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Preface

The grape and wine sector has probably inspired more research and publications 
than any other area of food and agriculture. Through their passion for vine and wine, 
a great many scientists have not only contributed to the development of viticulture 
practices but have also enabled advances in winemaking technology. In addition, the 
impact of climatic changes on grape production in recent years has stimulated impor-
tant lines of research analyzing how vines adapt to and resist the new environmental 
conditions affecting several wine regions. Each applied development in grapes and 
wines has led to improved control of the physico-chemical and sensory qualities of 
the different wine products.

During the life cycle of the vine, as well as during all stages of grape development, 
different factors affect the development and composition of the grapes: climate, soil, 
wine-growing practices, and the genetic potential that each grape variety presents. 
Numerous technological innovations in the production process also contribute 
decisively to the wine quality. The general goal of this book, therefore, is to concisely 
summarize viticulture and enology innovations and their impact on grape and wine 
quality.

This book comprises five chapters. The introductory chapter summarizes the new 
challenges and principal innovations in the production of grapes and wines in recent 
years. Chapter 2 focuses on the latest science concerning the adaptation of grape 
varieties in different environments and its impact on grape and wine characteristics. 
Data on international grape varieties introduced in several wine regions and the 
native grape varieties are compared. Chapter 3 discusses esca and its impact on vine 
productivity and grape quality in vineyards worldwide; this increasing threat to 
global viticulture is causing significant losses in terms of reduced yields, declining or 
wilting vines and shorter productive life for vineyards. The authors also suggest the 
possible role of climate change in the spread of the disease. Chapter 4 examines the 
significance of enzymes in winemaking and their contribution to the development 
of new strategies for optimizing wine production, highlighting the link between 
biochemical processes involving enzymes and the quality of wine as a final food 
product. Finally, the authors of Chapter 5 consider low-alcohol and non-alcoholic 
wine production, focusing on the principal techniques used in wine dealcoholization, 
their impact on the wine’s phenolic and volatile composition, and on wine sensory 
characteristics.

The authors of these chapters are international researchers currently involved in 
research and innovation in different dimensions of grape and wine production. This 
book is not only for technicians actively engaged in the field, but also for students and 
other professionals interested in recent innovations and discoveries in the fascinating 
world of viticulture and enology research.
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Chapter 1

Introductory Chapter: New 
Challenges and Innovations in 
Grape and Wine Production
António M. Jordão

1. Introduction

According to the Report of Global Market Trajectory & Analytics [1], in 2022, the 
global market value for all wine styles (still, sparkling, and fortified) is expected to 
reach US$326.6 billion and keep growing at annual rates above 4%. Thus, grape and 
wine production is a very relevant agricultural activity and represents an important 
economic sector in the international trade. For wine, after the year of 2020 where 
there was a large trade disruption world over, the lifting of restrictions due to the 
COVID-19 pandemic has set the world wine export market on its path to reconcili-
ation. According to the OIV statistics published in 2022, it was possible to obtain 
in 2021 a value of 111.6 mhl for world wine exports. This was the largest exported 
volume of wine ever recorded in history. At the same time, world wine exports in 
2021 have increased by 4% compared with 2020 and have boosted even more in terms 
of value with 34.3 billion EUR, registering a yearly increase of 16% [2]. This large 
economic increase results from a global area of vineyards estimated at 7.3 mha in 2021. 
This area compared with 2020 shows a very slow decrease of −0.3%. In addition, all 
this world area under vines refers to the total surface area planted with vines for all 
purposes (wine and juices, table grapes, and dried grapes), including young vines 
that are not yet productive.

It is important to note that grape and wine sectors are not only relevant in eco-
nomic terms but also historically and culturally. In fact, since antiquity, grape is one 
of the earliest domesticated fruit crops and has been widely cultivated and appreci-
ated for its fruit and wine. Moreover, there is evidence that grapevine cultivation 
and winemaking dating back to at least 5800 BC [3]. According to Myles et al. [4], 
grapevine cultivation emerged in the Near East before spreading to Europe and sub-
sequently for other parts of world. In recent years, this historical and cultural richness 
has also been the object of a strong economic use, namely through wine tourism.

Therefore, despite the economic relevance and long historical past, the production 
of grapes and wine faces a high number of challenges that lead to an increasing com-
mitment to innovation and sustainability of the entire production chain. Thus, there 
are several challenges, such as a change in production methods through a reduction 
in the use of crop protection products and an increase in biocontrol solutions and 
biostimulants in the different practices of viticulture. On the other hand, the produc-
tion of wines using a proper identification of the coadjutants used and the reduction 
in the use of several products with a negative impact on human health, namely the use 

XII
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of sulfur, are other challenges. However, one of the most important challenges of wine 
industry is related with climate change, particularly through global warming and its 
impacts on grapevines and their characteristics. In fact, global warming is respon-
sible for many of the problems facing winegrowers around the world. The impact 
of climate change is currently responsible for several problems in all world regions, 
such as early grape harvests that are becoming increasingly common. In this case, 
grape harvesters must work in extremely hot weather conditions, resulting in more 
frequent breaks and production losses and, at the same time, higher sugar content in 
the grapes. This last consequence induces a production of wines with higher alcohol 
levels and at the same relevant changes in the wines’ aromas. In addition, early bud 
break (as early as March) is weakening the vine stock, exposing it to a greater risk of 
frost until April or even May. Also, frequent droughts and reduced water availability 
have led to an increase in vine plant destruction. Furthermore, there are also new 
challenges related with human resource for winegrowers. Thus, in many regions, par-
ticularly in Europe, there is a reduction in the available labor force. Consequently, the 
hiring of foreign workers is an increasing trend, especially for the works in viticulture 
and during the grape harvest. The future at this level could involve the increasing 
use of vine robots, thus reducing the necessary work force, but also allowing for an 
increasing precision viticulture. The use of vineyard robots, which is still uncommon 
practice around the world, offers several advantages. In that case, robots make tasks 
less difficult, optimize working time (winegrowers can devote their time to activities 
with more added value), and increase the profitability.

Finally, new challenges related with the sustainability and circular economy are 
presented to the wine industry. If compared with other chains, the wine industry 
is considered of low environmental impact [5]. According to OIV (International 
Organization of Vine and Wine), sustainable vitiviniculture is defined as a “global 
strategy on the scale of the grape production and processing systems, incorporating at the 
same time the economic sustainability of structures and territories, producing quality 
products, considering requirements of precision in sustainable viticulture, risks to the envi-
ronment, products safety and consumer health and valuing of heritage, historical, cultural, 
ecological and landscape aspects.” Thus, from this definition, the sustainability of wine 
sector includes diverse aspects of organic, biodynamic, and integrated production, 
but at the same time also incorporates the history, the culture, the landscape, and all 
intangible aspects that characterize the wine production and consumption. In addition, 
the progress in grape and wine production also has a strong component in the circular 
economy, where the use of waste and its recovery also present increasing challenges. 
In a simple way, the circular economy is based on a general idea where waste coming 
from an activity should be passed to another activity with an important valorization 
on an infinite loop. Thus, from the vineyard and from the wine production process, 
various residues can be valued, for example, pruning residues, stalks, pomace, and 
lees. From these residues, several advances have emerged through the introduction of 
various technologies, making it possible to develop and obtain various products, such 
as pellets, biomass, alcohol, biogas, grape seed oil, tartaric acid, and several bioactive 
compounds (resveratrol, tannins, etc.) used in food and pharmaceutical industries.

2. Innovations in grape and wine production

Without innovative developments over innumerable generations, wines as we 
know them would not exist. Over the last few years, several innovations have been 
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introduced in the production of grapes and wines. In viticulture, the innovations 
produced have included the introduction of new production techniques (including 
different viticultural practices and a better use of water resources) with a view to 
improving the profitability of grape production and dealing with climate change, the 
use of new strategies to combat diseases and pests, the development of hybrid grape 
varieties (including new varieties) well adapted to the new environmental condi-
tions, and also the introduction of new technologies linked to precision viticulture. 
All these developments try to answer to four fundamental objectives: improvement in 
the quality of the grapes, reduction in the production costs through mechanization, 
protection of the environment, and response to climate change.

In terms of soil management, there are several works where a combination of 
different techniques, such as chemical weeding, soil tillage, and cover-cropping 
[6, 7], has been developed. In addition, it is well known that an adequate nitrogen 
supply of the grapevines was proved to play a key role in plant fertilization, and at 
the same time, nitrogen deficiency could impair the wine quality [8]. In addition, 
high grape nitrogen deficiencies also affect fermentation kinetics and wine flavors 
[9]. Thus, several innovative works ranging from plant biology to factors linked to N 
regulation have been conducted to contribute to the implementation of sustainable 
practices in the vineyards.

Currently, the management of available water is essential for the sustainability of 
agricultural activity and consequently for the viticulture. Thus, several innovations 
have been introduced in terms of rational water management in vineyards. These 
innovations involve the use of drought-tolerant and drought-resistant rootstocks, 
a correct canopy management, an adequate irrigation strategy, the use of different 
sensors for better water management (e.g., the use of electromagnetic induction 
sensors), and the introduction of remote sensor technologies [10]. In addition, several 
studies reported that moderate water restriction in vineyards is also favorable for the 
wine quality [11].

For vine training, a special interest was given to the winter pruning, keeping in 
mind the respect for the sap flows and trying to limit the expansion of several dis-
eases, namely the wood diseases. Thresholds of leaf/fruit ratios were established and 
the canopy management during the summer, such as leaf removal and shoot tipping, 
was adapted accordingly. Related with vine diseases, in recent years there has been 
a rapid development of strategies to combat these sanitary problems in vineyards 
based on the use of biocontrol products. Thus, the practical combat has included the 
use of natural products of mineral, plant, or microbial origin, the implementation of 
strategies related with the antagonistic microorganisms, and the use of plant defense 
inducers. All these strategies have contributed to reduce viticulture’s dependence 
upon synthetic fungicides [12, 13].

Also related with the use of new plant material more resistant to disease and 
drought, the use of hybrids in viticulture is currently being discussed. The introduc-
tion of this new grapevine plant material introduces new perspectives to reduce the 
use of pesticides and increase the adaptation of vines to climate change [14].

In the winery, the recent developments of sensor technologies offer the possibil-
ity to control all the relevant parameters for a correct winemaking process and to 
guarantee a high quality of wine produced. These new technologies help winemak-
ers to have a set of information in real time, not only during fermentation but also 
during wine aging, which help them to make the best decisions throughout the wine 
production process. Recently, new knowledge about the fermentation process has 
led to the introduction of strong innovations in wine production processes. In the 
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past, Saccharomyces spp. yeasts were almost the only option for used during alcoholic 
fermentation. This was due to the high ability to metabolize all grape juice sugar into 
ethanol. However, several results proved that also the use of non-Saccharomyces strains 
can improve the wine quality. In this context, the use of these new strains of yeasts 
contributes positively to improve the wine acidity, aromatic complexity, contribut-
ing at the same time for low levels of acetic acid and ethanol produced, among 
other positive effects [15]. Thus, in the past years, the main manufactures started to 
commercialize dry non-Saccharomyces strains in the market of oenological products 
containing different yeast species (e.g., Torulaspora delbrueckii, Schizosaccharomyces 
pombe, and Pichia kluyveri).

In recent years, due to greater control over alcohol consumption in some coun-
tries (related with health problems associated with the consumption of alcoholic 
beverages), as well as due to new trends in wine consumption, several techniques 
have been developed for the reduction of ethanol content in wines with excessive 
alcohol content [16]. In addition, climate change has also contributed in some 
warmer regions to the production of grapes with excessive amounts of potential 
alcohol. Also related with the effects on health because of the consumption of 
alcoholic beverages, several studies have been carried out for the production of wines 
with reduced sulfur content (or even sulfur free), but at the same time maintaining 
the wine quality. Thus, several alternative technologies have been developed and 
compared, such as pulsed electric fields (PEF), high-pressure processing (HPP), 
power ultrasound (US), ultraviolet irradiation (UV), high-pressure homogenization 
(HPH), filtration, and low electric current (LEC). All these technologies have been 
explored with the aim to obtain adequate microbial inactivation and at the same time 
maintaining the wine quality [17].

To induce better performance to clarify and stabilize wines, new natural, non-
allergenic, and non-animal fining agents have been developed by the different 
manufactures helping winemakers to obtain wines with high quality [18]. At the 
same time, recent developments in filtration technologies have been introduced to 
help winemakers to reduce the problems of precipitation of unstable proteins present 
in white wines after bottling. This problem can cause cloudiness, which is generally 
considered commercially unacceptable [19].

Finally, for wine aging, different technologies and winemaking practices have also 
been developed. Several options have been made available, such as wine aging using 
wood fragments, combination of micro-oxygenation with wood fragments, different 
options in wine aging on lees, the improvement of wine aging in bottles, and mecha-
nisms in acceleration of wine aging using different technologies (physical methods 
involving ultrasonic waves, gamma rays, electric fields, nanogold photocatalysis, and 
high-pressure treatments) [20].

In conclusion, all these challenges contribute to the continuous innovation in the 
production of grapes and wines and the consequent concern with their quality and at 
the same time increase in the sustainability in all production chains. Together, con-
sumer and market demands are increasing, thus inducing the necessary investment in 
constant innovation.
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Abstract

In the last two decades, several international grape varieties from different 
traditional wine countries such as, France, Portugal, Italy, and Spain have been 
introduced in several world wine regions, increasing their representation in 
the world. The introduction of grape varieties in emerging regions with diverse 
environmental conditions from their natural origin introduces challenges on the 
adaptability of these varieties in new specific “terroirs,” not only in terms of their 
productivity but also related with the grape and wine characteristics. In addition, 
it is also important to compare their characteristics with native grape varieties 
grown in the local regions. On the other hand, climate change has also promoted 
greater mobility of grapes to new regions, increasing the dispersion of various grape 
varieties in areas where viticulture was, until now, severely limited. Thus, consider-
ing the importance of the dispersion of several grape varieties in regions out of the 
original provenance, the purpose of this chapter is to present a review of the most 
recently published data about the adaptation of several grape varieties in different 
environments and the impact on their qualitative characteristics (including in wines 
produced). The comparative analysis with some of the native varieties existing in 
these environments, when applicable, will also be analyzed.

Keywords: adaptability, chemical composition, grape varieties, wine quality, sensory 
profile, terroir

1. Introduction

The Vitis genus (80 species identified) is composed of two sub-genera: Muscadinia 
and Euvitis [1]. The Muscadinia sub-genus comprises three species, including M. 
rotundifolia. This sub-genus grown in the south-east of North America is remarkably 
resistant to the main cryptogamic diseases to which most Vitis vinifera varieties are 
prone [2, 3]. However, most cultivated grapevines belong to the Euvitis sub-genus. 
These sub-genera fall under three groups: the American (made up of more than 
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20 species), the East Asia (comprises about 55 species), and the Eurasian group 
(composed of one single species, V. vinifera L.). For V. vinifera specie, there are two 
sub-species: sylvestris, which corresponds to the wild form of the vine, and vinifera, 
referring to the cultivated form [4].

The Vitis international variety catalog identifies 21,045 names of varieties, which 
includes 12,250 for V. vinifera. However, this last number includes a considerable 
number of synonyms and homonyms [5]. Nevertheless, according to Lacombe [6], 
the number of vine varieties for the V. vinifera species in the world is estimated at 
6000. The high number of varieties is a consequence of the preservation and trans-
port of vine seeds by farmers, which was a common practice in the past. However, 
also the interspecific hybridization of Vitis, which occurred during nineteenth 
century until the mid of twentieth century, also contributed to the diversity of genetic 
material. In that case, the phylloxera crisis had an important role in the creation of 
high diversity of plant material. Lastly, the natural genetic mutations, which are com-
mon in grapevines, also contribute for this diversity.

According to OIV data, grape vineyards (which corresponding to the total surface 
area planted for all proposes—wine and juices, table grapes, and raisins) covered 
more than 7.3 million hectares worldwide [7]. Lecat et al. [8] reported that in 2015, the 
estimation net worth of the wine industry was more than 258 billion euros. However, 
in 2020, the world wine consumption estimated at 234 mhL and had a decrease of 
3% compared with 2019. This decrease could be a consequence of the first year of the 
COVID-19 sanitary crisis, which induces an asymmetrical aggregate consumption 
behavior in different countries in the world [9]. Nevertheless, for a global point of 
view in the last decade, wine sector has undergone considerable changes. One of these 
changes is related with the grubbing-up of vineyards and restructuring activities. 
Indeed, some traditionally high-production varieties no longer correspond to the 
tastes of consumers or the market and have seen a significant decline in their surface 
area. In addition, as vineyard productivity is strongly related to climate, the tendency 
observed in last decades for significant changes in climatic conditions, namely for 
atmospheric temperatures, has been shown to affect grape yield and composition and 
wine sensory profile. Consequently, the use of different grape varieties of local origin 
and/or from other wine regions could be a strategy to be followed by winegrowers 
from different geographical locations [10–12].

In the last 20 years, several authors reported an occurrence of varietal concen-
tration in the world vineyards. According to Anderson and Aryal [13], for instance, 
Cabernet Sauvignon and Merlot grape varieties have more than doubled their 
vineyard area. As a result of this situation, Cabernet Sauvignon has been widely 
studied mostly because its worldwide distribution [14–18]. In addition, numerous 
studies have shown that grape and wine composition obtained from the different 
vine varieties depends on several factors that change not only according to the 
intrinsic potential of each grape variety [17, 19] but also according to the climatic 
factors, such as sunlight exposition, solar radiation, and temperature [12, 20], soil 
[21], agricultural practices [22], and also the level of grape ripeness [23]. Thus, 
winegrowers have traditionally selected and maintained the different grape variet-
ies introduced in the different wine regions, especially the cultivars from other 
countries and terroirs that best match their specific climates and soil conditions. In 
addition, recently the wine sector has focused on research and experimental activi-
ties about the adaptive capacity of the most economically important grape varieties 
to climate change in different wine regions. In this perspective, the adaptability of 
several grape varieties to new regions and climates, as well as, in some cases, the 
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comparative assessment with the native grape varieties from these regions, has 
allowed us to obtain new data [17–19, 24, 25].

Thus, this chapter focuses on the latest scientific knowledge about the adaptation 
of several grape varieties in different environments and the impact on grape and wine 
characteristics. It also approaches diverse comparative data between the international 
grape varieties introduced in several wine regions and the local native varieties.

2. World distribution of main international grape varieties

According to the OIV database, out of the 10,000 vine varieties known in the 
world, there are 13 that represent more than one-third of the world vine area [26]. 
In addition, 33 vine varieties represent 50% of the total vine area. Some varieties 
are mainly cultivated in a restricted number of countries, such as the Kyoho grape, 
mainly cultivated in Asia (Japan, China, and South Korea). In an opposite situation, 
there are other varieties that grow in many countries and usually are called as “inter-
national” varieties. One of most important demonstrative examples is the Cabernet 
Sauvignon grape.

Among the main varieties most cultivated around the world, it is possible to find 
several countries that are specialized in wine production, such as France, Spain, Italy, 
Australia, and Argentina, while others are more focused on table and dried grapes 
production, such as Turkey, Iran, India, or China. However, in the last years, China 
has shown a great increase in both productions, either wine or table grapes.

Table 1 shows the distribution of the main grape varieties cultivated in the differ-
ent world geographical areas. As shown in this table, Kyoho grape occupies the largest 
area of grape vines in the world, although its geographical distribution is restricted to 
the Asian continent especially in China, which represents more than 90% of the vines 
area. This table grape variety has been the most produced grape in Japan since 1994, 
and in South Korea, it accounts for 14.5% of the country’s vineyards [27]. For wine 
grapes, the Cabernet Sauvignon is the most cultivated variety in the world, being 
distributed in almost all wine-producing countries. From Bordeaux region (France) 
and derived from a crossing between Cabernet Franc and Sauvignon Blanc variety, 
Cabernet Sauvignon is the second most-planted vine variety [28]. Today, its vines are 
widely distributed across the world, covering 5% of the world’s vineyards (represent-
ing 341,000 ha). It is grown in a great number of countries, such as China, France, 
Chile, the United States, Australia, Spain, Italy, and South Africa. This grapevine 
adapts to a wide range of environments with a board phenotypic plasticity (including 
differential wine sensory attributes). Then, this variety has a high capacity of accli-
matization to the different environments and adaptation to climate change [29–31].

