting the berry soluble solids, pH, and titratable acidity at
harvest, whereas reduced yield, loosened bunches and limited the severity of botrytis bunch rot [76].

On the basis of the above-mentioned studies, significant research is still needed to determine the
optimal ratio of leaves to crops, the timing and location of leaf removal from vines relative to fruit
location, and the long-term impact on vine physiology.

The identification of updated climatic reports and phenology of the vine could be an important
step to optimize the defoliation technique with a view to climatic changes and to reduce the sugar
content of the grapes without penalizing other components of the grapes.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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2.1.2. Shoot Topping

Shoot topping (ST), also known as tipping, is a typical viticulture practice in which the shoot tip
is removed in order to limit excessive growth [77]. ST involves both the removal of a major sink for
nutrients (shoot tip) and a sharp reduction in active LA [63]. Conventionally, ST is mainly used for
balancing grapevine shoot vigor, improving the canopy microclimate and providing feasibility for
mechanized operation [78].

In Sangiovese vines, the post-veraison ST resulted in a good reduction in must sugar
concentration without modifying the pH, organic acid content, anthocyanins concentration, as well
as the skin and seed tannins content [79]. Similar results for phenolic compounds were found in
Sangiovese vines, in which the treatment did not significantly affect total and extractable
anthocyanins, skin, and seed tannins [80].

Another study reported that LA reduction by trimming after berryset (berry diameter 3-4 mm)
delayed ripening and lowers sugar content, but has a favorable impact on anthocyanins [81].

Lately, severe ST (SST) become a widely used viticultural technique to adjust the vines
source/sink ratio, and that has been proposed in extenuating the negative influence brought by global
warming due to successfully delaying ripening [82]. However, some authors found that SST carried
out in the early stages of berry development (late veraison) limited the accumulation of both sugars
and anthocyanins [83]. On the other hand, the reduction of assimilation surface and the relative
reduced sugar accumulation by SST has still not been sufficiently investigated and the limited data
available in literature remain discordant. It seems that, if applied in the pre-bloom stage, SST delays
ripening, and reduces Brix and anthocyanins. By contrast, other studies have shown that
manipulating different SST treatments could cause a reduction of 0.4-1.7 mg/berry/d (0.02-
0.11°Brix/d) in grape sugar accumulation without affecting the yield and can significantly increase
flavonols concentration [84,85].

Therefore, the management of canopy should take into account the warming trends in viticulture
regions, rather than being preemptively applied. In this regard, Torres et al. revealed that in warm
climates, canopy management practices need to be reconsidered in context of climate change.
Increasing the cluster exposure (i.e., increased temperature and solar radiation) in warm climates did
not enhance wine quality traits based on their potential aging capacity, antioxidant properties and
color stability [86].

Therefore, future and in-depth studies on the relationships between climate and phenology of
the vine could provide important information on the management of the vineyard canopy in order
to decrease the concentration of sugars in the grapes and the consequent alcohol content of the wine
without undermining the quality of both raw material and final product.

Furthermore, another study reported a 20-day delay in grape ripening, a lower pH (0.1 to 0.3), a
reduction in soluble solids (21.0 vs 24.4 °Brix), and a 10% to 27% reduction in total anthocyanin
content through shoot trimming of Grenache over 3 years [63].

2.1.3. Winter Pruning

Winter pruning is intended to regulate vine vigor and yield and, consequently, to achieve
desired must chemical composition by harvest. In Mediterranean growing areas, it is normally
carried out any time after leaf fall and before budbreak.

It has been shown that spur pruning at the phenological stage of swollen buds can delay
vegetative growth, flowering, fruit set and ripening.

Pruning performed on Merlot in New Zealand when apical shoots on the canes were ~5 cm long
resulted in lower sugar and higher organic acid content in grapes [67-69].