For the remaining varieties, such as the Sultanina, Merlot, Syrah, and Tempranillo, 
it is clear a great geographical distribution being present in several of the major grape 
wine producing countries. Merlot and Syrah varieties are both from France, the 
first from the Bordeaux region and the second from the Rhône Valley region. Today, 
Merlot is present in 37 countries and covered 266,000 ha or 3% of the total world 
area under vines, while Syrah covered 190,000 ha, and it was grown in 31 countries. 
Specifically, Tempranillo wine grape is not widely grown outside of Spain, but it may 
be present in 17 countries. However, 88% of its cultivated area is in Spain.

Although the distribution of the main varieties has spread by the largest grape 
producers and is very dependent on international varieties, it is important to point out 
that some countries have obvious dominant varieties in their vineyards, such as Spain, 



Recent Advances in Grapes and Wine Production - New Perspectives for Quality Improvement

12

which has two main varieties, Airen and Tempranillo, that cover more than 40% of 
the vines area. In China, 44% of the vines are from the Kyoho grape [26]. In addition, 
there are a few wine countries, such as Italy, Portugal, and Romania that show a quite 
a diverse varietal distribution, with main varieties not exceeding 9% of the area under 
vine. These first two countries show an important number of different varieties, 
especially native cultivars covering 75% of their area of grapevines.

Figure 1 shows examples for a few wine country producers from different geo-
graphical origins about the distribution of the mains varieties according to the data 
obtained from OIV [26]. By analyzing the data presented in Figure 1, it is possible 

Grape variety Skin 
color

Production 
destination

Area 
(ha)

Country 
origin

Main geographical 
distribution

Kyoho Black Table 365,000 Japan Japan, China, and South 
Korea

Cabernet 
Sauvignon

Black Wine 341,000 France China, France, Chile, 
United States, Australia, 
Spain, Italy, and South 

Africa

Sultanina
(syn. 
Thompson 
Seedless)

White Table, drying 
and wine

273,000 Afghanistan Turkey, Iran, Iraq, 
Afghanistan, Pakistan, 

and Central Asia

Merlot Black Wine 266,000 France France, Chile, United 
States, Italy, and Australia

Tempranillo Black Wine 231,000 Spain Spain, Portugal, and 
Argentina

Airén White Wine and 
brandy

218,000 Spain Spain

Syrah Black Wine 190,000 France France, Australia, 
Argentina, South Africa, 
United States and Chile

Red Globe Black Table 159,000 Italy China, United States, 
Spain, Portugal, Italy, and 

Chile

Garnacha 
Tinta/
Grenache Noir

Black Wine 163,000 Spain Spain and France

Sauvignon 
Blanc

White Wine 123,000 France France, Spain, Italy, South 
Africa, United States, and 

New Zealand

Pinot Noir/
Blauer 
Burgunder

Black Wine 112,000 France France, Germany, Italy, 
United States, Australia, 

Argentina, and South 
Africa

Trebbiano 
Toscano/Ugni 
Blanc

White Wine, brandy 111,000 Italy France, Italy, Portugal, 
Argentina, and Australia

Table 1. 
Distribution of the main grape varieties cultivated in the different world geographical areas. Data obtained from 
OIV [26].
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to observe that for Spain, one of the biggest wine producers, native varieties are in 
majority. Airén and Tempranillo occupied around 43% of the vine area. Varieties of 
foreign origin, namely French, occupy secondary positions, with Garnacha Tinta, 
Alicante Bouschet, Cabernet Sauvignon, and Syrah being the most representative 
these varieties.

An opposite tendency is observed for the main varieties cultivated in France. Thus, 
except for Ugni Blanc, a variety originally from Italy (Tuscany) where it is grown 
under the name Trebbiano Toscano, all main varieties are from French origin. In that 
case, Merlot, Grenache Noir, and Syrah are the main varieties, while other varieties 
very widespread all over the world, such as Chardonnay, Cabernet Sauvignon, and 
Pinot Noir occupied values between 4 and 6% of the vine area.

An interesting distribution of the main grape varieties is observed in Portugal, a 
country considered to be one of the countries with the highest varietal distribution, 

Figure 1. 
Distribution of the main varieties in the various wine country producers from different geographical origins. 
Graphics elaborated by authors using OIV data [26].
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with main varieties not exceeding 9% of the area under vine and at the same time, all 
main native grape varieties represent around 50% of the vine area. Syrah is the most 
representative no native variety, and it represents only 3% of vine area. Considering 
some of the highest wine-producing countries in the “new world,” such as Argentina 
and Australia, the varieties have a foreign origin, namely from France (the major-
ity), but also from Spain, as is the case of the variety Cereza. In Argentina, Malbec 
and Cereza represent 18 and 13% of vine area, respectively, while for Australia, 
Syrah (27%), Cabernet Sauvignon (17%), and Chardonnay (14%) are the most 
representative varieties. Finally, in United Sates, similar tendency is observed, where 
Chardonnay and Cabernet Sauvignon are the main representative varieties for wine 
production.

3. Impact of different terroirs on grape composition

According to several authors, it is expected that the combination of plant material 
(genotype), fungi and bacteria population (microbiome), soil and climate conditions, 
and all factors related with vineyard management and winemaking affect the quality 
of grapes and consequently the wines produced. Thus, interactions between all of 
these factors are usually mentioned as the “terroir” and are finally expressed in the 
grape composition and consequently in wine characteristics [31–33]. According to 
Magalhães [34], on the basis of these interactions, the concept of “terroir” has been 
extensively adopted for the majority of the authors. In fact, all wine regions are charac-
terized by their natural environment conditions, usually related with climate and soil 
properties, but also depend on human factor. In 2010, the Organization of Vine and 
Wine issued the resolution VITI 333/2010 with the concept of “terroir” as “an area in 
which collective knowledge of the interactions between the identifiable physical and 
biological environment and applied viticultural and oenological practices develops, 
providing distinctive characteristics for the products originating from this area. Terroir 
includes specific soil, topography, climate, landscape characteristics and biodiversity 
features.” According to Carbonneau [35], the most important key factor on grape 
varieties adaptability is the climatic characteristics of each wine region. Instead, Van 
Leeuwen et al. [36] consider that “terroir” induces all development of grapevine, berry 
composition and at same time is a key factor that determines the final wine quality, 
including their typicity and the global characteristics of each wine region.

Thus, it is possible to consider that the adaptability of the different grape variet-
ies, particularly when grown outside their original region is related with a set of 
factors, namely, atmospheric conditions (temperature, precipitation, humidity, 
and solar radiation), soil composition and water availability for the plant, potential 
climate change, pest and diseases, diverse viticultural practices, and varietal/clonal 
and rootstock selection [37–42]. In the past years, the adaptability of grapevine to 
different conditions is also related with the development of the modern grapevine 
breeding, producing numerous hybrid varieties with different characteristics such as 
cold/hot-resistant, rapid ripening and with resistance to several diseases [43]. These 
hybrids have made it possible to cultivate vines even in regions where environmental 
conditions are still a very limiting factor for the development of the vines, as is the 
case in Nordic countries [44]. Today, also in non-European countries, the use of 
hybrids is common. For example, in Brazil, several hybrid varieties, such as Moscato 
Embrapa, Niagara, Villenave, Goethe and Manzoni Bianco and Vitis labrusca vines, 
are usually used with great success for wine production [45]. Also, Cabernet Cortis, 
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Cabernet Carbon, Bronner, and Regent are other American hybrid vines recently 
tested in several experimental works in this South American country [46]. However, 
it is important to note that the preservation of the existent biodiversity related with 
autochthonous grape varieties is essential to maintain many of the specific and dif-
ferentiating characteristics of the winegrowing regions. In addition, these varieties 
could play an important role in the response to climate change and to be used in new 
opportunities for adaptation to other regions [24, 47].

Cabernet Sauvignon, Malbec, Merlot, Tempranillo, Cabernet Franc, Syrah, and 
Malbec are several examples of varieties well adapted to different production condi-
tions, namely to very dry and warm climates. Some of them are very cultivated in 
several countries of southern Europe [48]. In general, these non-native varieties show 
characteristics associated with own productivity and composition not only related to 
their own genetics but also develop characteristics that result from their adaptation to 
the different terroirs where they are implanted.

In Portugal, in the last 20 years, several French grape varieties have been introduced 
in several wine regions, particularly in the south of the country. For example, Cabernet 
Sauvignon has been cultivated in different regions, such as Lisbon and Alentejo wine 
regions with different results and specific characteristics. Thus, Ó-Marques et al. [15] 
reported no significant differences in grape berry composition, especially related with 
different general physicochemical characteristics (titratable acidity, pH, estimated 
alcoholic degree, and berry weight) between Cabernet Sauvignon and Tinta Roriz 
grape varieties, while other authors found significant differences between several 
French and Portuguese native grape varieties in other wine regions [49]. In that case, 
French Cabernet Sauvignon, Merlot, Pinot Noir, and Syrah had higher titratable 
acidity than two Portuguese grape varieties, Touriga Nacional and Tinta Roriz, in 
samples collected in a vineyard located in “Douro” region (North of Portugal). In this 
study also, taking into consideration the phenolic composition, all the French grape 
varieties assessed had higher total phenols compared with the native grape varieties. 
For example, Alicante Bouschet (variety from French origin but widely cultivated in 
the south of Portugal, being officially recognized as a native variety) had the highest 
values for total phenols and flavonoid compounds (global average value from 0.636 to 
0.894 and from 0.584 to 0.834 mg/g of berry, respectively, for total phenols and flavo-
noid compounds). However, for total anthocyanins, Portuguese native grape varieties 
(Tinta Roriz and Touriga Nacional) had highest values [49].

Cosme et al. [50] studied the tannin profiles of different Vitis vinifera L. red 
grapes grown in Lisbon region having Portuguese (Touriga Nacional, Trincadeira 
and Castelão) and French (Syrah and Cabernet Sauvignon) origin. These authors 
reported that the tannin profile of grape skin was different between cultivars. Thus, 
the Portuguese Castelão variety showed the lowest mean degree of polymerization 
(mDP) of proanthocyanidins while Cabernet Sauvignon had the highest mDP. In 
addition, this French variety had the lowest concentration of total proanthocyanidins 
in the skins, but this distribution was mainly at the higher mDP (mDP values >30).

It is well known that high temperatures could determine the grape maturation 
process, accelerating grape berry maturation and at the same time inducing the 
production of grape berries with higher soluble solids content [51]. In addition, hot 
temperatures during the day and cold nights induce lower pH values of the grape 
musts and decrease tartaric and malic acid degradation when compared with regions 
with hot days and nights. Several authors reported that Syrah, Cabernet Sauvignon, 
and Alicante Bouschet are grape varieties with minor thermal demands to achieve a 
normal maturation compared with some native grape varieties, especially taking into 
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consideration the sugars content and titratable acidity in several Portuguese regions 
characterized by high temperatures [14, 49]. Gordillo et al. [52] reported for warm 
climatic conditions, which occur in South of Spain (Condado de Huelva D.O.), a high 
resistance of Syrah variety to these high temperature conditions that occur during 
maturation.

According to Costa et al. [19], the genetic factor has an important role on phe-
nolic content between the grape varieties and not only the “terroir.” According to 
these authors, the major individual anthocyanin group (monoglucosides) content 
for Cabernet Sauvignon is independent of the wine region where this variety is 
produced. Similar tendency was also described by other authors [16, 53], where 
the biosynthesis of this anthocyanin group is mostly ruled by genetic factors than 
by climatic conditions. According to Flamini et al. [54] and Sikuten et al. [55], the 
composition of individual anthocyanins is under genetic control, while agronomic 
and environmental factors have a greater impact on their total content. In addition, 
under conditions characterized by dry periods and water deficit, several authors have 
shown that Cabernet Sauvignon may present lower alcohol level and phenolic content 
and at the same time higher values of total acidity [56, 57]. Nevertheless, recently 
other researchers reported under a semiarid climate condition of Israel that Cabernet 
Sauvignon vines submitted to late irrigation (in last stages of grape maturation) 
produced grapes with higher color intensities and phenolic content [25]. For differ-
ent vines from V. vinifera and several hybrid cultivars cultivated in the Finger lakes 
area of New York Stat (United States), Yang et al. [58] reported that Cabernet Franc 
and Pinot Noir had the highest total phenolic content (values varied from 396.8 to 
424.6 mg/100 g) compared with remaining hybrid varieties studied.

In Spain, most vines cultivated are native varieties, occupying more than 50% of 
the vineyard area. Monagas et al. [59] studied the flavan-3-ol composition of grape 
seeds and skins from Cabernet Sauvignon and two Spanish grape varieties, Graciano 
and Tempranillo, cultivated in Navarra region (North of Spain). The higher concen-
tration of flavan-3-ols was observed in Graciano and Cabernet Sauvignon while the 
lowest values were quantified for Tempranillo variety. This result demonstrates a 
tendency for an adequate adaptability of the Cabernet Sauvignon under the condi-
tions of this Spanish region, namely in terms of the flavan-3-ols biosynthesis. Several 
aroma compounds are very important for wines quality, especially for white wines. 
In this case, terpenes are the source of the fruity and floral aromas found in white 
wines produced from different grape varieties, such as Riesling, Albariño, Muscat, 
and Gewürztraminer. García et al. [60] studied the changes in volatile compounds 
of the most representative white grape varieties cultivated in central La Mancha 
region of Spain (Macabeo, Airén, and Chardonnay). According to these authors, 
Chardonnay, a French grape variety that is increasingly being grown in this Spanish 
wine region, showed higher total acidity compared with the native grape varieties 
for the same degree of maturity. In addition, several important volatile compounds 
were quantified in significant values for this French variety. Thus, grape must from 
Chardonnay had the highest values of t-2-hexenel, hexanol, benzaldehyde, phenyl-
acetaldehyde, and benzyl alcohol compared with Macabeo and Airén varieties. These 
results confirm the good adaptability of this white grape variety to the dry conditions 
of La Mancha Spanish wine region. Also, in other European regions as in the eastern 
European countries, several international grape varieties have been introduced. 
These varieties have been cultivated in parallel with the native grape varieties of these 
countries. Thus, for example, in Serbia, the most represented native grape varieties 
are Grašac, Prokupac, Tamjanika, Smederevka, Kadarka, and Bagrina. Apart from 
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this native varieties, international cultivars, such as Merlot, Cabernet Sauvignon, 
Chardonnay, and Riesling, cover also larger vineyards areas (around 570, 560, 510, 
and 440 ha, respectively). In the last 10 years, several authors reported comparative 
data on the chemical composition between international and autochthonous varieties 
grown in Serbia [61–64].

The vineyards with international varieties have a heterogeneous population and 
enologists emphasized the importance of clonal selection for getting the clones with 
best properties for specific terroirs. This is especially important for the varieties 
with high genetic diversity [65]. The characteristics of a clone mostly depend on the 
environmental conditions. The production of certified planting material of selected 
clones is required at the end of process. Vujović et al. [66] studied the evaluation 
of agrobiological and technological characteristics of three Merlot and Cabernet 
Franc clones during 5 years (2009–2013) in Grocka wine region (Central Serbia). 
They observed that individual grape berries from different clones, but also on the 
same bunch, do not ripe uniformly and the values of the monitored parameters vary 
significantly. Thus, at the harvest, Merlot (clone 025) and Cabernet Franc (clone 
010) had the highest values of total phenols content (7.32 and 10.9 g GAE/Kg frozen 
weight, respectively) and total anthocyanin content (386 and 1668 mg/Kg malvidin-
3-glucoside equivalents frozen weight, respectively). Concerning the individual 
polyphenols, the following compounds were the most abundant in the both inter-
national varieties studied: gallic acid, (+)-catechin, (−)-epicatechin, gallocatechin 
gallate, (+)-catechin gallate, and rutin [62]. Mitić et al. [61] compared total phenolic 
content between international grape varieties (Cabernet Sauvignon and Merlot) and 
two native Serbian varieties (Prokupac and Vranac). The results obtained showed a 
tendency for the two Serbian native varieties studied and have presented lower values 
of total phenols (between156 and 158 mg of GAE/100 g of grape) compared with the 
two international grape varieties (173 and 169 mg of GAE/100 g of grape, respectively 
for Cabernet Sauvignon and Merlot). Similar trend, i.e., lower amounts of total 
flavonoids and total anthocyanins, was obtained for Prokupac and Vranac varieties. In 
fact, Vranac is considered an autochthonous red variety in several Balkans countries, 
namely from Republic of Macedonia, Serbia, and Montenegro. According to these 
authors, Vranac grapes also contained similar amount of (+)-catechin as Merlot and 
(−)-epicatechin as Cabernet Sauvignon. However, the contents of these flavan-3-ols 
in Prokupac grapes were significantly lower. Opposite tendency was reported by 
Pantelić et al. [63] where Prokupac variety had the highest content of total phenols 
in seeds (around 100 mg GAE/g) and skins (around 12 mg GAE/g) compared with 
several international varieties (Cabernet Sauvignon, Merlot, Cabernet Franc, Syrah, 
Sangiovese, Pinot Noir, Riesling, Chardonnay, Sauvignon Blanc, and Pinot Gris) cul-
tivated in Central Serbia. These authors also reported for the first time the presence of 
malvidin 3,5-O-dihexoside in the skins of Merlot, Cabernet Franc, Syrah, Sangiovese, 
Pinot Noir, and Prokupac grapes, explaining, however, that this compound is not 
characteristic for V. vinifera L. varieties.

Table 2 summarizes several results obtained for general physiochemical and 
phenolic parameters of several international and native red grape varieties cultivated 
under different geographical locations.

Also in South America countries, namely in Argentina, Chile, and Brazil, the great 
majority of vine varieties used are international varieties, having French and Italian 
origin. In Brazil, most varieties planted are Cabernet Sauvignon, Merlot, Syrah, 
and Pinot Noir, all of them from French origin, and Barbera, Ancellota, Trebbiano, 
Riesling Itálico and Moscato Giallo, all of them from Italian origin. Thus, in recent 
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years, several studies have been published that present results on the adaptability of 
the various varieties in the different regions with conditions for grape wine produc-
tion. However, some of these regions have a warm climate, characteristic of tropical 
regions. In these regions, the minimum temperature is not sufficiently low to induce 
natural vegetative repose in the vines. Oliveira et al. [71] reported chemical character-
istics of grapes Syrah grown in a Brazilian tropical semiarid region (Pernambuco State) 
during four growing seasons (two calendar years, 2016 and 2017). According to these 
authors, in the semiarid region considered, the interaction between the Syrah grape 
and the climatic conditions in each harvest season (combined also with the different 
rootstocks) determines the composition of the grapes. For example, grapes harvested 
in July of the first harvest season, where the temperatures are lower, showed higher 
total acidity, total monomeric anthocyanins, and total tannins in seeds, than grapes 
harvested in December from the second harvest season, characterized warmer tem-
peratures. Also, Stefanello et al. [72] studied the potential of Alicante Bouschet variety 
in the Campanha Gaúcha region, southern Brazil, between 2013 and 2017. At the same 
time, yield and chemical composition of the grape must subjected to nitrogen applica-
tion without irrigation, followed by irrigation and via fertigation were evaluated. 
These authors concluded a good adaptation of this French variety to environmental 
conditions of Southern Brazil and at same time the grapevines grown in control soil 
without Nitrogen fertilization had the highest values of total soluble solids in the must 
in all the crop seasons considered. In 2011, Borghezan et al. [73] also reported that 
Cabernet Sauvignon, Merlot, and Sauvignon Blanc produced grapes with high quality, 
being suitable for cultivation in São Joaquim, Santa Catarina State (Brazil).