Post-Budburst Spur-Pruning (early May), reduced fruit set and berry weight and slowed fruit
ripening compared to the other pruning dates (February-March). In particular, the soluble solids of
the must and the titratable acidity were respectively 1.6 °Brix lower and 1.8 g/L higher in the May
treatment compared to the standard pruning dates [87].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Another viticultural technique is double-pruning, which forces bud growth during the spring
and summer, shifting berry ripening to cooler periods of the season, and thus improving the phenolic
composition and chromatic parameters of the berries and ensuring a more balanced sugar/phenolic
content [88].

2.2. Pre-Harvest Irrigation

In general, irrigation is a common cultural practice in viticulture in Earth’s Western Hemisphere
countries, whereas in Europe its use for wine production is still quite limited or even forbidden on
the basis of a common consideration, not-scientifically proven in many cases, that irrigation
negatively affects the composition of wine [89,90].

As an example, several winemakers reported a significant grape ripening delay, and reduced
wine quality, as a result of increased irrigation in the last few weeks before harvest.

Irrigation of plants in the period after veraison, especially when combined with ST could cause
reduction of sugar accumulation. This is due to nutrients competition between grape berries and
lateral shoots which are plant response on shoot trimming and applied irrigation. However, a dense
vine canopy that derives from an abundant water supply can also produce a decrease in wine color
due to excessive shading of clusters [91].

A study showed the potential of the combined use of pruning and increased irrigation to delay
ripening, although it is necessary to analyze the implications that the delay obtained had on the lower
values of anthocyanins and phenolics observed in pruned vines that were not solely due to delayed
ripening [82].

According to several studies, there is a variation in sugar concentration (increase, decrease or no
changes) as a result of irrigation practice. The impact of water availability on wort yield and
composition from Tempranillo grapes has been evaluated during a three-year period and the study
showed that total soluble solids and concentrations of both glucose and fructose were significantly
higher in irrigated vines than that obtained in non-irrigated vines, mainly towards the end of ripening
[92]. On the other hand, other studies consider that the effects of irrigation on must and wine
composition are largely dependent of climatic characteristics of each year, namely by the different
rainfall amount and crop levels [93,94].

Therefore, compared to other viticultural techniques, pre-harvest irrigation could not be the best
choice whether the winegrower's goal is limited to delay the ripening of the grapes.

2.3. Managing Harvest Date

Another pre-fermentation strategy that can be used to reduce wine alcohol content is the harvest
date management [95,96].

Grape ripening is a critical phenological phase during which many metabolites that impact wine
quality accumulate in the berries [97,98].

For low alcohol wine production, the influence of early harvesting of grapes, as well as the
blending of grapes, must or wines from unripe and fully mature grapes have been studied for some
varieties [96,99-105]. Unripe grapes were used to produce a low-sugar and high-acid mixing material
to be successively added to the must made from ripe grapes; this method has been reported to result
in a significant decrease in ethanol concentration (-3% v/v), although the wines exhibited undesirable
acidic and herbaceous characters [106].

Other studies aimed at investigating the effect of blending low-alcohol wine from unripe grapes
with musts from well-ripened grapes have been conducted on several V. vinifera varieties (Shiraz,
Malbec, Cabernet-Sauvignon, Grenache, Pinot noir and Tannat); these mixed wines showed higher
total acidity and lower alcohol and pH content [102,103,107,108].

By replacing mature must with less mature must, Piccardo and coauthors obtained wines with
a lower alcohol content (14-21% reduction range with respect to control wines values) and pH,
whereas wine color intensity was increased, as well as the concentrations of phenolic compounds and
anthocyanins, proanthocyanidins, and polysaccharides content [102].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Another viticulture method used for reducing sugar levels in the grape must is double
harvesting. This entails harvesting grapes at two different maturity levels to produce the same wine
as was carried out in study of 2013, in which the first batch of low maturity grapes was harvested at
15.2 and 13.4 °Brix (in the 2009 and 2010 harvest years, respectively), and the second batch harvested
at high phenolic maturity with high sugar content (>24 °Brix) [63].