Chile and Argentine show in general red and white grape varieties from different 
origins well adapted to the different terroirs in the diverse wine regions. Among Chilean 
varieties, Carignan Noir, a variety of Spanish origin (Aragón region), has had a major 
resurgence due to its rediscovered wine quality potential. Martínez-Gil et al. [74] 
reported results for this red grape variety by the characterization of phenolic composi-
tion of grapes grown in different locations from the Maule Valley. The data obtained 
show high enological and viticultural attributes for grape growers of this cultivar induc-
ing differentiable attributes in terms of grape composition. For Argentina, Malbec is 
the most important variety. This is a red grape variety originated from France; however, 
Argentina has the highest acreage of vineyards of this variety (representing around 77% 
of the world production) being emblematic for Argentina’s winemaking industry [75]. 
Several, authors describe that this variety requires an intermediate to warm climate, 
low rainfall, and with solar potential. These conditions are found in several Argentinian 
wine regions producing Malbec grapes and wines with a high quality [76, 77].

Finally, it is important to considerate the adaptability of different international 
grapes varieties in one of the biggest and dynamic wine country as is the case of 
China. This country has had a great success in the grape and wine production with an 
extraordinary development. Most grapes are from red varieties (around 80%), while 
the white varieties represent only 20% [78]. For red varieties, Cabernet Sauvignon, 
Merlot, and Cabernet Gernischt have a great adaptability to the different Chinese 
wine regions with diverse climatic and agronomic conditions. The white grapes, 
Italian Riesling, Chardonnay, and Riesling, are the most cultivated varieties [79, 80]. 
In last years, several studies were carried out to analyze the adaptability of the differ-
ent V. vinifera varieties in the different Chinese wine regions under diverse climatic 
and soil conditions combined with several agronomic practices. The results show a 
good adaptability for most of the cultivars maintaining all its specific potentialities 
but affected by the environmental conditions [81, 82].
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4. Influence of different environmental conditions on wine composition

Apart from grape composition of the different international varieties cultivated 
under different environmental conditions, several studies have been carried out on 
the composition of the wines produced and their sensory profile. However, although 
international varieties are in general well adapted to specific environmental and 
production conditions, the wines from native varieties are shown to possess at least 
equal potential concerning the quality. Žurga et al. [83] reported comparative data 
from Croatian wines made from native (Plavac Mali and Teran) and non-native 
grape varieties (Merlot and Cabernet Sauvignon), both cultivated in Croatian coastal 
regions. According to these authors, wine produced from Plavac native grape variety 
had the highest total phenolic and (+)-catechin content, while Merlot and Cabernet 
Sauvignon wines had higher flavonol content. According to these authors, there are 
distinct genetic potentials between Croatian autochthonous and no autochthonous 
(specifically for Merlot and Cabernet Sauvignon) varieties. Additionally, several 
authors reported data from Merlot and Cabernet Sauvignon wines elaborated in 
Serbian Fruška gora wine region (Northern Serbia). Similar total phenols (ranged 
between 1460 and 1560 mg GAE/l) and total anthocyanins (ranged between 329 
and 319 mg malvidin-3-glucoside equivalents/l) content were found between these 
wines [84–87]. Also, Vujović et al. [66] studied the impact of three Merlot clones uses 
on wine quality under Central Serbia wine region conditions (Grocka wine region). 
These authors found total phenols values being between 1100 and 1500 mg GAE/l. 
Sredojević [87] compared young wines produced from Cabernet Sauvignon variety 
and Serbian native varieties (Prokupac, Crna Tamjanika, Plovdina, Smederevka, and 
Kreaca). This author found higher values of total phenols and total anthocyanins for 
the wine produced from Cabernet Sauvignon. Diverse results were found by Pantelić 
et al. [86], which revealed that the red wine from Serbian variety Prokupac grown in 
Central Serbia showed higher values of total phenols, (+)-catechin, and (−)-epicat-
echin compared with the wines from Cabernet Sauvignon, Merlot, Cabernet Franc, 
Syrah, and Pinot Noir produced in the same wine region. The differences in the condi-
tions of the terroirs in these last two studies had significant impact on the values of 
the abovementioned parameters.

In Spain, namely in Galicia region (Northwestern Spain), where wine production 
in mainly focused on white wines, several monovarietal white wines produced from 
native (Albariño, Branco Lexitimo, Caiño Blanco, Godello, Loureiro, Torrontes, and 
Treixadura) and non-native (Chardonnay, Gewürztraminer, Pinot Blanc, Pinot Gris, 
Riesling, and Sauvignon Blanc) varieties were study [88]. This study reported that 
the wines produced from native varieties had a clear differentiation by their phenolic 
composition. Specifically, Caiño and Treixadura wines showed the highest total phe-
nolic content, while Riesling presented the highest values among wines produced from 
non-native varieties (although with values below those observed for native varieties). In 
China, Li et al. [89] compared the phenolic and chromatic characteristics of red wines 
produced from native (Vitis amurensis and its hybrids, and Vitis davidii) and several 
international (Pinot Noir, Marselan, Cabernet Sauvignon, and Syrah) varieties. For these 
authors, there are specific phenolic compounds that could be recognized as phenolic fin-
gerprints of wines, which could explain their chromatic differences. For example, wines 
produced from native Chinese varieties had relatively higher blue % value and lower red 
% value compared with wines obtained from international varieties.

The Cabernet Sauvignon grape represents about 7% of the vineyard area in 
Argentina. Recently, Muñoz et al. [31] studied the chemical and sensory characteristics 
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of the Cabernet wines in different geographical regions during 2018 and 2019 vintages. 
They concluded that this variety shows a good adaptability to the different Argentina 
wine regions; however, the selection of the plant material (different clones) combined 
with the terroir determines the quality attributes of the wines produced.

Table 3 shows results for some wine phenolic compounds for several red wine 
produced from different international varieties (Cabernet Sauvignon, Merlot, Syrah, 
Pinot Noir, and Malbec) cultivated in the main South American wine producers. By 
the data show in this table, it is clear a great diversify of the wine phenolic content. 
For total anthocyanins, a high variation of values is found, varying between 69.4 and 
310 and 681.8 mg/l, for Cabernet Sauvignon wines produced in Brazil and Argentina, 
respectively. In addition, Malbec wines from Argentina show the highest total aver-
age anthocyanin content [90–92]. Recently, also in Brazil, a few authors reported for 
Merlot wines produced in high altitude regions of the State of Santa Catarina, high 
concentrations of hydroxycinnamic acids and several volatile compounds, such as 
phenylethyl acetate, ethyl cinnamate, and γ-lactone, which contribute to the aromas 
of coconut, peach, roses, honey, and red fruits. All this content observed was compa-
rable with the results obtained for red wines produced from this grape variety from 
other regions and countries [94]. Faustino et al. [95] reported a comparative analysis 
of phenolic composition of selected American, Chilean, and Canadian Merlot wines. 
These authors concluded that the different climatic regions have and important role of 
Merlot wines phenolic composition. Thus, Chilean Merlot wines tended to have higher 
flavonoid content, while Canadian wines showed intermediate values, and American 
wine had the lowest flavonoid values. The results obtained also demonstrated that 
moderate average temperatures provide Merlot wines with high phenolic content.

For Syrah wines obtained from grapes cultivated in two regions with different 
altitudes in Northeast Brazil and during two vintages (2014 and 2015), it was demon-
strated that chemical composition of wines was influenced by altitude. In that case, 
wines obtained from higher altitude (1100 m) region showed the highest phenolic 
composition. However, for sensory profile, floral, herbaceous, fruity, and empyreu-
matic aromatic attributes were obtained in Syrah wines from the 350 m altitude region 
[96]. Also, a study published by Fushing and colleagues [76] reported the relationships 
between chemical and sensory characteristics of Malbec wines in connection with 
their regions of production. According to these authors, there is a more marked region-
ality in Argentinian Malbec wines compared with Californian Malbec wines.

In addition, King et al. [97] also reported for Malbec wines from Mendoza region 
(Argentina) that generally they show more ripe fruit, sweetness, and higher alcohol 
levels, while the Californian Malbec wines have more synthetic fruit and citrus 
aromas and bitter taste. Compositional differences between the wines from these two 
countries were related more to altitude than precipitation and growing degree days. In 
fact, the viticultural sites in Mendoza, Argentina, are located at much higher eleva-
tions (on average, 1103 ± 133 m above sea level), than those in California (on average, 
190 ± 200 m above sea level).

Table 4 summarizes several results obtained for general chemical analytical 
parameters and phenolic composition of different monovarietal red wines produced 
from Malbec, Bonarda, Cabernet Sauvignon, Merlot, Syrah, and Tempranillo variet-
ies in Mendoza, Argentina. The results found by Fanzone et al. [92] in this region 
are indicative of the polyphenolic richness of Malbec compared with the other red 
varieties and their potential to produce quality wines. Titratable acidity varied from 
4.4 to 6.8 g/l, pH from 3.60 to 3.84, and ethanol content from 13.0 to 15.2%. These 
parameters influenced the sensory quality and microbiological stability of the wine. 
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Malbec wines presented higher acidity, lower pH, and higher ethanol content than the 
other varieties. Total phenols ranged from 1585.6 to 4203.2 mg/l, and Malbec wines 
showed higher phenolic levels than others, while Syrah wines had the lowest phe-
nolic content. Malbec wines had also the highest content of total anthocyanins and 
proanthocyanidins.

In Europe, the adaptability of international grape varieties outside from their 
terroir of origin creates wines with diverse chemical and sensory profiles. Cosme et al. 
[50] studied the tannin profile of several monovarietal wines obtained from different 
Portuguese native (Touriga Nacional, Trincadeira, and Castelão) and no native (Syrah 
and Cabernet Sauvignon) red grape varieties cultivated in Lisbon wine region during 
two vintages (2004 and 2005). These authors reported similar tannin profiles in each 
vintage for Trincadeira and Cabernet Sauvignon wines. Monagas et al. [59] reported 
data about the wine flavan-3-olis composition for Graciano, Tempranillo, and Cabernet 
Sauvignon wines elaborated under the same conditions and obtained from grapes 
cultivated in the same geographical area (Navarra, Spain) and also with same techno-
logical maturity. These authors described that among the three wines, similar skins’ 
proanthocyanidin content was obtained. However, Cabernet Sauvignon wines showed a 
lower mean degree of polymerization of proanthocyanidins than Tempranillo wines.

It is well known that volatile composition is crucial to the quality of wines due to their 
influence on the aroma profile. For Chardonnay wines produced in Spanish Castilla-La 
Mancha wine region, a few studies reported that these white wines in general show a 
high content of several terpenes, such as geraniol, citronellol, and linalool, which provide 
citric and floral aromas [98, 99]. These contents are even higher than those found in other 
white wines produced from Spanish native grape varieties [100]. A comparative analysis 
of the sensory flavor characteristics between monovarietal white wines produced from 
different native grape varieties cultivated in Turkey and Chardonnay and Semillon wines 
was studied by Elmaci et al. [101]. The wines produced from the two international white 
varieties showed specific aroma and flavor characteristics, where notes of green plum for 
Semillon and banana and tobacco for Chardonnay wines were reported as specific sensory 
characteristics compared with white wines obtained from native Turkish varieties.

Finally, the continuous increase in global temperatures is leading to the appear-
ance of new wine regions, outside of the traditional regions in the “old world” (Italy, 
France, Spain, Portugal, among other European countries) and “new world” (Chile, 
Argentina, South African, Australia, or United States). Thus, new wine-producing 
countries from different areas, such as the northern parts of Europe, are emerging. 
In this case, international grapes varieties have been introduced besides the use of a 
few hybrid cultivars varieties highly resistant to the specific climatic conditions (i.e., 
frost) and tolerant to oidium, downy mildew, and to some extent also to Botrytis.

Recently, Garrido-Bañuelo et al. [102] compared several Swedish white wines 
produced from Solaris variety (a hybrid cultivar) with different white wines pro-
duced from Sauvignon Blanc (from New Zealand and France), Chardonnay (from 
France), and Chenin blanc (from South Africa). In general, the differences in taste 
and mouthfeel were more obvious between Solaris wines and the other white wines 
produced from the other international varieties independently of the country origin. 
In England, the vineyard area in 2013 had has grown with Pinot Noir and Chardonnay 
representing 22 and 23% of vineyard area, respectively. The wines produced from 
these two international cultivars represent a substantial value of the total wine 
produced in this country [103].

Lastly, it is important to note that in general, wine consumers attribute a high 
value to the aspects related to typicality and consequently to native grape varieties 
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to produce unique wines. However, this evidence runs parallel to another tendency 
that moves in the contrary trend, that is, the emergence of “international” tastes 
among the different consumers, especially in no traditional wine countries producers. 
Boncinelli et al. [104] reported that the initial wine consumers’ preference for wines 
with only native grape varieties is contradicted in the post-taste evaluation, where 
wines containing between 10 and 20% of international grape varieties are in general 
more valorized than wines containing 100% of native varieties.

5. Final remarks

In this chapter, we focused on the adaptation of most important international 
grape varieties, originating from traditional wine countries, in different world wine 
regions characterized by heterogeneous environmental conditions and specific 
“terroirs.” The adaptability is assessed through the available data on most important 
productivity parameters, as well as, through grape and wine composition, and 
sensory profile.

Grape and wine composition of the same vine varieties, but grown in different 
wine regions of the world, depends on climate factors, such as sunlight exposition, 
temperature, rainfall, as well as soil type and composition, degree of grape ripeness, 
and of course on cultural practices involved in grape processing and wine production. 
Winegrowers had traditionally selected and cultivated foreign grape varieties that 
best match their specific climate and soil conditions. However, the impact of climate 
changes on vitivinicultural sector is already obvious in various aspects, causing the 
experts from different fields focus on research and experimental activities about 
the adaptive capacity of the most economically important grape varieties to these 
global changes in different wine regions. Furthermore, the continuous increase in 
global temperatures resulted in the appearance of new wine regions as well as in the 
further dispersion of various grape varieties in areas where viticulture was, until 
recently, very limited. Thus, new wine-producing regions, such as northern parts of 
Europe and China, and areas in North and South America are emerging. These novel 
wine regions are oriented on the cultivation of both established grape varieties and 
relatively new hybrid varieties highly resistant to specific climate conditions (i.e., 
frost) and tolerant to oidium, downy mildew, and to some extent also to Botrytis. In 
addition, other important challenges are certainly the clonal selection process of these 
varieties ensuring the clones with best properties in the specific environments. Thus, 
the scientific knowledge about the adaptability of different international grape variet-
ies in diverse environments is of great importance for winegrowers worldwide.
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Chapter 3

Overview of the Esca Complex as 
an Increasing Threat in Vineyards 
Worldwide: Climate Change, 
Control Approaches and Impact on 
Grape and Wine Quality
Evangelos Beris, Moustafa Selim, Despoina Kechagia  
and Alexandra Evangelou

Abstract

Esca is an increasing threat to global viticulture causing significant losses by reducing  
yields, declining or wilting vines, and shortening the productive life of vineyards. 
Recent findings indicate that the disease may also affect the quality of grapes and the 
chemical composition of musts and wines. However, more research in this field is 
needed. Esca seems to affect the ripening process of grapes resulting in lower sugar 
content, higher acidity, and increased nitrogen concentrations. Regarding polyphe-
nolic compounds, reduction on the concentrations of (+)-catechin, (−)-epicatechin, 
anthocyanins, and tannins has been observed due to the alteration of flavonoid 
metabolism. Esca is a complex-chronic disease, where several fungal pathogens act 
simultaneously or successively, to cause necrosis to the vascular tissues of grapevines 
by blocking the xylem vessels and by producing enzymes and phytotoxic metabolites. 
As genotype affects stress response, specific Vitis vinifera cultivars present higher levels 
of resistance to the disease than others. There is evidence that varieties such as Merlot, 
Grenache Rouge, and Roussanne are relatively resistant, compared with more suscep-
tible Cabernet Sauvignon, Mourvèdre, Sauvignon Blanc, and Semillon. Another main 
objective of the current work was to investigate the possible effects of climate change 
on Esca development and propose appropriate control strategies.

Keywords: Esca, Vitis vinifera, plant stress, fungal pathogens, grapevine, wine quality, 
must composition, climate change

1. Introduction

Grapevine trunk diseases (GTDs) are an increasing threat to global viticulture 
[1, 2]. The causal agents of GTDs belong to diverse groups of both ascomycetes and 
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basidiomycetes that colonise mainly the vascular tissues of grapevines, interfering 
with plant physiology, microbial ecology and activating plant response mechanisms 
[3, 4]. The Esca complex is considered as one of the most common and catastrophic 
wood diseases of the European grapevine “Vitis vinifera L.” [5]. Losses and dam-
ages caused by the disease are currently in an increasing rate, especially in warm 
viticultural regions. Therefore, it might be assumed that climate change influences 
the development of Esca and the responses of the host towards the pathogens [6]. 
Mature vines (over 15 years old) present greater possibility to be affected by Esca and 
other GTDs [7]. It is generally known that old vines are responsible for the produc-
tion of some of the world’s finest wines, expressing high quality and typicity accord-
ing to their region [8]. Therefore, Esca is considered as a serious threat, especially 
in regions where the production of wine from old—usually ungrafted—vines is 
economically important. Other forms of the disease occur in young grapevines and 
are usually associated with contaminated propagating material [9, 10]. Esca is con-
sidered as a complex disease, as it is caused by the action of several fungal pathogens 
infecting the vines in various manners. However, it has been proposed that Esca 
can also be described as a complex of different diseases that coexist on the trunk of 
mature grapevines [11, 12]. Some issues regarding aetiology, epidemiology, the role 
of pathogens and the exact factors that influence the development of the disease 
remain unclear.

Typical symptoms of Esca include inner wood necrosis, either as brown-black 
streaks caused by ascomycetes (although teleomorphs are not known for all these 
fungi), or as white rot (a yellowish-white discoloration of the wood, which is soft, 
spongy and brittle) caused by basidiomycetes, while in the leaves, peripheral and 
interveinal chlorosis, which results in necrosis (tiger stripes), is often observed in the 
summer due to insufficient water supply and the presence of phytotoxic metabolites 
[13, 14]. However, the latter symptom is often described as a separate disease within 
the Esca complex and is called “grapevine leaf stripe disease” (GLSD). In severe cases, 
gradual necrosis of arms may be observed or even sudden wilt and death of the entire 
vine (apoplexy). Esca is found in most viticultural regions worldwide, and the disease 
is believed to occur for as long as grape growing exists [11].

Climatic and soil parameters significantly affect the frequency of Esca-related 
symptoms and implications [15–17]. Drought and temperature are the most crucial 
abiotic factors for the enhancement of the pathogens affecting growth rates, propa-
gule germination and the rates of inoculum production [18]. Intense heat and drought 
increase the respiration rates of plants, causing carbon losses and even plant death 
[19, 20]. In general, water availability induces modifications of vessel diameter in 
various plant species [21, 22]. The worsening of the symptoms observed in Esca-
infected plants may be partially due to the size of the vessels that have been formed 
by altering water supply [23]. Research on the possible pathological nature of Esca 
began in France in 1898 [24]. However, great progress and additional findings regard-
ing aetiology, pathogenesis and diagnosis have been revealed only recently. Abiotic 
factors such as climate, soil type and topography as well as biotic factors such as age of 
the vines and cultivar (even clone) appear to affect disease incidence [2, 7]. Further 
research is needed to thoroughly investigate all the aspects of aetiology, ecology and 
conditions that favour the development of the disease, as this knowledge can con-
tribute to designing control strategies, while it is known that conventional chemical 
control is not easily applicable in the case of Esca [17, 25, 26]. Moreover, the impact 
of climate change needs to be addressed, as Esca is an increasing threat in vineyards 
worldwide and water stress seems to play a role [27].
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2. Pathogens - Syndromes

A complex of several fungi coexists to variable levels in inner vessels, caus-
ing certain syndromes. It is commonly agreed that two species of ascomycetes, 
Phaeoacremonium minimum (previously known as Phaeoacremonium aleophilum) and 
Phaeomoniella chlamydospora as well as one species of basidiomycetes, Fomitiporia 
mediterranea, are the predominant fungi involved in the development of Esca on a 
global scale [28, 29]. P. minimum and Pl. chlamydospora are responsible for the brown 
streak syndrome of the wood, while wood decay (white rot) is caused by F. mediterra-
nea and other basidiomycetes. Nevertheless, it has been found that many more fungal 
species are involved in the Esca complex or in Esca-related symptoms and damages. In 
addition to F. mediterranea, other Basidiomycetes have been reported by Fischer and 
González-García [30] either as primary pathogens (Inonotus hispidus) or as secondary 
infections developing on already dead tissues of grapevine trunks, causing white rot 
(Stereum hirsutum, Trametes hirsuta and Schizophyllum commune). F. mediterranea is a 
newly found species [31], identified after molecular analysis was conducted to isolates 
that were previously believed to belong to F. punctata. Those isolates differed from 
F. punctata, and therefore, a new species F. mediterranea (M. Ficher) was established 
and believed to exist widely in grapevines across the Mediterranean basin [29, 32]. 
Different Fomitiporia species have been associated with Esca in north America  
(F. polymorpha), Australia and New Zealand (F. australiensis), while other basiodio-
mycetes (Inocutis jamaicensis and Fomitiporella vitis) have been found to cause white 
rot in South America [33]. In South Africa, a diverse group of basidiomycetes was 
found in grapevine trunks, including fungi of the genera Inocutis, Inonotus, Phellinus 
and Fomitiporia [34, 35].