2.4. Other Techniques

2.4.1. Shading Nets

Another possible way to reduce the accumulation of sugars in grapes is based on the use of
shade nets. These sheets placed to cover different parts of the canopy reduce the amount of solar
radiation that reaches the leaves, thus inducing a restriction of photosynthesis. This reduction in
photosynthetic activity can improve water use efficiency and slow down the ripening process,
preserving must acidity and sensory quality and volatile flavours [109,110].

At harvest, lower pH and reduced content of total soluble solids (-1.5 °Brix), combined with
higher titratable acidity, were registered in Shiraz grapevines after a post-veraison use of a white
cloth above the canopy [111].

In another study, shading treatment (applied when the berries have reached about 5 mm in
diameter) generally delayed the ripening of Syrah vines causing a significant reduction in sugar
concentrations [112].

The use of a bird net in different stages of the vegetative growth of Cabernet franc grapevines
resulted in a significant decrease in both must soluble solids and pH [113].

Finally, an increase in total soluble solids in the berries was observed in Alphones Lavallée and
Narince grapes with the use of black nets starting from veraison [114].

Therefore, the use of artificial shading can be a valid alternative in viticulture to slow down the
ripening process.

2.4.2. Anti-Transpirant Products

A different technique to reduce berry sugar accumulation without physical reduction of leaf area
consists of the application of film-forming anti-transpirant products. These compounds are polymers
that create a thin film layer resulting in an anti-transpirant effect, once sprayed over the canopy [91].

As an example, a study demonstrated that total soluble solids of Cabernet-Sauvignon grapes
were reduced by 2.09° Brix after treatment with the film-forming anti-transpirant agent 1-p-menthene
(also known as pinolene) [115].

Advantageous anti-transpirant action of pinolene was also shown in another study in which its
application to Falanghina vines induced a significant reduction in the rate of net photosynthesis (25%-
40%) and stomatal conductance (40%-60%) on the leaves, a lower accumulation of sugars in the
berries (2°Brix), and a consequent reduction of alcohol in the wine obtained (0.9%-1.6% vol.) [116].

Similarly, the application of a pinolene based natural anti-transpirant on post-veraison
Sangiovese grapes (2% concentration to the upper two-thirds of the canopy) effectively reduced grape
ripening grade resulting in —1.2° Brix of grapes at harvest and —1% alcohol content of wine [117].

Pre-veraison application of pinolene either alone or in combination with a pre-flowering
application has been shown to be effective in delaying sugar accumulation in Barbera grapes (2.4
and —3.7° Brix, respectively, vs control) without affecting colour development [118].

Similar results were obtained in another recent study, conducted by Andreotti et al, on
Sauvignon Blanc vines in which the use of pinolene significantly reduced the concentration of sugar
in the berries at harvest by -1.5°Brix compared to the control [119]. The effectiveness of this compound
on Sauvignon Blanc vines was also shown in a previous study in which the anti-transpirant effect has
been evaluated in three consecutive years: at harvest, a significant difference between pinolene-
treated and untreated grapes was found (average values -2.09 °Bx) resulting in reduced alcohol
content (-1.06% v/v) in wine [120].
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In a recent study, the efficacy of fulvic acid as an anti-transpirant was checked on both Cabernet
Sauvignon and Riesling ripe grapes: the total soluble solids of grapes decreased significantly by 0.6
°Brix and 1.1 °Brix in 2017 and 2018, respectively, for Cabernet and 1.5 °Brix and 1.0 °Brix, for the
same period, for Riesling grapes [121].

2.4.3. Application of Growth Regulators

Exogenous application of growth regulators to either the bunch zone or the whole canopy may
be a useful tool for delaying the onset of sugar ripening [122].

Over the last decades, the use of plant growth regulators has progressively faded, mostly due to
several factors as the increasing restrictive regulations for the use of chemicals, the still uncomplete
knowledge of physiological processes regulation, and the uncertainty of results. Despite that, for
some of these compounds there is a novel interest in the light of their capability to interact with the
ripening process, and in particular to induce slower ripening.

Several studies describe the ripening-delaying effect of the application of natural auxin or
synthetic auxin analogs, as 1-naphthalene acetic acid, on grapes. Bottcher and coauthors used the
anti-transpirant 1-naphthalene acetic acid on Vitis vinifera L. cv. Syrah grapes during pre-veraison,
which effectively delayed the start of berry ripening and improved sugar accumulation management
without affecting wine sensory characteristics [123].

In another study, the treatment with this compound in pre-veraison of Shiraz and Cabernet
Sauvignon grapes delayed harvest maturity by 3—4 weeks [124].

Application of this compound offers a management tool to delay ripening and expand the
harvest window. The mechanism by which auxins delay ripening is still unknown, but auxin
treatments maintain the berry in the pre-veraison state as judged by a delay in the physical and
biochemical changes normally associated with ripening. This includes a delay in the accumulation of
sugars and anthocyanins, and a delayed decrease in acidity and chlorophyll [125,126].

Table 1. Overview of alcohol reduction in wines obtained by the application of different viticultural (in white)
and perfermentative (in grey) strategies.

. . Alcohol

Strategy Techniques (grape cv/wine) reduction (v/v) Ref.
post veraison leaf removal (Sangiovese) 0.6% [57]
defoliation apical defoliation (Shiraz) 0.2-0.7% [65]
pre-flowering defoliation (Trnjak) 0.2% [75]
. pruning severity modulation (Malbec) 0.7% [127]
prining shoot trimming (Grenache, Tempranillo) 2% [128]
harvest date unripe grapes - cluster thinning (Grenache) 3% [106]
management unripe grapes (Pinot and Tannat) 0.5-3% [102]
shade overhead shade (Shiraz) 1% [111]
anti-transpirant p%nolene appl%cat%on (Falan.nghina) 0.9-1(.)6% [115]
agent pl'nolene apph'catl.on (Sangl.ovese) 1.0% [117]
pinolene application (Sauvignon) 1.0% [120]
GOX! (Muscat-Ottonel) 1.05% [129]
GOX (Riesling) 4.3% [130]

enzyme . q 0
addition GOX preparation from A oryzae (Pinotage) 0.7% [131]
encapsulated GOX-CAT (Verdejo) 2.0% [132]
GOX-CAT (Verdejo) 2-3% [133]
o late harvest (Shiraz) 0.5-2.0% [134]
must dilution three stages harvesting (Shiraz) 1.6-21% [135]
filtration and must NF (Verdejo and Tinta de Toro) 2-3% [136]
membrane must NF (Verdejo and Garnacha) 1-2% [137]
processing  must RO (Tinta Roriz, Syrah, Alicante Bouschet) 1.5-10% [138]
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1 Abbreviations: GOX, glucose oxidase; A. oryzae, Aspergillus oryzae; CAT, catalase; NF, nanofiltration; RO,

reverse 0Smosis.

3. Pre-Fermentative Strategies

As for viticultural techniques, pre-fermentation strategies aimed at decreasing ethanol
production are also based on the reduction of fermentable sugar content, which is primarily made by
filtration and/or dilution of grape must. As additional biotechnological strategy, some studies
proposed as alternative tool the use of enzymes (mainly Glucose Oxidase/Catalase) supplementation.
All these approaches were discussed below.

3.1. Filtration of Grape Must

Membrane filtration has been applied to wine for a long time; classical examples are the
ultrafiltration used to clarify white wine from grape must, as well as the nanofiltration (NF) and
reverse osmosis (RO) applied for sugar concentration in musts (Figure 1) [139,140].

However, several studies have proposed membrane filtration of grape must juice as a method
to produce also wines with a low alcohol content, by taking advantage of the reduction in sugar
content of must before fermentation [136,138,141]. Such a process consists in extracting the sugar from
musts, by using membrane coupling combining microfiltration or ultrafiltration with NO or RO
[112,113]. After that, the filtered juice is mixed with the other portion of the sugar-rich juice and
fermented to obtain lower or reduced alcohol content wine [24]. More in detail, NF consists of passing
a fraction of grape must into a membrane under a pressure gradient to separate permeate (with a low
amount of sugar) and retentate (with a higher content of sugar). At the end of filtration, the two parts
are mixed in specific portions to obtain a must with desired characteristics (Figure 1) [142].