Regarding ascomycetes, a diversity of fungi, mainly within the order Diaporthales, 
exists in grapevine trunks. However, P. minimum and Pl. chlamydospora are considered 
as the most common species in both Esca and Petri disease. Many Phaeoacremoniun 
species have been characterised as vascular plant pathogens, producing enzymes and 
phytotoxic metabolites, causing dieback and wilt to several woody hosts [36, 37]. 
Multiple genotypes of P. minimum can be found within the micro-environment of 
a single vineyard [38]. At least 24 species of the genus Phaeoacremonium have been 
reported to infect grapevines in a global scale [39]. In South Africa, there is extended 
diversity of Phaeoacremonium species probably due to the large flora diversity, and 
newly found species, include P. album, P. aureum, P. bibendum, P. gamsii, P. geminum, 
P. junior, P. longicollarum, P. meliae, P. oleae, P. paululum, P. proliferatum, P. rosicola 
and P. spadicum [37]. Most of those species have been found in grapevines and to 
lesser extend in other tree crops.

According to a classic definition [12], diseases within the Esca complex are distin-
guished into five typical syndromes:

a. Brown wood-streaking: This form causes damages to rooted cuttings and root-
stocks, usually in nurseries. It is associated with Ascomycetes of the genus 
Phaeoacremonium (or related genera), often without showing external symptoms.

b. Petri disease: It is caused by the early infection of propagating material or young 
grapevines by species of Phaeoacremonium or related genera.

c. Young vine Esca: Fungi of the genus Phaeoacremonium infect young grape-
vines (up to 8–10 year old) through wounds, and they cause black or brown 
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wood-streaking and vascular gummosis inside the trunk, with or without foliar 
symptoms.

d. White rot (Esca): When infection through wounds is caused exclusively or mainly 
by Basidiomycetes (such as F. punctata, F. mediterranea, etc.), a spongy wood decay 
(white rot) occurs, which may or may not be associated with leaf and fruit symptoms.

e. Esca proper: White rot develops in the trunk of old vines, simultaneously or after 
the development of brown wood-streaking. This full-scale syndrome is caused by 
the combined or sequential action of both ascomycetes and basidiomycetes.

3. Geographical distribution of Esca

Grapevine trunk diseases, especially Esca, are increasing in incidence and severity 
within vineyards and nurseries worldwide [3] and threaten the wine industry glob-
ally [40]. It has become increasingly devastating during the past three decades and 
represents today a major concern in all wine-producing countries [41]. Over the past 
two decades, GTDs (especially the Esca complex) have been reported in European, 
American and South African vineyards [35, 42]. A survey on GTDs was carried out dur-
ing 2015 and 2016 in 18 European and four Mediterranean countries on a regional and 
a national level. Result showed that both chronic form and apoplexy occurred in all the 
surveyed countries [42]. However, not all the viticultural regions are affected equally. A 
dramatic increase of the disease has been reported in some Mediterranean regions such 
as Tuscany, where more than 50% of the vineyards have a disease incidence ranging 
from 20% to 30% [43]. Similar observations have been made for France, Greece or 
Portugal [11, 44–47]. The estimated annual increase is estimated to be 4–5% [11].

In many regions, implications caused by Esca have a substantial impact in 
viticulture and wine production. It has been recently observed that Esca affects 
numerous grapevines in the volcanic island of Santorini (Cyclades—Greece) and 
many more Greek islands including Crete. Santorini is considered as the most 
important white wine region in Greece, producing distinctive and terroir driven 
wines from old ungrafted vines (up to 250 year old) on a phylloxera safe volcanic soil. 
Increasing losses and damages have been recently reported in many regions across the 
Mediterranean basin. Nevertheless, current research indicates that Esca is an increas-
ing phenomenon on a global scale, especially in wine regions that depend on the 
production of wines from mature vines. Esca is also gaining increasing importance in 
Central European wine-growing countries [32].

4. Infection - Epidemiology

Infections are mainly caused by fungal spores produced on infected or dead vines 
and transmitted via wind or rainfall. Spores usually invade their host through wounds 
created by various causes such as pruning, severe frosts and mechanical damages to 
the trunk or root system [48]. However, pruning incisions are considered as the main 
portals of infection [15, 49]. It has been recently recorded that arthropods, such as 
millipedes, ants, spiders or even beneficial predatory insects, can vector pathogens 
related to Esca and other GTDs, via wounds of freshly pruned grapevines [50]. 
Regarding the forms of the disease that occur in young grapevines, the infection is 
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usually associated with the use of contaminated propagating material or insufficient 
hygiene conditions and practice in nurseries [9, 10].

P. minimum and Pl. chlamydospora are characterised by their aerial dispersion 
[51, 52]. The release of Pl. chlamydospora spores is associated with rainfall, while  
P. minimum occurs during the bud brake period without the presence of rainfall  
[53, 54]. Sources of infection have been observed in protected areas of wood 
within deep cracks [55, 56]. Both Pl. chlamydospora and P. minimum can also 
invade their hosts via grafting or spread through contaminated plant material 
[9, 57]. These infections are associated with Petri disease, but it is possible that 
the pathogens remain in a latent form and appear later for the development of 
Esca proper. As F. mediterranea and P. minimum reproduce sexually, basidiocarps 
and perithecia, respectively, may represent sources of inoculum in the field 
[38, 43, 56]. Many studies indicate the existence of pathogens that do not directly 
manifest the disease (latent infection). Factors that affect pathogenesis on V. vinif-
era, as well as the appearance of symptoms, include age of vines, training system, 
size of the pruning wounds, time of pruning, climatic conditions and susceptibil-
ity of certain varieties.

Esca is considered as a catastrophic, non-selective grapevine disease, and rem-
edies such as specialised fungicides or totally resistant varieties do not exist [17, 58]. 
Nevertheless, various V. vinifera cultivars present different levels of susceptibility 
or resistance to the pathogens. In a study conducted in Greece, ‘Agiorgitiko’ and 
‘Soultanina’ displayed susceptibility, while ‘Assyrtiko’ and ‘Xinomavro’ showed 
resistance to Pl. chlamydospora [59]. However, in homologous experiments that took 
place in Spain, all the varieties (including ‘Godello’, ‘Albarín Blanco’, ‘Doña Blanca’, 
‘Pan y Carne’, ‘Palomino’, ‘Zamarrica’, ‘Mencía’ and ‘Brancellao’) were susceptible 
to the fungus [60]. Moreover, the major Spanish red grape Tempranillo is known 
to be very susceptible to most types of Esca [17]. In previous bioassays conducted 
near Siena, Italy, several V. vinifera varieties were tested in terms of symptom sever-
ity. Results indicated that the 17 vine cultivars were categorised into four groups of 
varying susceptibility to Esca. Semillon was shown to be the most susceptible cultivar, 
while Roussanne was the most resistant [61]. The above study also suggested that 
various rootstocks can affect susceptibility to Esca. In other experiments, Esca caused 
reduction (about 70%) in carbon assimilation and stomatal conductance. These 
effects were greater in varieties such as Cabernet Sauvignon and Sangiovese compared 
to Trebbiano [58]. Regarding table grape varieties, a previous study indicated that V. 
vinifera cv. Matilde was more resistant compared to V. vinifera cv. Italia, in terms of 
internal symptoms’ severity [62]. Thompson seedless was also evaluated as relatively 
susceptible [63]. Even at a clonal level, there might be a difference on the expression 
of the disease. A study in France confirmed a clone-dependent expression of Esca 
in Chardonnay [2]. Overall, important international wine-grape varieties such as 
Cabernet Sauvignon, Sauvignon blanc, Trebbiano, Mourvèdre and Cinsault are more 
susceptible to Esca compared to the relatively resistant Pinot Noir, Merlot, Grenache, 
Carignan and Roussanne [55, 63–65].

5. The effects of climate change on Esca development

Pathogens may be established in grapevines at early stages but remain in a latent 
form. The impact of the disease becomes greater as the vines mature. Older plants 
also experience more infection cycles via pruning wounds [7, 66, 67]. Since the time 
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of trunk infection, and until the onset of symptoms, the disease progresses slowly. 
As latent pathogens, fungi involved in the development of Esca begin their life cycle 
inside plant vessels but without causing any symptoms. Years post infection, fungi 
become more invasive resulting in symptom appearance [68].

Abiotic factors, such as environmental conditions, are also recorded to signifi-
cantly influence the development of the disease and the time of symptom manifes-
tation [15, 16, 58]. Spore infections are favoured by intense humidity. Since most 
Esca-related fungi are anaerobic, intense oxygenation inhibits their growth, while 
carbon dioxide favours it. The optimal growth temperature for most of those fungi 
is 20–25°C. Research regarding the effects of abiotic factors on Εsca was conducted 
at three commercial Tempranillo vineyards located in three different wine regions 
of Spain [17]. Those viticultural regions differ with each other in terms of average 
annual temperature, lowest and highest temperatures during the coldest and warmest 
months, respectively, climate classification and planting arrangements. The area that 
presented the highest vine infection (30%) is characterised by relatively high annual 
temperature and quite high temperatures during the hottest months, but normal 
lower temperatures in the coldest months. The climate of the region was described as 
warm, extremely humid with hot summers. The planting distance was 2 × 3 m (low 
planting density).

Symptomatic vines often present significantly lower leaf photosynthesis rates 
[69, 70]. A progressive decline in net photosynthesis was observed in asymptomatic 
leaves from symptomatic shoots [71]. Reduced photosynthesis at the early stages of 
GLSD symptoms might be a result of stomatal closure and can be magnified under 
water stress and high-temperature conditions. Alterations in carbohydrate physiology 
of grapevines may begin with various stress types such as low temperatures, drought 
or chemicals and can lead to considerable disorders of carbon sustenance, as a result 
to Esca infection. Studies indicate that highly infected grapevines may perceive some 
signals and react precociously by reducing photosynthesis and by triggering various 
defence mechanisms [71, 72].

Most Esca symptoms appear on vines during summer, where transpiration rates 
and demand for water increase [48, 73]. It is known that when plants are exposed to 
various stresses, the expression of several genes is exhorted. Consecutively, enzymes 
and hormones with multiple biological functions are produced due to environmental 
stimuli. Therefore, toxicity from the action of pathogens, host defence responses, and 
environmental conditions compose the disease triangle [6] (Figure 1). Exceptionally 
hot and dry weather periods have been repeatedly recorded worldwide during the past 
two decades. Among these, the most remarkable in Europe have been the summers of 
2003, 2006, 2011 and 2018. Most infected plants remain symptomless externally for 
years after infection. Appearance of external symptoms is not directly related to inner 
wood decay and may be associated with cultivation practices or environmental stresses 
such as high temperature, water shortage or overstock. Water stress has been proven 
to significantly influence characteristics such as shoot length, stem weight, expression 
of wood symptoms and plant survival, when young vines were artificially inoculated 
with conidial suspensions of Pl. chlamydospora [74]. Moreover, in the case of V. vinifera, 
water stress has been recorded to eventually alter the size of vessels and to affect xylem 
hydraulic conductivity, resulting in reduced water flow rates [22, 23, 75]. This is crucial 
for the outbreak of the symptoms. Foliar symptoms may also be linked to stress-related 
pathways of V. vinifera, which are stimulated during water, salt and oxidative stresses 
[76]. However, the effects of environmental stresses on the transcriptional responses 
of grapevines to the Esca complex have not been fully explored yet. Researchers 
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investigated the role of water stress-related genes while studying the early events 
that take place before apoplexy [72]. None of the tested genes was affected in visu-
ally healthy pre-apoplectic leaves, but they were down-regulated in drying leaves. 
Distribution and symptomatology of most GTDs are associated with the exposure of 
vines to different climatic conditions [15]. The influence of heat and water stress on 
grapevine physiology was recorded in the case of Eutypa dieback [77]. Back to the 
case of Esca, correlation between rainfall, high temperatures and the severity of GLSD 
symptoms was observed in recent studies conducted in Italy [16].

6. Detection methods

It is important to use detection methods to detect the presence of Esca pathogens 
before the onset of symptoms (Table 1). This will enable grapevine nurseries to stop 
or at least limit the spread of infection. Using detection methods, it was reported that 
infection may take place in nurseries during the propagation process [78], storage [79] 
or due to the use of infected mother plants [80, 81], while rootstocks used for propaga-
tion have been reported to harbour Esca pathogens [82, 83]. Tools used in nurseries 
such as hydration tanks, grafting tools and callus media [84–86] were also shown 
to spread infection. Therefore, detection methods will help to improve the sanitary 
measurements to avoid contamination in these facilities. Molecular detection tools can 
also provide markers for Esca pathogens. These molecular markers can be used as tools 
in taxonomy allowing the discrimination on strain level [87]. Examples for such tools 
are sequencing of the internal transcribed spacer region (ITS) [29, 31, 88], restriction 
fragment length polymorphism (RFLP) [43, 88] and sequence-characterised ampli-
fied region (SCAR) [89]. Molecular markers shed light on the genetic variation among 

Figure 1. 
Depiction of the disease triangle (combined factors that cause the disease) in the case of Esca.
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Esca pathogens over geographical areas as well as way of dispersion. Genetic variation 
among isolates of pathogens was investigated with random amplified polymorphic 
DNA (RAPD) [89, 90]. It was suggested that variation within species may be related 
to the geographic location of the isolates [90, 91]. It has also been suggested that F. 
mediterranea is spread via airborne basidiospores and that outcrossing occurs [90]. 
Further studies on the occurrence of Pl. chlamydospora in different regions as well as 
the use of additional markers may provide more information on introduction frequen-
cies, geographical spread and to determine the mechanisms of inoculum dispersal 
[38, 92]. Another molecular tool in Esca research is the whole genome sequencing. 
It is considered one of the most important tools in understanding the biology of 
organisms. Recently, the genome sequence of the two most common and important 
Esca pathogens, Pl. chlamydospora and P. minimum, has been released [93, 94]. These 
results will reveal the genetic makeup of these two pathogens, which, in turn, will help 
discovering new genes involved in pathogenicity as well as markers that could further 
differentiate between species.

Another detection method is spectral imaging using sensors to detect foliar symp-
toms before being visible to the human eye using ground-based hyperspectral and 
airborne multispectral imaging. Since chronic symptoms do not develop every year 
[3], an annual monitoring is a fundamental tool to estimate disease incidence in the 
vineyard [95]. Leaf measurements can either be recorded in the whole spectral region 
(hyperspectral) or at selected spectral bands only (multispectral) [96]. According to 
a recent study, external symptoms could be detected pre-symptomatically; however, 
the authors emphasised that these results need further evaluation [95]. A similar 
imaging approach using RGB images was used to detect Esca symptoms. The detec-
tion accuracies were 88% and 91% for white and red cultivars, respectively [97]. The 
reason why spectral imaging seems to be promising is the fact that net photosynthesis 
rate was shown to decrease gradually in asymptomatic leaves [69, 71]. However, it is 
not known so far how early can spectral imaging techniques detect Esca infection.

Detection and control of Esca

Detection 
methods

Molecular Physical

Molecular markers:
ITS, RFLP, SCAR, RAPD

Spectral: hyperspectral, multispectral

Prevention in nurseries Prevention in vineyards

Control methods • Chemical treatment of 
cuttings

• Hot water treatment of 
cuttings

• Antagonist treatment of 
cuttings

• Use of clean planting material

• Removal of infected parts

• Optimizing pruning method (method and 
period)

• Treatment of pruning wound chemical or 
biologically

Curative measures in vineyards

• Trunk renewal

• Over-grafting

• Trunk surgery

• Trunk injection

Table 1. 
Synopsis of detection methods and control strategies to prevent/lessen Esca.
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7. Conventional and modern control approaches

Control strategies against Esca mainly include preventive measures and cultiva-
tion practices (Table 1). In many wine regions across the Mediterranean Sea, sodium 
arsenite was extensively used as a chemical control mean. However, sodium asrenite 
is now banned in most countries. Other compounds, such as copper oxychloride, 
benodanil, fosetyl-Al, hydrogen peroxide, glutaraldehyde and furmetamide, have 
also been tested as inhibitors of Esca. Nevertheless, it is certain that wood decay is 
irreversible, and there are no remedies or conventional control methods to cure Esca 
[17, 25]. The use of a mixture consisting of calcium chloride, magnesium nitrate and 
Fucales seaweed extract resulted in a significant reduction of symptoms in Trebbiano 
d’Abruzzo and Montepulciano d’Abruzzo vineyards [70]. This application also 
seemed to increase the quantity and quality of grapes, without causing any phytotoxic 
effects on the berries. It is currently believed that research should focus on the use of 
incorporating solutions that could activate plants’ natural defence responses, as well 
as studies of molecules that exhibit antimicrobial properties. The use of relatively 
resistant cultivars and healthy propagating material are considered as preventing 
means of great importance [48].

Preventive measures in nurseries: The use of fungicides to control Esca pathogens in 
nurseries is difficult. Chemical dips are usually used to control external pathogens, 
but they do not penetrate grapevine cuttings and, hence, are ineffective against 
pathogens inhabiting the vascular tissues [98]. Indeed, Chinosol (hydroxyquinoline 
sulfate) was reported to be the most commonly used fungicide; however, it was 
reported to be ineffective against Pl. chlamydospora and P. minimum in grapevine 
nurseries [99]. Treating propagation material with hot water is considered the most 
effective method to disinfect dormant canes during the propagation process [98, 100]. 
However, some reports showed negative side effects on grapevine growing from these 
cuttings such as poor shoot development and less rootstock vigour [101], delayed 
callusing and rooting of cuttings [98], delayed development or bud death in cuttings 
and grafted vines [99, 102, 103], and incomplete healing of graft unions and fermen-
tation in cold storage [104]. This, in turn, leads other authors to suggest that cuttings 
taken from vines grown in warm climates may tolerate hot water treatment (HWT) 
better than cuttings taken from vines grown in cool climates [105]. HWT can be 
applied to rootstock cuttings prior to grafting [73, 106] or to young, grafted vines just 
prior to dispatch [106, 107]. Another method is the use of biological control agents 
such as Trichoderma in various formulations such as powder, granules/pellets and 
dowels [108]. Incidence of Pl. chlamydospora and Phaeacremonium spp. in rootstock 
cuttings was reduced by soaking the planting material in Trichoderma formulations 
[106]. Moreover, it was demonstrated that the application of Trichoderma atroviride 
at hydration, callusing and pre-planting stages in nurseries reduced infection by Pl. 
chlamydospora and P. minimum, hydration treatments being the most effective [109].