A blented
Ok v permeate + retentate LAW

Figure 1. Scheme of grape must filtration for the production of wines with reduced ethanol content.

Abbreviations: UF, ultrafiltration; NF, nanofiltration; RO, reverse osmosis; LAW, low-alcohol wine.

Several studies in which NF was applied on both red and white musts showed that the final
product (wines obtained after fermentation by a mix of original must and a portion of the must) had
a lower content of ethanol.

A study carried out on Verdejo and Tinta de Toro grapes showed that mixing, in adequate
proportion, untreated musts with the filtration permeate and retentate, obtained from the first NF
stage, resulted in white and red wines with alcohol content reduced by about 3% and 2% (v/v),
respectively [136].

Salgado and coauthors investigated the effect of a single-stage and two-stage NF process with a
200 Da spiral-wound membrane on the sugar content of white and red musts prior to fermentation;
the control musts, as well as the filtration permeate and retentate were successively blended and
fermented. When compared to the control wines, wines obtained after the fermentation of the blend
must show about 1 to 2 degrees of alcohol reduction with no significant differences in sensory
attributes [137].

Therefore, optimal operating conditions and a suitable membrane conformation with good
molecular weight cut-off could increase the retention of volatile compounds and preserve the good
taste in wine [143,144].
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Similar to NF, the reverse osmosis (RO) technique is applied as well to lower sugar contents
before alcoholic fermentation. Reverse osmosis is a separation technique based on the application of
high pressures (60-80 bar) for purification of water systems. Instead, if a pressure more than osmotic
pressure is applied to the system, then water, ethanol, and other small molecules are forced through
a semi-permeable membrane, leaving behind the rest of compounds [26,138].

To produce a wine with a lower or lower alcohol content (< 10.5% v/v) by filtration techniques,
optimal operating conditions and an appropriate membrane configuration with a good molecular
weight cut-off must be taken into account to increase the retention of volatile compounds and not
compromise the sensory characteristics of the wine. On the contrary, this could lead to a lower content
of volatile organic compounds, polyphenols, anthocyanins, and color intensity and consequently
affect the sensory properties of the nonalcoholic wine [28,145].

RO has been used on different varieties of grape juices to obtain permeate (with low sugars) and
retentate (with high sugars), which were successively mixed in different proportions to obtain
fermented beverages with an alcohol volume content of 5%, 7%, 10% and 13% (v/v). However, the
decrease in the alcohol content led also to a lower content of polyphenols compounds, this affecting
the sensory evaluation [138].

In addition, since RO membranes are permeable to both alcohol and water, it is necessary to add
again water to the dealcoholized wine after filtration, this raising legal concerns in that Countries
where water addition is prohibited (see below) [146].

3.2. Addition of Enzymes

The production of wines with a reduced alcohol can take advantages also by the use of enzymes,
as glucose oxidase (GOX) and catalase (CAT). This enzymatic method can be used to reduce grape
must glucose at the onset of alcoholic fermentation, leading to the acidification of the must, besides
the reduction of sugar concentration [147,148]. GOX (EC 1.1.3.4) is an aerobic glycoprotein with
dehydrogenase activity that catalyzes the oxidation of pB-D-glucose to D-glucono-1,5-lactone (D-
gluconic acid d-lactone); this reaction requires the presence of molecular oxygen, and flavin adenine
dinucleotide (FAD) as prosthetic group involved in the electron donation to form hydrogen peroxide
(H202). In a second step reaction, D-gluconic acid d-lactone spontaneously hydrates to form gluconic
acid and this process lowers must pH [149]. The second enzyme, CAT (EC 1.11.1.6), is required to
degrade H20», generating water and oxygen that can be used again in a new cycle by GOX (Figure
2). CAT is frequently present in commercial GOX preparations, since the removal of the highly
reactive compound H202 precludes any inactivation of GOX, as well as the possibility of any oxidation
of desirable compounds in wine, and the inhibition of fermentative yeasts proliferation.