Preventive measures in vineyards: The first line of preventive measures is the use of 
pathogen free material obtained from healthy vines. However, there is no guarantee 
since asymptomatic vines may harbour Esca pathogens. For this reason, many nurser-
ies treat cuttings with fungicides, hot water or biological agents to ensure that cuttings 
are pathogen free. Another preventive measure is the phytosanitation, which includes 
the destruction of affected parts, pruning debris or whole vines. Infected pruning 
residues should be immediately removed from the vineyard and destroyed since 
fungal fruiting bodies can become a potential source of inoculum for new infections 
[110]. Since pruning wounds are the major entry point for Esca pathogens [108, 111], 
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keeping the wounds at minimum and treating these wounds are very important for 
protecting the vines before spores germinate and start colonising the open xylem ves-
sels and pith parenchyma cells at wound area [50, 112]. Another important aspect is 
to avoid pruning during rainy or humid warm days as spores are released under these 
environmental conditions [113, 114]. Late pruning (prior to budbreak) is also recom-
mended because wound healing is rapid during this time [115]. Moreover, double 
pruning [116], which consists of mechanical pruning in the winter followed by hand 
pruning before budbreak, is a viable technique to complete pruning in large vineyard 
areas [117]. Wound treatment can be done chemically through chemical sealant or 
biologically by an antagonist. Several compounds to treat pruning wounds were tested 
in paste forms such as thiophanate-methyl (Topsin M®), cyproconazole + iodocarb 
treatment (Garrison®—commercial tree wound past), boric acid in a wound sealant 
paste (Biopaste®) and a pyraclostrobin formulation (Cabrio®) and showed positive 
results as wound protectants [73]. Others were tested as sprays such as myclobu-
tanyl that gave positive results against Esca pathogens [118]. Protecting the wound 
biologically can be done by Trichoderma sprayed on the fresh pruning wounds one 
to two days after pruning. Results showed a 45–65% reduction of leaf symptoms in 
treated vines when compared to the untreated vines [119]. Last but not least, balanced 
nutrition and irrigation are also important, as preventive measures, as they enable 
vines to fight the infection [6].

Curative measures in vineyards: There are several ways to manage infected vines; 
however, some of these measures cannot guarantee the removal of Esca pathogens 
completely. These methods include trunk renewal, over-grafting, trunk surgery 
and trunk injection. Trunk surgery is an old practice especially in fruit trees in the 
Mediterranean area. Surgery is a technique that relies on cutting the trunk open with 
a chainsaw and removing of decayed wood from the heart of the trunk allowing quick 
recovery of symptomatic vines by keeping their active root systems and, therefore, 
maintaining the quality of the product that is linked to the vine age [120]. Trunk sur-
gery is considered more expensive and time consuming compared to trunk renewal 
[26] and needs well-trained personnel [120] not to compromise the main sap flow 
during surgery, preferring to act only on one side of the plant [121]. Another curative 
measure is to cut back the trunk below infected wood until healthy/clean wood is vis-
ible. One of the healthy suckers (water shoots) is then trained up to become a replace-
ment trunk. These suckers arise from base buds at prior node positions on the vine 
trunk. This technique also works with other trunk diseases. It presents the advantage 
of saving the vine root system. Training suckers to new trunks and arms may precede 
trunk removal; therefore, no yield needs to be lost [122]. If suckers are not available, 
an over-grafting or re-grafting may be done, while after cutting the vine and reaching 
healthy tissues, the vine is then over-grafted or re-grafted. According to some empiri-
cal experimentation, the treated vines could reach productivity in 3 years, because of 
their mature root system [123].

Curative chemical treatment seems difficult since Esca pathogens exist in the 
trunk. However, in recent years, some methods have been developed to deliver fungi-
cides in the trunk using trunk injection, also called endotherapy. Early trunk injec-
tions on Esca-infected vines showed negative results [25, 124]. However, these studies 
used exclusively the presence of leaf symptoms to evaluate treatment success and did 
not examine changes in the presence of pathogens in the wood pre- or post-treatment 
[125]. A new injection technique based on encapsulated nanoparticles has shown 
promising results. Several fungicides have been already successfully encapsulated for 
being delivered in the trunk. In a recent study, fungicides were coated with lignin to 
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attract Esca pathogens. Indeed, lignin-coated fungicides successfully inhibited the 
growth of Pl. chlamydospora and P. minimum even after a period of four years, prov-
ing a drastic reduction in Esca leaf symptoms after a single injection [126]. Trunk 
injection encouraged some winegrowers to inject many compounds such as hydrogen 
peroxide into grapevine trunks; however, more testing is required before this tech-
nique can be recommended.

8. Impact of Esca on the quality of grapes and wines

Grapevines infected by Esca-related pathogens do not consistently demonstrate 
foliar and fruit symptoms every growing season [3, 61]. However, those vines tend to 
present decreased vigour and lower yields. The Esca complex disease causes signifi-
cant losses in wine production worldwide [58]. Esca has also been reported to affect 
grapes’ quality and, subsequently, the quality of wines produced from those grapes 
[108] (Figure 2). In many cases, quality degradation can even be observed on grapes 
macroscopically. As a result of chronic development of Esca, small dark-brown-
to-purple spots, described as ‘black measles’, often appear on the berries [36]. The 
ripening process of grapes is also affected indirectly, as Esca-infected vines present 
altered rates of photosynthesis [69, 71].

In a study conducted in Bordeaux, France, levels of ripeness were significantly 
delayed in vines infected by Esca. In addition to reduced yield, a decline of the sugar 
content (~10%) as well as higher acidity (~20%) was observed. The organoleptic 
characteristics were also affected, as wines partially made from Esca-infected vines 

Figure 2. 
Development of Esca and its implications on the quality of grapes and wines.
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presented lower levels of fruity aromas and elevated levels of vegetal-herbaceous 
characters [127]. In another research that took place in Italy, the effects of Esca on 
the quality of grapes and the composition of wines were tested in two Trebbiano 
d’Abruzzo vineyards [128]. Three different groups were evaluated: (a) grapes from 
diseases and symptomatic vines, (b) grapes from vines that were asymptomatic 
at the time of experiments but were previously confirmed to be diseased and (c) 
healthy grapes from healthy vines. The results indicated notably lower levels of 
sugars and substantially higher nitrogen concentration in the berries from diseased-
symptomatic grapevines compared to the other two groups (which did not differ 
significantly with each other). Regarding polyphenolic concentrations, significant 
differences between healthy and unhealthy vines were also observed, but results 
were conflicted between the two vineyards. Consequently, wines produced from 
diseased-symptomatic vines displayed lower alcohol content by ~1% as well as 
higher levels of tartaric and malic acid and higher total nitrogen. However, no 
significant differences were detected in the cases of pH and total acidity [128]. 
Subsequent experiments were performed in the same vineyard areas (Controguerra 
and Giulianova in Teramo, Italy). In the latter bioassays, notably higher levels of 
trans-resveratrol as well as iron and magnesium levels in musts from diseased-
symptomatic vines were observed [25]. Symptomatic vines also produced higher 
concentrations of nitrogen confirming the results of 2001. This constant increase 
of nitrogen may be a result of protein hydrolysis that occurs in diseased leaves and 
generates amino acids that migrate to the grapes. Moreover, grapes from symptom-
atic vines presented significantly lower sugar levels and musts from symptomatic 
vines had significantly higher levels of total acidity, malic acid and total polyphenols 
compared to the musts from the other groups.

High-performance liquid chromatography was used to detect reduction in 
concentrations of (+)-catechin, (−)-epicatechin and anthocyanins on skins of 
Cabernet Sauvignon grapes, from Esca-infected vines, in the region of Bordeaux 
during 2009 and 2010 [65]. However, no statistical difference was detected in the 
case of total tannins. In wines, significantly lower alcohol content was produced 
from infected vines, but there was no difference in terms of total acidity. Wines 
were made using various percentages of berries from Esca-infected vines (0, 5, 
15, 25, 50, 75 and 100%). The phenolic composition of grapes was affected, and 
the sensorial quality of wines was decreased, when Esca-infected fruit was used 
in percentages as low as 5%. It was reported that Esca affects normal maturation 
of berries and alters the flavonoid metabolism, which regulates the production of 
anthocyanins and tannins [65].

In the case of Sauvignon Blanc, symptomatic vines produced grapes of inferior 
quality, but when curettage was applied, it seemed to have a positive effect. Curetted 
and asymptomatic grapevines produced wines with favourable chemical and organo-
leptic characteristics, maintaining high quality and typicity of Sauvignon Blanc [5]. 
Overall, Esca seems to reduce sugars, aromas and some phenolic compounds, result-
ing in the deterioration of the organoleptic quality of wines [4, 25, 65, 128].

9. Final remarks

Esca is a complex disease. Several pathogens and factors act in association or in 
succession, to cause the syndromes, which become fully expressed only under specific 
environmental conditions. The appearance of symptoms as well as the severity of the 
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disease seems to be substantially affected by abiotic factors. Temperature increases 
transpiration and, therefore, is a key factor, affecting not only the time of symptom 
appearance but also infection, pathogenesis, fungal growth and the level of damage. 
Esca is currently considered as an increasing threat, becoming severe in many viticul-
tural regions across the globe. Climate change might be a reason for the dispersal and 
harshness of the disease, as losses and damages are associated with plant responses to 
various stresses.

Control approaches include preventive measures in both vineyard and nurseries, as 
well as curative techniques in Vineyards. Despite the progress, direct control remains 
difficult. Certain varieties present some levels of resistance to Esca, compared to others, 
but there are no varieties with immunity to the disease. The reasons behind susceptibil-
ity or resistance are probably related to some interactions between Esca pathogens and 
grapevine physiology, but this phenomenon is still poorly understood. Most publica-
tions indicate resistance of specific varieties to a single pathogen only, without examin-
ing the response of various cultivars to the entire complex under field conditions.

It is known that Esca causes substantial economic losses to global viticulture by 
reducing yields and shortening the productive life of grapevines. Moreover, it seems 
to affect the quality of grapes and wines as infected vines (both symptomatic and 
asymptomatic) tend to produce less concentrated grapes with lower amounts of 
sugars and phenolic compounds. The fact that even asymptomatic vines produce 
grapes of inferior quality must be seriously taken into consideration. However, fur-
ther research is needed to examine accurately and precisely the effects of Esca on the 
quality of grapes and the chemical composition of musts/wines. Overall, additional 
research must be conducted to investigate all the aspects of vine physiology and plant 
responses, in regard to ecology, pathogenesis, lifecycle, physiology and diversity of 
the fungal pathogens that are involved in the Esca complex.
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Abstract

The quality of wine, its structure, and its chemical composition are dependent 
on the grapes’ characteristics as raw material, alcoholic fermentation particularities, 
and the applied oenological practices. Awareness of the significant role that enzymes 
play in winemaking contributes to the development of different new strategies for 
optimizing the production process. Numerous studies confirmed the positive impact 
of using enzymes in food and beverage industries, in improving the quality of final 
products, and optimization of applied production technologies. This chapter aims to 
present the link between biochemical processes that involve enzymes and the quality 
of wine as a final food product.

Keywords: wine, biochemical catalysts, enzymes activity, food processing, 
optimization processes

1. Introduction

Enzymes are functional units of cellular metabolism that catalyze biological 
reactions. In other words, they lend protein compounds a catalytic role in accelerat-
ing the transformation of chemicals into living organisms without being expended 
during the reaction. The converted substance is the substrate of action, while the 
compound resulting from the enzymatic activity is called the reaction product [1–4]. 
Enzymes can speed up the reaction in cells up to 1016 times. As such, the presence of a 
relatively small amount of enzymes can catalyze the bioconversion of a large amount 
of substrate [3]. Even though enzymes are formed inside living cells, they can have 
in vitro activity (e.g., various enzymes in blood plasma), and they are also present 
in industrial processes. Enzymatic processes have been known since antiquity, with 
enzymes being initially used under the name of ferments in correlation with their 
role in the fermentation of sugars and subsequent transformation into alcohol. The 
earliest reference to the commercial use of enzymes is found in a description of wine 
in Hammurabi’s Code (ancient Babylon, about 2100 BC). Ancient texts of the early 
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civilizations of Rome, Greece, Egypt, and China also contain a number of references 
to the technological process of vinegar, which is based on the enzymatic conversion 
of alcohol to acetic acid. Today, these compounds continue to play a key role in many 
food and beverage manufacturing processes, as well as in non-food products (e.g., 
laundry detergents that dissolve stains using proteolytic enzymes). The analysis and 
action of enzymes have caught the attention of scientific researchers not only as a 
focus of scholarly interest, but also because of their many practical needs for society 
[4]. Much of the research in biochemistry is devoted to analyzing the activity of 
enzymes. The first theory of chemical catalysis put forth by Berzelius, referred to the 
hydrolysis of starch, a reaction catalyzed rather by diastase (amylase) than by mineral 
acids. Thus, the presence of enzymes as biological catalysts specific to living organ-
isms can explain many biological processes, such as fermentation or digestion. In a 
follow-up to Réanmur’s studies, Spallanzani demonstrated the role of the enzymes 
found in gastric juice in the process of digestion. In 1836, Schwann coined the name of 
the gastric juice enzyme known as pepsin, while the name trypsin, an enzyme present 
in gastric juice, was coined by Kühne. In 1897, Eduard Buchner extracted from yeast 
cells the enzymes involved in the catalysis of alcoholic fermentation, which function 
independently of cellular structure [5]. In 1870, the Danish chemist Hansen managed 
to extract renin from the stomach of calves, which significantly improved both the 
quality and the quantity of cheese production. In 1921, Fleming discovered lysozyme, 
a component of tears, saliva, leukocytes, skin, nails, and human milk, which is widely 
spread in both animals and plants. He published the first articles on the subject 
between 1922 and 1927. In 1926, James Sumner managed to isolate urease from the 
jack bean (Canavalia ensiformis), the first pure crystalline enzyme. His observations 
were of particular importance for the development of enzymology, confirming the 
protein structure of enzymes. The name enzyme was given by Kühne (1867), while 
Stern was the first to observe the first enzyme-substrate complex in 1935 [5, 6]. Steady 
advances over time had a major impact on the enzyme industry, such as the produc-
tion and marketing of glucoamylase, which catalyzes the production of glucose from 
starch with superior efficiency compared to the chemical procedure of acid hydroly-
sis. Consequently, the launch of enzyme-based detergents was made possible [3].

As to the beverage industry, enzymes were first used in the 1930s to make wine 
and fruit juices, with Boidin and Effront discovering bacterial amylase. The fruit 
drinks and juices industry began using pectinase in the late 1940s to improve clarifi-
cation and filtration. These types of enzymatic preparations also began to be tested 
in the oenological sector. After 1974, they were officially authorized in the oenologi-
cal industry by the Ciba-Geigy Company, with Ultrazym 100 as the first enzymatic 
preparation proposed. It was only in the 1980s that β-glucanases were authorized, 
which helped to solve the problems of clarifying and filtering wines obtained from 
botrytized grapes. In the late 1980s, β-glycosidase-enriched pectolytic enzymatic 
preparations began to appear on the market following a close collaboration between 
French (Montpellier) and Australian (Australian Wine Research Institute) research-
ers, and Gist Brocades [6]. Enzymes offer flexible, high-performance solutions that 
ensure high-quality products boasting a higher nutritional intake, cost-effectiveness, 
and guaranteed consumer satisfaction. Food enzymes are cost-effective and provide 
reliable food security, which explains why they are increasingly in demand in the 
food industry. Understanding the crucial role that these oenological products have in 
winemaking contributes to the development of optimizing strategies in improving 
the structure, chemical composition of the final product, and implicitly their sensory 
profiles [1, 3].
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Grape pomace, the main by-product of the wine industry, has been shown to be an 
important source of nutrients. Botella et al. [7] studied the production of hydrolytic 
enzymes from grape remnants (cellulases, xylanases, and pectinases) under the 
influence of Aspergillus awamori. The volume of industrial use of enzymes has gone 
up recently due to their many advantages. Being of natural origin, enzymes have no 
toxicity and show a negligible impact on the environment. These catalysts present the 
specificity of action insofar as they are selective with regard to both the substrate they 
act upon and the catalyzed reaction. Enzymes act effectively in moderate tempera-
ture conditions, show quick action at relatively low concentrations and the reaction 
rate can be easily controlled by adjusting temperature, pH, and quantity. Moreover, 
enzymes can be easily inactivated once the reactions have produced the desired result. 
These preparations are considered technological aids and are not found in the final 
product [2].

2. Name and classification of enzymes

To date, more than 6000 different types of enzymes are known. The classification 
and naming of enzymes are generally based on the type and mechanism of the reac-
tion they catalyze. The classification of enzymes is based on the principles established 
by the Enzyme Commission of the International Union of Biochemistry. The follow-
ing criteria are laid out:

1. Enzymes and the reactions they catalyze are divided into six different classes, 
each in turn divided into subclasses.

2. The name of the enzyme provides information on the name of the substrate and 
the type of catalyzed reaction, followed by the suffix -ase, except for proteolytic 
enzymes, where the suffix is -in (trypsin). For example, protein hydrolysis is 
catalyzed by proteases.

3. For a correct and positive identification, each enzyme is assigned a 4-digit code 
number, as follows: the first digit refers to the reaction class it belongs to; the 
second and third digits indicate the subclass and sub-subclass; the fourth is the 
serial number of the enzyme in the subclass [2, 4, 6, 8].

Enzymes are classified as follows:
Oxidoreductases (EC 1). Enzymes that catalyze redox reactions belong to this 

class, with the oxidized substrate as hydrogen-donor. Put differently, oxidoreductases 
catalyze the transfer of hydrogen, oxygen, or electron atoms from one substrate to 
another [4, 6, 9]. The systematic name is based on the donor-acceptor oxidoreductase: 
dehydrogenase or reductase. The recommended name is made up of the donor’s name 
and the endings: dehydrogenase, oxidase, reductase, oxygenase, and peroxidase. The 
name oxidase is used only in cases where O2 is the acceptor, while that of oxygenase 
is used when part of the O2 molecule is framed in the corresponding substrate. 
Oxidoreductases make up about 25% of all enzymes [10].

Transferases (EC 2) are enzymes that transfer a group, for example, a methyl 
group or a hydroxyl glycosidic group, from one compound (generally considered a 
donor) to another (acceptor). The systematic names are made up according to the 
donor of the scheme: donor-acceptor or group transferase. Recommended common 
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names are group transferase donor or group transferase acceptor, but the name group 
kinase acceptor is also accepted for some phosphotransferases (e.g., hexokinase and 
glucokinase). This class makes up about 30% of all known enzymes. Of these, of 
enological interest are reactions involving the transfer of phosphoric acid residue 
(H3PO4), carbonate ion (-(CO3)−2), carbon dioxide (CO2), water (H2O), ammonia 
(NH3), and amino groups (-NH2) [9, 10].

Hydrolases (EC 3) amount to 24% of all known enzymes to date and catalyze 
hydrolytic reactions. These are group transfer reactions where the acceptor is always 
water, the systematic name is the hydrolase substrate (e.g., peptidyl-peptide hydro-
lase), and the common name -ase substrate (e.g., methylesterase and o-glycosidase). 
Of interest in the food industry are α-amylases (EC. 3.2.1.1), β-amylases (EC. 3.2.1.2), 
lactase (EC. 3.2.1.23), lipase (EC. 3.1.1.3), proteases - amino peptidases (EC. 3.4.11), 
trypsin (EC.3.4.21.4), subtilisin (EC. 3.4.21.62), papain (EC. 3.4.22.2), ficin (EC. 
3.4.22.3), pepsin (EC. 3.4. 23.1), and chymosin (EC. 3.4.23.4). The hydrolases com-
monly found in must and wine are of fungal origin and come either from the plant’s 
microflora or from an external source following administration of treatments with 
enzymatic preparations [4, 9, 10].

Lyases (EC 4) represent 13% of the overall number of enzymes known. They 
catalyze the addition or removal of non-hydrolytic groups from the structure of 
the substrate, with the formation of double bonds or acyclic structures of the type 
C–C, C–O, and C–N. The systematic name consists of substrate group—lyases. The 
(common) historical names are created according to the group removed, namely: 
decarboxylase, when carbon dioxide is removed; dehydratase, when water is 
removed; aldolase, when the deleted group is of the aldehyde type. Out of the total 
lyases carbon-carbon lyases, carbon-nitrogen lyases, and carbon-oxygenates are most 
significant for the wine industry [4, 9, 10].

Isomerases (EC 5) catalyze isomerization reactions, as a result of which a mol-
ecule is converted from one isomer to another. They amount to 3% of all known 
enzymes. In general, the systematic name corresponds to the traditional one and 
is formed by: substrate isomerization type class name. Depending on the type of 
isomerism, the enzymes in this class can be divided into subclasses, namely: isom-
erases, racemases, cis- and trans-isomerases, epimerases, mutases, tautomerases, or 
cycloisomerases. Of these, the following are important in the enology field: lactate 
racemase, glucose isomerase, glucose phosphate isomerase, carotenoid isomerase, and 
triosephosphate isomerase [10].

Ligases (EC 6) are enzymes that catalyze the binding of two molecules coupled with 
the hydrolysis of a pyrophosphate bond to ATP or a similar triphosphate. Enzymes in 
this class are involved in condensation reactions. The systematic name is A: B ligase form 
(ADP-forming), where A and B are the two substrates, followed by the class name and 
the product resulting from hydrolysis. Ligases represent 5% of all known enzymes. Also 
called synthetases, they have the property of catalyzing bimolecular reactions to form 
new carbon-carbon or carbon-heteroatom bonds. Of these, those of interest in the enol-
ogy industry are asparagine synthetase, acetyl-coA synthetase, succinyl-coA synthetase, 
glutamine synthetase, glutathione synthetase, and pyruvate carboxylase [6, 9].

3. Enzyme structure and reaction mechanism

Enzymes are macromolecular organic substances of protein origin that are 
spherical in shape and have primary, secondary, tertiary, and quaternary-type 
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structures. They can be classified into holoproteins and heteroproteins. The cata-
lytic properties of enzymes are generated by the spatial structural configuration 
of the molecule that participates in the development of enzymatic activity and by 
the existence of catalytic sites in their molecule to which the substrate, activator, 
or inhibitor, will bind, as appropriate [2]. There are also exceptions, such as the 
ribonuclease P, defined as a protein-ribonucleic acid complex whose enzymatic 
activity is not due to the protein, but to the ribonucleic acid [11]. In terms of chemi-
cal structure, enzymes are simple proteins (mono-components), such as trypsin, 
pepsin, lipase, sucrose, amylase, or conjugates (bicomponents), that is, apoenzymes 
and coenzymes. Some coenzymes are derivatives of vitamins (NAD, TDP, coenzyme 
A, etc.) or metal ions (Zn, Mn, Ca, etc.). Apoenzymes and coenzymes show a 
synergistic action by only acting in tandem. The apoenzyme is the protein macro-
molecule responsible for the specificity of the reaction, while the coenzyme triggers 
the reaction, both forming a fermentative complex [10]. The composition of the 
apoenzyme includes the catalytic site (a distinct area framed by a group of amino 
acids, which is set apart from the rest of the amino acids by their function, in which 
the specific reaction substrates bind) and the allosteric site (a distinct area for the 
activator or inhibitor to bind). Enzymes with both catalytic and regulatory func-
tions are called allosteric enzymes [6]. The mechanism of enzymatic action has been 
explained by many researchers. Thus, Ogston [12] reported that at a wavelength of 
280 nm, three points of interaction between enzyme and substrate were identified, 
which explains the phenomenon of stereospecificity of enzymes. These interactions 
have either a binding or a catalytic function. Binding sites (active sites) connect 
to specific groups in the substrate to ensure a stable orientation of the enzyme and 
substrate molecules with the reaction group in the vicinity of the catalytic sites. The 
three-point interaction theory cannot explain thoroughly the action and specificity 
of the enzyme, and there are other hypotheses in this regard. The action of enzymes 
is considered to occur in two stages, as shown in Figure 1: the active site of the 
enzyme initially combines with the substrate to form an enzyme-substrate complex 
(ES); the latter then decomposes to form the products (P) and the free enzyme (E), 
which can react yet again [9].

For the reaction to take place, the reacting molecules (substrate) require a certain 
amount of energy (activation) to traverse the transition state of the reaction and turn 
into reaction products. In 1888, the catalytic action of enzymes was explained by the 
Swedish chemist Svante Arrhenius, who proposed that the substrate and enzyme are 
combined to form an intermediate compound known as the enzyme-substrate complex 

Figure 1. 
Schematic representation of the enzymes’ action (left) and illustration of the lock-and-key and induced fit model 
(right) [13].
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(ES). This complex decomposes into a reaction product (P) and an active enzyme (E). 
The total enzyme-catalyzed reaction can be represented as: S + E → ES → P + E.

In general, enzyme-catalyzed reactions cover the following stages:

a. The substrate molecule comes into contact with the active site of the enzyme 
through non-covalent bonds. The active site is the area of the enzyme that 
combines with the substrate.

b. The substrate and the enzyme form an enzyme-substrate complex.

c. The substrate molecule is transformed into a reaction product either by rear-
ranging the atoms or by decomposing the substrate or combining it with another 
molecule.

d. Dissolution of the ES complex leads to the formation of the reaction product, 
which is released by the active site of the enzyme.

e. The nature of the enzyme is unchanged and can catalyze a new reaction [6].

The mechanisms of enzymatic action are commonly explained by two proposed 
models:

1. The lock-and-key hypothesis. In 1894, Fischer put forth his theory by suggest-
ing that both substrate and enzyme have specific geometric shapes that match. 
The hypothesis specifies that the active site of an enzyme has a unique configura-
tion that is complementary to the substrate structure (key), and therefore allows 
the two molecules to match [6]. According to this model, the structures show 
rigidity by remaining fixed throughout the binding process [2, 9].

2. The induced fit hypothesis. In 1958, Koshland proposed some changes to the 
lock-and-key hypothesis detailed above by positing that the essential functional 
groups on the active site of the free enzyme are not in their optimal positions for 
catalysis. Because enzymes are so flexible, when the substrate molecule binds 
to them, the active site of the enzymes takes on a favorable geometric shape to 
reach the transition state. As per Koshland’s suggestion, the substrate induces a 
configuration change in the enzymes that aligns the amino acid residues or other 
groups so as to bind and catalyze the substrate [2, 6].

4. Enzyme specificity

The specificity of the enzymes can be exhibited either on the substrate or on the 
reaction. In other words, an enzyme has an affinity for the substrate it acts on and 
for the reaction it catalyzes [11]. Enzymes have varying degrees of specificity. For 
example, the enzyme alcohol dehydrogenase catalyzes the dehydrogenation of high-
efficiency ethanol and low-efficiency methanol. Such an enzyme is seen as specific to 
a compound, and not to a class of substances. Moreover, with regard to the reaction 
specifics, an enzyme can only catalyze a transformation of the substrate. For example, 
L-amino acid oxidase catalyzes the oxidation of L-amino acids to produce the corre-
sponding keto-acids, ammonia, and hydrogen peroxide. However, the racemization of 
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L-amino acids into D-amino acids is catalyzed by an enzyme other than L-amino acid 
oxidase, that is, amino acid racemase [11]. To act as a catalyst, most enzymes need a 
molecule known as a cofactor, which is a non-protein chemical compound bound to 
an inactive protein part of the enzyme (apoenzyme) to increase its biological activity 
[4, 6]. The active complex of the apoenzyme (protein part) together with the cofactor 
(coenzyme/prosthetic group) constitutes the holoenzyme. Two categories of cofac-
tors are known, namely: coenzymes and prosthetic groups. The cofactor may be a 
metal ion and/or an organic molecule. As a specific type of cofactor, coenzymes are 
organic molecules that bind to enzymes to ensure their functioning. Many coenzymes 
are derived from vitamins. Prosthetic groups are also cofactors that often bind closely 
to proteins or enzymes through a covalent bond [6]. Enzymes have the ability to 
catalyze biochemical reactions in cells, something specific to catabolic and anabolic 
processes. For example, the enzymes involved in photosynthesis are located in the 
chloroplasts, those of the glycolytic cycle are found in the cytoplasm, the enzymes of 
the Krebs cycle are present in the mitochondria, etc. Moreover, the intensity of the 
physiological process depends on the activity of the involved enzymes. For example, 
phosphofructokinase is involved in the phosphorylation reaction of fructose in plants, 
causing biodegradation of hexoses in the glycolytic cycle; phenylalanine ammonia 
lyase plays a role in the biosynthesis of phenols, anthocyanins, lignins; chlorophylls 
are responsible for catalyzing the chlorophyll decomposition reaction; polyphenol 
oxidases are involved in the catalysis of oxidation reactions of polyphenols, etc. [11].

5. Enzyme solubility

Enzymes are globular proteins soluble in aqueous solvents or dilute saline solu-
tions. Their solubility increases through weak ionic interactions, such as hydrogen 
bonds. Some of the factors that influence or interfere with this process and have an 
effect on the solubility of enzymes are salt concentration, pH, temperature, and 
solvent structure. Solubility can be increased by adding neutral salt in low concentra-
tions. When using salts with a higher solubility, such as ammonium sulfate, some 
proteins will precipitate only in certain concentrations. Most proteins will precipitate 
at more than 80% (NH4)2SO4. Cations such as Zn2+ and Pb2+ decrease the solubility 
of enzymes to form insoluble complexes with the enzymatic protein. Proteins are 
also precipitated by the addition of acids, such as trichloroacetic acid or picric acid, 
due to the formation of insoluble salts, a property used in analytical techniques to 
separate proteins from solutions. The solubility of proteins can be reduced in a narrow 
pH range called the isoelectric point, when they are electrically neutral. When the 
temperature varies between 40°C and 50°C, the solubility of the enzymes increases. 
At temperatures above these, the tertiary structure is disrupted, and the protein is 
denatured and loses its activity [9].

6. Factors that inhibit enzyme activity

The stability of enzymes is a very important factor that must be taken into account 
when administering them in the course of the technological process. Enzymatic reac-
tions are influenced by factors such as presence and concentration of enzymes and 
substrate, pH level, temperature, pressure, and presence of inhibitors and activators 
[2, 6, 9, 11]. The reaction rate varies in direct proportion to the concentration of the 
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enzyme and the substrate. Thus, by increasing the concentration of the enzyme above 
a certain threshold, the reaction rate will remain constant. On the other hand, by 
keeping the enzyme within constant limits while increasing the substrate concentra-
tion, the reaction rate will vary exponentially, as shown in Figure 2.

Consequently, the larger the available reactant surface, the higher the reaction 
rate, and as the particle size decreases, the total surface area increases. This allows 
for the participation of several reactant molecules in the chemical reaction. Most 
biological reactions occur in solution and their reaction rate is therefore directly 
proportional to the concentration of the reactant [5, 11]. Figure 3 shows how the 
concentration varies depending on glucose isomerization and sucrose hydrolysis. 
The reaction rate is directly proportional to the concentration of the reactant under 
constant conditions of temperature and pH. In 1867, Guldberg and Waage posited a 
quantitative relationship between the molar concentration of the reactant (reactions) 
and the reaction rate [5].

Figure 3. 
Change in substrate concentration relative to reaction time. Fructose isomerization in fructose (left) and sucrose 
hydrolysis (right) [5].

Figure 2. 
Dependence of reaction rate on concentration—C (a), substrate—S (b), pH level (c), and temperature—T 
(d) [14].
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The enzymatic reaction rate goes up with the rise in temperature to a maximum 
(optimal) threshold, only to go down with additional increases in temperature, 
which further cause denaturation of the enzyme [2, 5]. Thus, most enzymes show 
a maximum efficiency at temperatures between 35°C and 40°C for plant enzymes, 
and between 20°C and 30°C for those of animal origin. At temperatures above 60°C, 
enzymatic activity decreases or the protein component degrades completely. Enzymes 
are sensitive to the action of heat and change their properties due to temperature 
variation (they are thermolabile). For example, ribonuclease reduces its activity with 
increasing temperature but resumes it rapidly after cooling. However, some enzymes 
are more resistant and keep up their activity even at higher temperatures, as is the 
case of enzymes of various thermophilic bacteria, which remain active up to about 
85°C [11]. There are also enzymes that can operate at very low temperatures, even in 
freezing conditions (e.g., β-galactosidase). Although the action of these enzymes is 
slower, it incurs lower costs both in terms of the amount of enzymes administered 
(smaller amounts of enzymes are required to meet the activation energy requirement) 
and energy consumption [6]. Endogenous enzymes of plants and fruits can be made 
up of isoenzymes with different thermal stabilities. The thermal stability of plant per-
oxidase isoenzymes has been long investigated to identify appropriate mechanisms 
and kinetic models for enzyme inactivation. For example, deamination of asparagine 
and glutamine residues, hydrolysis of peptide bonds to aspartic acid residues, oxida-
tion of cysteine residues, thiol-disulfide exchange, destruction of disulfide bonds, 
and the chemical reaction between the enzyme and other compounds such as poly-
phenols can cause irreversible inactivation of enzymes at high temperature levels [11]. 
The dependence of the reaction rate on temperature can be expressed by means of the 
Arrhenius equation:

 
−
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where k is a rate constant; A is the pre-exponential factor; Ea marks the activation 
energy; and R is the universal constant of the ideal gas at the absolute temperature T [2].

A high pressure has a major influence on enzymatic activity. Thus, at values 
over 3 kilobars, enzymes will be reversibly inactivated, while at a pressure of 
over 7 kilobars the process will be irreversible [11]. By applying high pressure, 
the activity of enzymes and the development of microorganisms are significantly 
inhibited, which allows for the protection of nutrients and flavor compounds. 
Microorganisms show extra sensitivity to high pressure, with their growth being 
inhibited at values between 300 and 600 MPa. On the other hand, a low pH level 
will emphasize this effect. However, bacterial spores can withstand pressures over 
1200 MPa. In general, proteins are irreversibly denatured at ambient temperature 
by applying pressures above 300 MPa. Below this value, reversible changes in 
the structure of protein compounds occur. In the case of enzymes, even slight 
changes in the steric arrangement and mobility of the amino acid residues involved 
in catalysis can lead to their diminution and loss of activity [2]. The activity of 
enzymes is significantly influenced by the concentration of hydrogen ions in the 
reaction medium. Enzymes usually have a bell-shaped activity related to the pH 
profile (Figure 2). Decreased enzymatic activity on either side of the optimal pH 
can appear due to two causes. In the first case, the pH can influence the stability 
of the enzyme by inactivating it irreversibly. In the second situation, the pH can 
influence the kinetic parameters of the enzymatic reaction, namely: stability of the 
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ES complex, reaction rate, rate inhibition, or both. The pH dependence of enzyme-
catalyzed reactions is similar to that of acid and base-catalyzed chemical reactions. 
In steady-state conditions, the integrated form of the Michaelis-Menten model is 
used:

 [ ] [ ]′ + − = = ×0
m 0 max T

S
K ln [S S V t k E t

S cat  

where K’m is the apparent Michaelis constant; [ET] corresponds to the total 
enzyme concentration; [S0] and [S] refer to the substrate concentration at time zero 
and time t, respectively; kcat is the zero-order constant for the enzymatic reaction 
under conditions of substrate saturation; and t represents the reaction time [9].

The optimal pH value generates a maximum enzymatic activity and is influenced 
by the origin of the enzyme, type, and reaction medium. For example, pepsin has an 
optimal pH level between 1.4 and 2.5, while pancreatic amylase will show a maximum 
activity at pH 6.8. The relationship between enzymatic activity and pH level depends 
on the acid-base behavior of the substrate and the enzyme. Furthermore, the opti-
mum pH for an enzymatic reaction is not the same as that of its normal intracellular 
environment. The activity of enzymes can also be inhibited by various chemical 
compounds, either endogenous (various metabolites) or exogenous (toxic agents, 
drugs). Ions and metal compounds, which are active as prosthetic groups or which 
ensure the stabilization of the configuration of the enzyme or the enzyme-substrate 
complex, are the activators of enzymatic reactions [2]. Enzyme inhibitors are low 
molecular weight chemical compounds that have the ability to completely reduce or 
inhibit the catalytic activity of the enzyme reversibly or permanently. That is to say, 
an enzyme inhibitor is a substance that slows down an enzyme-catalyzed reaction. It 
can alter one or more amino acids required in the enzymatic catalytic activity. Most 
natural inhibitors react reversibly with the enzyme and are classified into two types: 
specific and non-specific. The most common enzyme inhibitors with a wide range 
of applications in the food industry include protease inhibitors, polyphenol oxidase, 
and amylase or lipase inhibitors. For instance, protease inhibitors are substances that 
act directly on proteases to lower catalytic velocity. They usually mimic the protein 
substrate by binding to the active site of the enzyme and are specific for the active site 
of a class of proteinase. Protease inhibitors are usually classified according to the class 
of protease they inhibit (cysteine, serine, aspartic, and metalloprotease inhibitors). 
Most extracellular protein inhibitors produced by microorganisms belong to the genus 
Streptomyces. A number of pathogenic gram-negative bacteria, such as Escherichia 
coli, Klebsiella pneumoniae, Serratia marcescens, or Erwinia chrysanthemi, appear to be 
able to get protection against their own proteases by producing periplasmic protease 
inhibitors, such as ecotin [2]. Succinate dehydrogenase, which is responsible for the 
catalytic reactions involving the transformation of succinic acid into fumaric acid, 
is inhibited by dicarboxylic acids: malonic, malic, and oxalic [11]. In addition, food 
may be contaminated with pesticides, metal ions, and other chemicals in a polluted 
environment that may become inhibitory in certain circumstances [2].

7. Use of commercial enzymes in food and non-food industry

People have used enzymatic systems since ancient times, albeit with scarce 
information about them, to preserve food or ferment food or bread [1, 15]. Numerous 
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desired or undesirable changes in the aromatic profile and physicochemical proper-
ties of untreated fruits, vegetables, oilseeds, cereals, and food of animal origin are 
catalyzed by one or more enzymes. Whether activated intentionally or not, these 
enzymes influence the final quality of the food or drink in which they are present. 
Over time, major advances have been made in the field of enzyme chemistry with 
a focus on achieving a well-defined end product [3]. With technological progress, 
new enzymes have been developed that are characterized by a wide applicability and 
specificity [15]. Their use in industrial processes has shown increasing promise as 
they can eliminate the need for high temperatures, extreme pH values, and organic 
solvents and, at the same time, ensure high substrate specificity, low toxicity, high 
purity of the final product, low environmental impact, and easy inhibition of enzy-
matic activity [15]. Figure 4 indicates some industrial applications of enzymes in 
food and non-food fields.

In the food industry, this technology allows for diversifying assortments and 
obtaining new products, improving nutritional value, reducing production costs, 
optimizing processing, and reducing the amount of waste, plus new solutions for food 
and packaging safety [6]. Enzymes are commonly used in the fruit processing industry 
to improve the pressing yield, extract and improve color and flavor characteristics, and 
clarify and decompose insoluble carbohydrates (pectins, hemicelluloses, and starch).