D-gluconic acid

glucose oxidase (GOX) (EC 1.1.3.4) chain A

H,0 from A. niger - source PBD: https://doi.org/10.2210/pdb1cf3/pdb
GOX
B-D-glucose D-glucono-8-lactone
(FAD)
O 4
2\ H,0, CAT 5 0, + H,0
2 catalase (CAT) (EC 1.11.1.6)
from B. taurus - source PBD: https://doi.org/10.2210/pdb4BLC/pdb
02 tp 8 P P
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Figure 2. Biochemical reactions (left) and molecular structures (right) of glucose oxidase (GOX) and catalase
(CAT). The reported structures refer to enzymes from Aspergillus niger (GOX) and Bos taurus (CAT), whose use
has been approved by FDA.

Several studies have reported the use of GOX for the reduction of wine alcohol [131,150,151]. Is
important to note that U.S. Food and Drug Administration (FDA) classified GOX and CAT as GRAS
(Generally Recognized As Safe) and the use of both enzymes (whose structures and sources are
shown in Fig.2) in wine production has been authorized [152]. The OIV does not specifically regulate
the use of the two enzymes, although enzyme preparations in general are permitted for use in grape
juice and wine as long as they are safe from a health perspective and do not negatively affect the
quality of the wines [153].

The first studies about the use of the GOX to reduce the alcohol degree of wines date back to
1998, when Pickering, Heatherbell, and Barnes carried out several trials on Riesling and Miiller-
Thurgau white grapes to produce low alcohol wines. They used calcium carbonate to increase the pH
of the must to 6.0 to improve the GOX activity, obtaining a marked increase in final gluconic acid
content (about 42%), although the organoleptic characteristics of the wines were altered [150].

Later on, the same authors used 2 g/L of GOX in Riesling grape juice, obtaining the conversion
of about 87% glucose into gluconic acid (after 6 hours of fermentation), this resulting in a reduction
in alcohol content up to 4.3% v/v [130].

In another study, a GOX-product obtained from Aspergillus oryzae was added at a concentration
of 30 kU in the treatment of Pinotage grape must before fermentation. Compared to control, wines
obtained by treated must showed a 0.7% v/v decrease in ethanol content [131].

However, these studies showed that the low pH of the wort was found to be a limiting factor in
the catalytic capacity of the enzymes.

In this regard, some more recent studies have shown that the encapsulation of GOX and CAT in
Ca-alginate hydrogel would improve the catalytic efficacy of the enzymes and is a promising
alternative for industrial use in the production of reduced-alcohol wines [154].

More recently, silica—Ca-alginate hydrogel with co-immobilized GOX-CAT proved to show a
high capacity to simultaneously decrease the glucose content and reduce the release of gluconic acid
in must. As a result of encapsulated enzymes treatment, a noteworthy glucose consumption (up to
26 g/L) led to a reduction in the potential alcoholic strength of the must by about 2.0% v/v. In addition,
a significant reduction of up to 73.75% in the estimated concentration of gluconic acid was obtained
[132].

It must be noted that the treatment of musts with GOX could also result in lower concentrations
of several phenolic compounds and some volatile organic compounds (VOCs) responsible of floral
notes in the obtained wines.

Treatment of a white grape must with GOX enzyme gives musts with a marked decreased
alcohol content at pH 3.4-3.5, which resulted in more acidic (2.7-2.8) and less fruity wines [147].

In a recent study, the enzymatic treatment with GOX and CAT was applied to Verdejo must
causing a remarkable decrease in glucose concentration (61.5 g/L) and a reduction of alcohol content
by about 20-30 mL/L in the produced wine. However, concentrations of some VOCs responsible of
floral and fruit notes (heptyl acetate and 2-phenylethanol, ketones) were lower in wines from treated
musts. Moreover, a significant decrease in total polyphenol index, as well as in flavonoids and
hydroxycinnamic acid content, was observed in the treated musts compared with control ones [133].