Enzymes play a key role in the production of beer and whiskey by helping to 
extract the sugars needed for fermentation, viscosity control, and to increase stability 
under storage conditions. Moreover, in the technology of beer, the administration of 
various enzymatic preparations can lead to a dietary product with low-calorie intake. 
Enzymes contribute significantly to improving the quality and stability of wines, 
reducing the period of alcoholic fermentation, promoting the clarification process, 
and ultimately facilitating filtration. The food industry is currently experiencing a 
growing trend in the demand for high-quality foods and beverages with outstanding, 
healthy sensory characteristics at competitive costs. The global market for enzymatic 
preparations used in the food industry, including beverages, reached approximately 
$1.69 billion in 2018, with growth expected to continue in the coming years, which 
poses a challenge to producers aiming to obtain innovative products. Most existing 
biotechnological applications are of microbial origin. Microbial enzymes are superior 
to those from animal and plant sources due to ease of production and genetic manipu-
lation, various catalytic activities, etc. [8, 15]. The microorganisms used to produce 
the enzymes include about 50 bacteria considered safe by the FDA (GRAS - generally 
recognized as safe) and also fungi. The bacteria are mainly Bacillus subtilis, Bacillus 
licheniformis, and various species of Streptomyces. Fungi are usually of the genus 
Aspergillus, Mucor, and Rhizopus. Microorganisms can be grown in large quantities in 

Figure 4. 
Use of enzymes at industrial scale.
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a relatively short period of time by means of well-established fermentation methods. 
Large-scale production of microbial enzymes has many economic advantages due to 
cheap culture media and short fermentation stages [8, 9]. Globally, enzymes such as 
α-amylase, glucoamylase, lipase, pectinase, chymosin, and protease are most com-
monly used in the food processing industry. α-Amylase contributes to the transforma-
tion of starch into dextrins and is used in the production of corn syrup for various 
applications, such as sweetening various foods. In the production of high-quality beer, 
glucoamylase (hydrolytic enzymes) transforms dextrins into glucose by converting 
residual dextrins into fermentable sugars [6]. Proteases are of particular interest in 
the food industry due to their specific properties, such as high production yield, sub-
strate specificity, high activity, and environmentally friendly nature. Also, the activity 
of these enzymes occurs in a wide range of temperatures (20 °C–80°C) and pH values 
(pH = 3–13), which increases its scope [15]. Also known as proteolytic enzymes, 
proteases are the largest class of such compounds in the human genome. They have 
the property of selectively catalyzing the hydrolysis of peptide bonds. Proteases are 
available in a wide variety of microorganisms, plants, and animals. Microbial pro-
duction offers many benefits in terms of technical and economic properties, such as 
higher yields in a shorter time and reduced costs, plus a higher overall productivity 
[15]. The main field of application of proteases is the dairy industry, especially cheese 
manufacturing. Renin was initially preferred in cheese manufacturing due to its high 
specificity, while microbial proteases produced by GRAS microorganisms, such as 
Mucor miehei, Mucor pusilis, Bacillus subtilis, and Endothia parasitica, appeared not 
long after. For many years, proteases have also been used to produce low-allergenic 
milk proteins as ingredients for baby milk formulas. Proteases can also be used for the 
synthesis of peptides in organic solvents. The food industry uses the invertase pro-
duced by Kluyveromyces fragilis, Saccharomyces cerevisiae, and Saccharomyces carlsber-
gensis to make candy and jam. β-Galactosidase (lactase), produced by Kluyveromyces 
lactis, Kluyveromyces fragilis, or Candida pseudotropicalis, is used to hydrolyze lactose 
in milk or whey, while α-galactosidase secreted by Saccharomyces carlsbergensis is used 
to crystallize beet sugar [8]. Aspartic proteases, which play a role in the degradation 
of protein materials, comprise a small group of enzymes, among which cathepsin, 
renin, and pepsin are predominant. Their applications are well established in food 
processing in the manufacture of both traditional and modern products and are now 
being extended to new fields. They are widely used in cheese making, wine preserva-
tion, and also for clarifying beverages [15].

Cysteine protease, also known as bromelain, is isolated from the stem, fruit, or 
other parts of pineapple plants. It has a wide range of uses, from industrial to pharma-
ceutical domains. For most industrial applications, conventional production methods, 
such as extraction, concentration, and drying, are used. However, state-of-the-art 
applications in the pharmaceutical industry involve a much higher purity of brome-
lain, which is obtained through chromatographic methods, such as gene filtering or 
affinity chromatography [15].

Asparaginases are among the most widely clinically used enzymes, particularly 
in treating various cancers, insofar as they convert asparagine into aspartic acid and 
ammonia. Similarly, there has been a steady interest in their capacity to minimize 
the content of acrylamide in foods containing starch, and fried or baked products. 
Acrylamide is generated as a by-product of Maillard reactions between asparagine 
and reductive sugars. Reactions usually occur at temperatures above 100°C, being 
intended to alter the chromatic and aromatic profile of starchy foods, whether fried 
or baked. In 1994, acrylamide was first classified as group B2 - a possible carcinogen 
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by the International Agency for Research on Cancer. Extensive efforts have been made 
to reduce the formation of acrylamide during baking or frying by incorporating the 
asparaginase. When used to reduce the formation of acrylamide in food, asparaginase 
can be isolated from fungal species and is considered safe, as it presents high specific-
ity and minimal activity compared to glutamine. The main disadvantage of using 
asparaginase comes from marketing restrictions in some countries due to the associ-
ated problems at the industrial level. The incorporation of asparaginase in the food 
industry requires extensive research on the enzymatic effect and pre-/post-processing 
conditions. Purification of the enzyme needs extensive attention, as it influences the 
attenuation activity of acrylamide [15].

Lipases are universal enzymes that are present in all living things (plants, animals, 
fungi, and bacteria). Their basic function is to catalyze the hydrolysis of lipids into 
free fatty acids and glycerol at the interface of aqueous and organic solvents. Lipases 
catalyze a wide range of reactions that are significant from an industrial point of view, 
and present enantio-selectivity due to which they come to be seen as indispensable in 
food, pharmaceuticals, biofuels, detergents, cosmetics, leather industry, biosensor 
production, etc. [15]. For the production of fungal lipases, hosts such as Aspergillus 
oryzae, Rhizomucor miehi, Thermomyces lanuginosus, and Fusarium oxysporum [8] are 
used. In the food industry, lipases are used to improve the aromatic profile, reduce the 
time required for the maturation of cheeses, and obtain special products with supe-
rior qualities [6].

Cellulose, hemicellulose, pectin, and lignin are major components of the plant’s 
cell wall. Hemicellulose is the second most abundant carbohydrate polymer on earth. 
α-L-arabinofuranosidase has a potential application in agro-industrial processes due 
to its synergistic effect with other hemicellulases. For example, α-L-arabinofuranoses 
are used in various industries: as a natural quality enhancer in bread manufacture; 
in the beverage industry to improve the aromatic profile of wines or to clarify fruit 
juices; in the production of pharmaceuticals, etc. [15].

Glucose oxidases are often used to remove oxygen from food or glucose from 
drinks for diabetics. These enzymes play an important role in defining the color, tex-
ture, flavor, and preservation of food. Lipases are used in the food industry to hydro-
lyze fats, improve taste characteristics, reduce the feeling of bitterness, or enhance 
preservation [6]. Lacases are increasingly used in various industrial oxidative pro-
cesses, such as delignification, bioremediation, modification of plant fibers, ethanol 
production, biosensors, biofuels, etc. Industrial uses involve an increase in enzyme 
immobilization, usually from a heterologous host, such as Aspergillus spp. [8].

Enzymes are also used in a wide range of agro-biotechnological processes, and 
their main use is in the production of supplements to improve the nutritional quality 
of animal feed. For example, the use of phytases in agriculture as an ingredient in 
animal feed aims to improve the absorption of phosphorus from plants during the 
digestion of monogastric animals. Thus, phytase enables the release of phosphorus 
from plant matter, which contains about 2/3 of phosphorus as phytate, and reduces 
the phosphate load that impacts on the environment [8]. Another perspective on the 
use of phytases refers to human nutrition. It is known that ingestion of high amounts 
of food phytate severely hinders the absorption of important trace elements, such 
as iron and zinc, in the digestive tract. Due to this anti-nutritional effect of phytate, 
a large part of the population shows deficiencies with regard to these nutrients. 
There are two ways to reduce phytate dietary intake and its negative effects. One is to 
develop low phytate cultures by disrupting inositol polyphosphate kinases or other 
mutations in phytic acid biosynthesis. Although this approach has validated its main 
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objective, low phytate maize and soybeans have been shown to have diminished seed 
yield and germination. Supplementing phytases in foods for human consumption 
is a more effective way to reduce the negative effect of phytate. To this end, Fujita 
et al. [16] tested a mutant strain of Aspergillus oryzae with high phytase activity in 
beer production. Haros et al. [17] used exogenous microbial phytase as an additive in 
bread making to improve physical and baking parameters, such as dosing time (24% 
reduction) width/height ratio of bread slices (5% reduction), specific volume (21% 
increase), and crumb firmness (28.3% reduction). While commercial use is under 
continuous testing, the potential role of thermophilic phytases as potent additives 
in the cellulose and paper industry has been suggested. Furthermore, phytase could 
act synergistically with xylanase in the preparation of multienzymes in xylanase-
producing microorganisms such as Streptomyces cupidosporus [17].

In the chemical industry, the use of enzymes sometimes involves lower energy 
consumption, increased catalytic efficiency, much smaller amounts of waste and 
by-products, and lower volumes of wastewater. Hydrolases and ketoreductases that 
are stable in organic solvents are usually used for this purpose. They can also be used 
to produce various compounds, such as L-amino acids. About 150 biocatalysts are 
used in the chemical industry and are developed with the broadening application of 
genomic and protein engineering [8].

Enzymes are equally important in the pharmaceutical industry. For instance, 
penicillin acylases are used in the preparation of β-lactam antibiotics, such as semi-
synthetic penicillins and cephalosporins. This group of antibiotics accounts for about 
60-65% of the total antibiotic market. Enzymes are also involved in the preparation 
of chiral drugs and peptide synthesis. Furthermore, esterases, proteases, lipases, 
and ketoreductases are used in the preparation of chiral alcohols, carboxylic acids, 
amines, and epoxies [8].

8. Use of commercial enzymes in enology

The use of enzymatic preparations in winemaking is becoming more common in 
view of their many time-confirmed technological advantages. Endogenous enzymes 
play a key part in grape ripening/maturation [18]. They act by degrading the cell 
wall to favor the dissolution of vacuolar contents. The role of endogenous enzymes 
is incomplete since it is limited by winemaking conditions, such as pH of the must 
and insufficient activity due to the limited timespan of pre-fermentative treatments 
[19]. For these reasons, enzymatic preparations of an exogenous nature are often 
used in the technological process of wine depending on the winemaker’s purpose. A 
sound knowledge of the nature and structure of macromolecules in must and wine 
offers new perspectives for the administration of enzymes in winemaking, especially 
in what concerns pressing, clarifying, filtering, and extracting various constituents 
with a role in defining the organoleptic characteristics of wine and its stabilization 
processes [18]. Moreover, the administration of such oenological products ensures the 
optimization of the process through a rigorous control on the quality of operations 
by allowing for superior loading of pressing and centrifugation equipment, reduc-
ing pressing times, favoring decantation and clarification of pressed juice, reducing 
energy consumption, and leading to an overall increase in production efficiency. The 
dosage of enzymes depends on the degree of ripeness of the grapes and the target one 
has in mind. For red wines, a larger dose variation is possible depending on incuba-
tion time. The enzymatic activities involved in the hydrolysis of pectic substances are 
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carried out by pectin esterase, polygalacturonase, pectin lyase, rhamnogalacturonase, 
rhamnogalacturonan acetylesterase, arabinase, and galactanase. Other enzymatic 
activities come from hemicellulose and cellulose and are usually present in different 
amounts in the basic preparations of pectinases. The combined action of all these 
enzymes leads to partial hydrolysis and solubilization of neutral acid and polysaccha-
rides in grapes [18]. Most enzymes are present in enzymatic preparations as isoen-
zymes and act differently depending on pH level, optimum temperature, and degree 
of pectin esterification. The most commonly used commercial enzymes are pectin-
ases, glucanases, and glycosidases and less frequently lysozymes and urease [18].

Generally, the use of enzymatic preparations that have been purified to remove 
cinnamyl esterase activities is recommended for the production of white and rosé 
wines. Enzymatic preparations used in the manufacture of white wines are not 
thought to have such activity since it is already generated in nature by the species 
Aspergillus niger and Botrytis cinerea, and it is responsible for the hydrolysis of p-cou-
maric and ferulic acids, which, following decarboxylation, leads to the formation of 
4-vinylphenol and 4-vinylguaiacol. These compounds are responsible for the medici-
nal odor in white wines specifically [18]. Lao et al. [20] presented that using purified 
pectolytic enzymes makes it possible to reduce the concentration of 4-vinylphenol in 
wines obtained from Sauvignon blanc grapes by more than 50%. Enzymatic prepara-
tions can be supplied in granular, liquid, or powder form. The latter has disadvantages 
due to the allergenic potential of enzymatic dust. The granular form has the double 
benefit of lacking preservatives and having good stability during storage, while liquid 
enzymes generally contain preservatives [18]. The concomitant use of bentonite and 
enzymatic preparations is to be avoided, as the enzyme will be inhibited due to the 
specific adsorption of bentonite and the latter will have reduced effectiveness due to 
blockage of active centers by the enzyme protein. Bentonite treatment should prefer-
ably take place after enzymatic treatment. Bentonite gel will help flocculate enzy-
matically hydrolyzed pectins. The activity and efficiency of an enzyme vary widely, 
depending on temperature and pH. Accordingly, pectinases can be administered at 
temperatures ranging between 10°C and 55°C. At temperatures below 10°C, the dose 
of the preparation should be increased, while at above 55°C the enzyme will be inac-
tivated. β-Glucanases can only be used at temperatures above 15°C, as they require a 
longer incubation time. Enzyme dosage should also be increased with low pH values. 
Enzyme activity is not inhibited by optimal doses of sulfur dioxide in wine. With red 
wines, to the extent that inhibition of enzymatic activity may occur under the action 
of phenolic compounds, this allows for an increase in the dose of product adminis-
tered. Alcoholic concentrations up to a level of 14% vol. do not impact negatively the 
action of enzymes. On the contrary, they may have an activating role on β-glucanases 
used to release flavor compounds [18]. The main benefits of using enzymes in the 
winemaking process are to do with their specificity of action, that is, less likely to 
produce unwanted secondary substances; their biodegradable nature and low impact 
on the environment; their capacity to get activated in conditions of low temperature, 
neutral pH, and normal atmospheric pressure; a significant reduction in energy 
consumption. Besides the many benefits, some unwanted activities of commercial 
preparations used in winemaking have been reported. They show high sensitivity to 
changes in physicochemical environmental conditions and can be distorted with rela-
tive ease (temperature, pH, infestations), which leads to an increase in the concen-
tration of methanol during alcoholic fermentation under the action of methyl ethyl 
esterase. The action of cinnamyl esterase, present in enzymatic preparations based on 
pectinases, is responsible for the formation of a larger number of volatile compounds 
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[21]. These preparations are considered technological aids which are not found in 
the final product. Figure 5 illustrates the main enzymatic preparations used in the 
technology of winemaking and some recommendations for their administration.

Comprehensive knowledge of regulations governing all treatments administered 
during the production stage is required, including timings, legally allowed amounts, 
and method of use. The use of enzymatic preparations in the beverage industry must 
comply with the regulations and recommendations of the International Organization 
of Vine and Wine, the Association of Manufacturers of Fermentation Enzyme 
Products, the World Health Organization, the United Nations Food and Agriculture 
(FAO), and the Food Chemical Codex [18].

8.1 Action of enzymes on the reaction yield obtained by pressing the must

The extraction yield of the juice can be significantly improved under the action 
of enzymes. Commercial preparations show various enzymatic activities at low pH 
values (pectin methyl esterases, polygalacturonases, pectin lyases, and hemicel-
luloses). These preparations may also contain various glycosides and proteases which 
are responsible for secondary transformations. Therefore, it is necessary to ensure a 
high degree of enzyme purity [19]. Pectinases are considered to be among the most 
important enzymes in the commercial sector, especially in the processing of fruit 
juices, that is, as adjuvants for the clarification and stabilization of juices, and to 
obtain a high yield as well. The degradation of cell walls under the action of pectinases 
allows for the wider diffusion of the constituents inside the vacuoles and facilitates 
a better extraction of the must during pressing [18]. The outcome depends on the 
amount of grape pectin, which varies according to the degree of maturation and grape 
variety, the enzymatic preparation administered (the type of enzymatic activity), and 
the conditions of administration (specific incubation time, pH of the environment, 
temperature, and presence of inhibitors). If pectinases are applied to grapes before 
pressing, they will increase the yield of juice extraction and color compounds [21]. 
The increase in pressing yield can reach at least 10%, in correlation with a reduction 

Figure 5. 
Enzymes preparations usually used in enology.
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of up to 20–50% in the time needed for pressing, depending on the quality of grapes 
and the targeted result. When enzymes are applied without pre-fermentative 
maceration, their action mainly occurs at the time of pressing. At the maceration-
fermentation stage, the enzymes are added immediately after the reception of the 
grapes. This improves the pressing efficiency and also the enzyme’s degree of action. 
Pre-maceration is usually performed for about 3–4 hours at temperatures around 
20°C, and 6–10 hours at temperatures below 15°C [18].

8.2 Influence of enzymes on wine clarification

During the processing of white and rosé wines, and especially after pressing, the 
must is rich in solid particles. Negatively charged pectin molecules form a protective 
layer around positively charged solid particles and keep them in suspension. Excessive 
turbidity of the must lends an herbaceous aroma to the wine, not to mention the 
hydrogen sulfide odor and a high content of isoamyl alcohol [18]. Consequently, 
clarification of the must before the alcoholic fermentation is particularly important 
as it considerably reduces the formation of aromatic compounds that give the wine 
unpleasant spicy notes or a salty sensation. Enzymatic preparations for clarification 
have predominantly pectolytic activities. Hydrolysis of pectic substances (Figure 6) 
leads to a significant reduction in the viscosity of the must [19]. During winemaking 
operations, segments of grape pectic compounds are released into the must after 
crushing and pressing. They form colloids that reduce or prevent the sedimentation 
of solid particles, especially skin fragments. Removal of solid particles is an important 
operation in the technology of obtaining white wines. Enzymatic hydrolysis of pectic 
structures is considered the most efficient method of decomposing colloids as it 
allows for the separation of captured solid particles. The presence of polygalacturo-
nase and pectinase activity in grapes favors the clarification of the must after crush-
ing. However, the activity of these enzymes is often insufficient since the time needed 
to obtain optimal clarification under the action of grape pectinases cannot compare 
with the time spent in classical winemaking processes. Therefore, for improving the 
efficiency of the clarification process, commercial preparations based on pectinases 
may be added [21]. Such preparations are added before the fermentation of musts 
of white varieties obtained after pressing and without prior maceration to acceler-
ate clarification. Enzyme administration is recommended as a pre-fermentative 

Figure 6. 
Action of enzymes on grape pectin chains.
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treatment because the high levels of alcohol resulting from fermentation tend to 
inhibit enzymatic activity.

Moreover, the use of pectolytic enzymes in wine technology is often associated 
with the maceration after heating the harvested grapes technique for red wines. This 
involves heating the must to 50°C and maintaining it at this temperature for several 
hours to solubilize the anthocyanins in the skin. The procedure sees the extraction 
of procyanidins in excess, which imprints astringency on the wine. In this way, 
the wines acquire an intense color but are not suitable for long-term aging. During 
heating, large amounts of pectin can be extracted from grapes, a phenomenon that 
does not occur in traditional processing. It becomes therefore necessary to admin-
ister a pectolytic preparation to reduce the viscosity of the must and remove the 
colloidal protective action of macromolecules with six carbon atoms (e.g., hexanol 
and hexanal) [19]. Following this process, the extraction of anthocyanins is intensi-
fied due to the decomposition of the cellular structure by the enzyme, which allows 
for easier dissolution of pigments. In traditional winemaking, the use of pectolytic 
enzymes triggers a significantly accelerated release of pigments, while maceration 
time can be shortened from 4 to 2 days. A potential disadvantage of this process is 
that the anthocyanins in the wines produced in this way can be unstable due to the 
hydrolysis of anthocyanin glycosides into their much more unstable aglycone forms. 
Secondary activities of enzymatic preparations are considered responsible for this 
glycosidic action [19]. The clarification of the must is carried out in three stages. The 
first stage is depectinization, characterized by the partial decomposition of pectins 
and the reduction of the must’s viscosity. The second stage, flocculation, is described 
by an increase in turbidity and the formation of insoluble complexes. The third stage, 
sedimentation, is mainly characterized by a strong reduction in the turbidity and 
precipitation of complex molecules. Enzymes improve the first stage, thereby helping 
to accelerate the subsequent steps [18]. Significant improvements in clarification’s 
degree have been reported with the use of pectolytic enzymes, β-glucanases, or pro-
teases. Of these, proteases have been studied as an alternative to bentonite treatment, 
which would induce many chemical changes in the environment. Thus, Mojsov et al. 
[21] highlighted the degradation of enzymes that cause wine turbidity by administer-
ing enzymatic preparations based on lysozyme obtained from Botrytis cinerea.