Conversely, it was reported that addition of GOX in combination with CAT decreased the pH
of the must, reduced wine alcohol concentration, and had a positive impact on the sensory profiles
of Tempranillo wine [155].
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3.3. Grape Must Dilution

To reduce ethanol yield, a further pre-fermentation technological approach available to
winemakers is represented by the addition of (dilution) or substitution with (“bleed and replace”)
water to high sugar musts before fermentation [156].

However, in most wine-producing Countries, the practice of grape must or wine dilution is
either forbidden or strictly limited and regulated by competent authorities. OIV admit water addition
in winemaking only for aromatized wines, beverages based on vitivinicultural products and wine-
based beverages [157]. The only case in which water could be reintroduced is the practice of reducing
sugar content in musts through membrane coupling [158]. The water and organic acids filtered by
nanofiltration process are reintroduced into the treated must.

In the European Union (EU) wine regulations, water addition is not allowed in wine production
“except where required on account of a specific technical necessity” (Regulation No 1308/2013) [159].

Conversely, as a tool to facilitate fermentation, the addition of water to wine is authorized and
commonly accepted by the USA legislation [160].

Food Standards Australia New Zealand have permitted the adjustment of must sugar levels with
the addition of water (before the addition of yeast to initiate fermentations) in order to ensure a sound
fermentation progress as well as to mitigate excessive wine-alcohol levels. However, a limit has been
set so that the dilution must not dilute the grape must below 13.5 degrees Baumé (Bé) which is a
measurement of grape sugar content [161].

Juice dilution involves adding water to grape juice or mixing the juice with green harvest to
reduce the concentration of fermentable sugars, but generally has a negative effect on the resulting
wines, because it can reduce must acidity, lower the concentrations of phenolics compounds and
have a negative impact on wine appearance and sensory attributes [162].

For instance, Piccardo and coauthors showed that for V. vinifera cv. Merlot Noir and cv.
Tempranillo Tinto, water treatments reduced ethanol levels, but resulted in significant differences in
flavour profiles for each variety [102].

In a recent study, the direct addition of water to the must in winemaking in late harvests (15.5
°Bé) and medium harvests (14.5 °Bé) produced wines with lower alcohol levels while avoiding the
unfavorable unripe "green" chemical and sensory attributes that can be present in wines produced
from early harvests [163].

In another study, it was reported that water substitution treatments (within certain limits) could
be a suitable approach to control alcohol concentrations in Cabernet Sauvignon and Shiraz wines
without critically modifying colour or tannin properties and only marginally changing volatile and
sensory profiles [104].

The same research group also demonstrated that water substitution treatments (at varying
levels) of a late harvest 15.4 °Bé high sugar Shiraz must were able to decrease the alcohol levels in the
final wines by 0.5 %-2.0 % v/v compared to the late harvest control wine [134].

Water treatments of late harvest (13.5 °Bé) high sugar musts proved to decrease wine ethanol
levels from 1.6 % (v/v) to 2.1 % v/v compared to the late harvest control wine, without a negative
impact on phenols, tannin composition, and color properties of wine [135].

Therefore, although these results suggest that the addition of water can be considered an easy
strategy to control wine alcohol content, further research is still required to better investigate the
effects of such a practice on both volatile profile and sensory attributes of the produced wine.

4. Conclusions

It is important for the wine industry to consider a response to market signals suggesting
emerging consumer interest in products containing less alcohol than has been tradition- ally
associated with this sector.

These considerations stimulate a greater attention for a multipronged approach directed to
reduce alcohol level in wine. In the vineyard, wine grape growers can for example: reduce leaf areas,
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irrigate vines just before harvest, apply growth regulators in the vineyard and also review and
optimize the harvest date.

In the winery, winemakers have several pre-fermentative approaches available to them to
produce wines with lower more favourable alcohol levels: dilution of the must, combined use of
GOX-CAT enzymes and specific filtration techniques (nanofiltration and reverse osmosis). Although
the technology now exists to lower the alcohol content of post-fermentation wine, it would be useful
to start the process in the vineyard and in the pre-fermentation phases.
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