8.3 Impact of enzymes on wine filtration

Enzymes for maturation and filtration consist mainly of pectinases and β-glucanases. 
Excess colloids are able to prevent filtration. Pectinases partially hydrolyze grape’s 
polysaccharides and release smaller polysaccharide fragments. The latter usually presents 
a linear molecular structure; given the fact that these fragments can obstruct the differ-
ent stages of wine filtration, their elimination before filtration is necessary. β-Glucanases 
hydrolyze glucan-type polysaccharides from Botrytis cinerea or yeast cell walls. Such 
polysaccharides are characterized by a high molecular weight and prevent or even make 
filtration impossible. The glucans released in wines by yeast (Saccharomyces cerevisiae) 
depend on the media used for yeast fermentation. At the same time, β-glucans can stimu-
late the extraction of certain macromolecules as mannoproteins which have an important 
role in stabilizing proteins in wines. A reduction in the size of these components makes 
them more soluble, maintains the colloidal structures in the wine during filtration, and 
diminishes the risk of filter blockage. The administration of enzymatic treatments can 
result in volumes up to five times higher during a filtration cycle, which helps to increase 
filtration efficiency with a reduction in costs, without affecting the sensory properties of 
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the wine. These hypotheses were also confirmed by Mojsov et al. [21]. It is recommended 
that these enzymatic preparations be administered at the end of the alcoholic fermenta-
tion at a temperature above 15°C [18].

8.4 Action of enzymes on lactic acid bacteria

Due to their antibacterial action, lysozymes can inhibit the growth of bacteria, 
lactic acid bacteria in particular. Lysozyme administration can be an alternative 
to reducing the dose of SO2 in low pH white wines [10]. These enzymes are able to 
degrade the cell walls of lactic acid bacteria - among other types, which make them 
an effective tool in preventing malolactic fermentation and increasing the stability 
of wines. The maximum regulated amount is 0.5 g/L in must or wine [22]. These 
oenological preparations are obtained by extraction from egg whites. For this reason, 
wines treated with lysozymes have to be labeled as “potentially allergenic.” As pointed 
out in the literature, lysozymes reduce the concentration of biogenic amines in wine. 
In general, wines to which lysozymes have been administered are not to be condi-
tioned by bentonite fining [10].

8.5 Influence of enzymes on color and basic physicochemical parameters of wines

The physicochemical properties of wines depend on the characteristics of the raw 
material, technological specificities, and the conditions in which fermentation takes 
place [10]. No significant influence has been reported on the main physicochemical 
parameters of wines [23, 24] following administration of enzymatic treatments. 
The visual characteristics of a wine depend on the degree to which its chemical 
structure and the compound’s nature are able to absorb, transmit, and reflect light 
radiation from the visible spectral domain (between 380 and 750 nm). In recent 
years, oenological practices have considered enhancing the chromatic characteristics 
of wines by focusing on improving the extraction of color compounds. Although 
initially used to reduce turbidity and promote clarification, pectolytic enzymes have 
been demonstrated to be effective in intensifying color intensity and brightness, as 
well as the extraction of phenolic compounds [19, 21]. Similar results regarding the 
significant action of enzymes on the chromatic characteristics of white wines have 
been published by Ducasse et al. [25]. Guérin et al. [26] reported an improvement in 

Figure 7. 
Effect of enzymes on wine color and clarity [24].
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wine brightness generated by the use of diverse enzymatic preparations. On the other 
hand, Bautista-Ortin et al. [27] obtained indecisive results in terms of changes in color 
parameters (intensity and hue), while Bozaran & Bozan [28] showed a reduction in 
color intensity and stability. These differences can be explained by the use of differ-
ent enzymatic preparations and winemaking technology, but also by the presence of 
other uncontrolled factors in experimental studies. Along the same lines, the results 
published by Scutarașu [24] confirm the significant impact of using various enzy-
matic treatments on the values of the chromatic parameters of wines in the sense that 
a higher level of clarity is obtained (Figure 7). Bentonite treatment usually generates 
a significant decrease in the main chromatic parameters (clarity, chromaticity, and 
saturation) and increased values for tonality.

8.6 Impact of enzymes on wine phenolic compounds

The phenolic compounds in wine may originate in both grapes and external 
sources, such as the wood of the barrel in which they are stored and the cork used for 
bottling; alternately, they can appear after the administration of various oenologi-
cal treatments. Figure 8 represents the influence of enzymatic preparations on the 
content of phenolic compounds in some white wines studied by Scutarașu [24].

The level of these compounds depends on plant characteristics, analyzed variety, 
geographical location, specific year and harvesting procedure, and winemaking prac-
tices [10]. Phenolic compounds belonging to the group of flavones and flavonoids, 
especially hydroxycinnamic constituents (caffeic, p-coumaric, and ferulic acids) are 
mainly responsible for the color of white wines. In addition, the most common flavo-
noid derivatives in white wines are represented by quercetin, hesperidin, kaempferol, 
and rutin [29]. The proportions of the phenolic compounds are variables, participat-
ing in numerous physical, chemical, and biochemical processes. As a rule, in the first 
phase of the fermentation process, the oxidation of phenolic compounds that come 
from the raw material occurs under the action of enzymes. Some phenolic compounds 
may participate in the polymerization reaction with various flavor compounds. 
Hydroxycinnamic acids are involved in many oxidation reactions. Phenolic acids have 
proven to be important markers for Fetească regală and Sauvignon blanc varieties 

Figure 8. 
Influence of enzymes on phenolic profile of Sauvignon blanc (left) and Fetească regală (right) [24].
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from different wine regions of Romania and France [30]. The effects of enzymatic 
treatments on the chemical composition of wines have been studied intensively and 
far-reaching research on the influence of similar oenological products [27, 31, 32] 
reported significant increases in the phenolic content of wine. In general, the extrac-
tion of phenolic compounds occurs with the maceration of must and during alcoholic 
fermentation, and it depends on the variety and quality of the grapes and on wine-
making technology. The effect of fungal laccase has been studied extensively due to 
its capacity of reacting with a wide range of phenolic compounds. Lacasse treatment 
is likely to increase the effect of conventional stabilization treatments [18]. Pectinases 
have been shown to be effective in enriching the medium in protocatechuic, caftaric, 
trans- and cis-resveratrol acids with the Sauvignon blanc variety, and in p-coumaric 
and gentisic acids with the Fetească regală variety (both from Iași vineyard, Romania) 
on condition they are administered in the must at the beginning of alcoholic fermen-
tation [24]. Fining wines (previously treated with enzymes) with bentonite leads to 
lower values of phenolic compound concentrations. This phenomenon is due to the 
indirect adsorption effect of protein-binding phenolic compounds [10].

8.7 Effect of enzymatic treatments on wines’ amino acids level

Wine amino acids can result from the degradation of grape proteins following the 
metabolism of yeasts and lactic acid bacteria, and from the autolysis of yeasts and 
bacteria. The profile and concentration of these compounds in wines can be influenced 
by several factors, such as grape variety, cultivation (treatments with nitrogen), and 
winemaking technology (e.g., maceration-fermentation process), as a result of amina-
tion and transamination of aldehydes and ketones, etc. Amino acids are particularly 
important for the formation and development of wine aromas (they are metabolic 
precursors of higher alcohols, volatile acids, and esters), and prove to be major factors 
in determining the authenticity and typicality of beverages. Insufficient amounts of 
such compounds can lead to incomplete fermentation and undesirable changes in the 
wine, such as hydrogen sulfide production and increased acetic acid proportions [33]. 
Amino acid concentration is also an important criterion for classifying wines according 
to their composition characteristics [34]. These compounds are highly reactive, being 
precursors of many flavor compounds, such as higher alcohols, esters, lactones, amines, 
etc. [10]. Most of the studies are focused on studying amino acids for classifying and 
differentiating wines according to variety, age, winemaking technologies, authentica-
tion, and typicity assessment [35]. According to the data presented by Cosme et al. [36], 
the synthesis of amino acids in grapes usually occurs at the end of the ripening stage, 
with proline and arginine being the main identified nitrogen compounds, followed 
by alanine, aspartic acid, and glutamic acid in smaller amounts. Numerous authors 
highlighted an important variation of the amino acid profile, depending on the grape 
variety and enzyme treatment. In this regard, Scutarașu [24] presented considerable 
amounts of some essential amino acids, such as histidine, isoleucine, phenylalanine, 
and tryptophan in wines treated with pectolytic enzymes preparations. The administra-
tion of pectolytic enzymes was more effective in the Fetească regală wines, in applied 
work conditions, although the β-glycosides generated the highest values of most amino 
acids in the Sauvignon blanc. Agustini et al.[37] obtained high proline and arginine 
concentrations in wine. The two compounds are not consumed during alcoholic 
fermentation due to anaerobic conditions and arginine metabolism. Beltran et al. [38] 
reported high amounts of asparagine (approximately 45 mg/L), lysine (16 mg/L) and 



Recent Advances in Grapes and Wine Production - New Perspectives for Quality Improvement

82

proline (approximately 500 mg/L). The data published by Scutarașu [24] indicate a 
major impact of both the type of enzyme administered and the grape variety on the 
characteristics of the wine (Figure 9).

Considerable amounts of some essential amino acids, such as histidine, isoleucine, 
phenylalanine, and tryptophan, were documented in the samples of Fetească regală 
and Sauvignon blanc (from Iași vineyard, Romania) treated with pectinases. As con-
cerns the increased proportions of the amino acids under research, the administration 
of pectolytic enzymes was more efficient for Fetească regală wines, while β-glycosides 
generated the highest values of most amino acids in Sauvignon blanc samples when 
applied before alcoholic fermentation. Burin et al. [39] demonstrated a reduction in 
amino acid levels following the application of various fining and stabilization treat-
ments, including the administration of pectolytic enzymes. Pinu et al. [40] have 
monitored the level of nitrogen compounds and their variation during the winemak-
ing. Some amino acids, such as tyrosine, glycine, or arginine, were not exhausted 
by Saccharomyces cerevisiae during Sauvignon blanc alcoholic fermentation, which 
confirms previous observations on white wines made by Pinu et al. [40]. According to 
Cotea et al. [10], bentonite treatment can reduce wine protein levels by up to 15%.

8.8 Influence of enzymes on wines’ volatile compounds

Wine’s volatile compounds may originate from the grapes, being transferred to 
the must during processing, or may form during alcoholic fermentation, due to the 
biochemical reactions that occur in the wine. The administration of various pre-fer-
mentative treatments significantly influences the aromatic profile of wines. The action 
of enzymatic treatments on the cell walls of grapes’ skin is illustrated in Figure 10.

The free forms of varietal (terpenes) and combined (terpene glycoside) aromas 
are subject to oxidation and hydrolysis and are influenced by numerous biochemical 
and technological factors [10]. Most varietal aromas develop during fermentation, 
which suggests that the microbial species responsible for the fermentation process 
play a special role in releasing them from non-aromatic precursors. Enzyme prepara-
tions based on β-glycosidases can be added during winemaking to stimulate the 
extraction of volatile compounds from glycosidic bonds, especially monoterpenes, 
norisoprenoids, and benzenoids [21]. The varietal character of white wines is mainly 
defined by the presence of molecules with a characteristic odor, among which mono-
terpenic alcohols play a prominent role. These compounds are found in grapes as free, 
volatile, odorous molecules, and as non-volatile glycosidic precursors, known as 
bound terpenes. In many grape varieties, the number of bound terpenes may be 

Figure 9. 
Effect of enzymes on amino acid content in Fetească regală wines (mg/L) [24].
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higher than the number of free terpenes. Consequently, the distinctiveness of wines 
could be increased by the release of terpenes with glycosidic bonds [21]. The presence 
of glycosylated precursors and volatile compounds in grapes was reported by 
Cordonnier & Bayonove [41]. In the late 1980s, enzymatic preparations containing 
glycosidases (β-glycosidase, α-arabinosidase, α-rhamnosidase) were developed to 
improve the aromatic profile of certain wines. These enzymatic preparations are 
usually added at the end of alcoholic fermentation and during wine transfer, in the 
absence of bentonite, to prevent inhibition of the enzyme. The optimum temperature 
for such enzyme treatments has to be in excess of 15°C, and an incubation time of a 
few weeks to a month is needed. The development of aromas has to be controlled by 
organoleptic analysis, and enzymatic action can be inhibited by the addition of 
bentonite. Small amounts of bentonite (20 g/hL) are usually sufficient to block the 
activity of enzymes completely [18]. Although much of a wine’s aroma is attributed to 
alcohols and esters derived from yeast’s metabolism, several grape varieties, such as 
Muscat, Gewürztraminer, Riesling, and Chardonnay, are characterized by  
specific, fragrant notes due to the presence of volatile monoterpenes such as linalool, 
geraniol, α-citronellol, and nerol [19]. These are released from the grapes during 
pressing, fermentation, and storage. Unlike many volatile fruit compounds, these 
compounds are glycosidically bound and are released slowly through acid hydrolysis 
exclusively, during wine aging. As the activity of endogenous glycosidases is very 
modest, there has been considerable interest in adding enzymes that promote the 
extraction of monoterpenes during winemaking. The secondary activities of fungal 
pectinases (e.g., Aspergillus niger) or extracellular glycosidases of various Candida 
yeasts may be used for this purpose [19]. Mateo & Stefano [42] pointed to the likely 
inhibition of β-glycosidase activity in the presence of ethanol and glucose. Enzymatic 
preparations have to be free of cinnamyl decarboxylase, which is instrumental in the 
formation of ethyl-phenols that give off an animal odor [19]. Numerous studies have 
indicated enrichment in the flavor profile of wines following administration of 
various enzymatic preparations. Thus, Masino et al. [31] obtained an increased level 
of the compound 4-vinylphenol in pectinase-treated samples. The action of pecto-
lytic enzymatic preparations and β-glycosidases in obtaining white wines was also 
studied by Rusjan et al. [43] who recorded a significant increase in the concentrations 
of some monoterpenes (such as geraniol, nerol, linalool, or α-terpineol) compared to 

Figure 10. 
The action of enzymes on the cell walls of grapes’ skin—control (A) and after the administration of maceration 
enzymes (B) [18].
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the control variant. Later on, Rusjan et al. [43] studied the effect of enzymatic 
preparations on white wines’ terpenes. In this situation, the level of linalool did not 
increase significantly compared to the control sample. These results are supported by 
the use of enzymatic preparations with reduced α-rhamnosidase, α-arabinosidase, 
and β-glycosidase activity. Consequently, the choice of enzyme preparations suitable 
for the purpose proposed is of particular importance. Armada et al. [44] studied the 
effect of administering pectolytic enzymes in white wines obtained from the Albariño 
variety on the evolution of volatile compounds. All samples exhibited different aroma 
profiles, compared to the untreated ones, and samples obtained following the applica-
tion of maceration enzymes showed the highest level for ethyl esters or phenethyl 
acetate. The use of maceration enzymes in combination with fining enzymes has been 
proved inappropriate due to the fact that glycosidic enzymes block the formation of 
flavor compounds. The main monitored components revealed differences between 
wines treated only with maceration enzymes (glycosidases) and wines to which other 
types of enzyme treatments were applied. Rocha et al. [45] reported a significant 
increase in the concentrations of geraniol, terpenoids, phenols, alcohols, and esters 
for the Maria Gomez variety, while no major changes in these compounds were 
observed for the Bical variety. The two varieties come from the same geographical 
area (Bairrada), which indicates that the extraction of flavor compounds under the 
influence of enzymes is closely related to the aromatic potential of the analyzed 
variety. According to other authors, the main volatile compounds of Sauvignon blanc 
wines are mercaptans (4-mercapto-4-methyl-2-pentanone), while others present 
methoxypyrazines (represented by 3-mercaptohexyl) as the defining compounds for 
the mentioned variety [46]. The aromatic profile of the wine depends on many 
factors, including the winemaking technology and the particulars of the geographical 
region. With reference to the study conducted by Scutarașu [24], the fining of wines 
(to which enzymes were added) with bentonite triggered changes in the proportions 
of volatile compounds depending on the compounds’ class, grape variety, and 
administrated enzyme types. Regarding the level of carbonyl compounds in 
Sauvignon blanc wines, bentonite treatment led to increased quantities of acetoin 
(3-hydroxy-2-butanone) and benzaldehyde. Bentonite-treated Fetească regală 
samples exhibited reduced levels of acetoin. Other studies reported similar changes in 
these compounds [47]. Some authors have focused on the impact of bentonite on 
ethyl esters concentrations. For instance, Vincenzi et al. [47] reported a decreasing 
trend in the proportion of ethyl alcohol esters, being protein bound. Lambri et al. 
[48] reported a decrease in the content of ethyl butyrate and ethyl hexanoate in 
Chardonnay wines. Sanborn et al. [49] obtained a decrease in the level of ethyl 
decanoate and phenylethyl acetate in Gewürztraminer wines, while no changes were 
reported for Chardonnay wines. In the experimental samples obtained by Scutarașu 
[24], this hypothesis was confirmed by ethyl butanoate and ethyl dodecanoate in 
Sauvignon blanc samples and ethyl hexanoate, ethyl octanoate, ethyl 3-hydroxybu-
tanoate, ethyl decanoate, and ethyl 4-hydroxybutanoate in most variants of Fetească 
regală wines, respectively. Moreover, regarding the level of fatty acids, the main 
precursors of aromatic esters, a decrease of butanoic, octanoic, and decanoic acids 
content in the Fetească regală samples was registered, correlated with an increase in 
the ratio of hexanoic and octadecanoic acid. In bentonite-treated Sauvignon blanc 
wines, 3-methylbutanoic, hexanoic, octanoic, and decanoic acids had higher values. 
The interaction of this treatment with fatty acids has been studied by several authors. 
Vincenzi et al. [47] also reported an increase in decanoic and dodecanoic acid concen-
trations as well as a decrease in the amount of octanoic acid in Muscat wines. 
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McKinnon [33] showed a positive correlation between the level of decanoic acid and 
phenylalanine. Table 1 presents the impact of enzymes on some volatile compounds 
in wines.

8.9 Effect of enzymatic treatments on sensory properties

As far as the consumer is concerned, the organoleptic characteristics of foods 
are the decisive factor influencing purchase choice. The administration of enzyme 
treatment is mainly aimed to enrich and improve the sensory profile. In direct cor-
relation with the data presented in this chapter, major organoleptic differences have 
been reported between wines treated with various enzymatic preparations. Enrique 
et al. [51] indicated a significant increase in the intensity of the sensory descriptors 
studied in samples treated with pectolytic enzymes. Scutarașu [24] confirmed that 
pectinases can improve the sensory characteristics of wines compared to β-glycosides 
(Figure 11) and that the samples are generally characterized by the lowest intensity 
for some negative descriptors, such as phenolic, mineral, or bitter taste. This research 
highlighted that β-glycosides can give effective results when administrated before 
alcoholic fermentation, in must.

Sun et al. [52] obtained higher levels of acidic fruits, sweet fruits, and other notes 
in wine treated with enzymes. The application of H. uvarum extracellular enzyme 
enhanced fruity and floral aroma, especially the acidic fruits notes [52]. According 
to the data presented by Bautista-Ortin et al. [27], wines treated with pectinases had 
higher scores for their herbaceous, dryness, astringency, and bitterness characteris-
tics, and showed lower equilibrium than the control sample. McKinnon [33] reported 
a positive correlation between leucine levels and fruity or floral notes in samples 
treated with pectolytic enzymes. Gonzáles-Lázaro et al. [53] indicated that pectolytic 

Compounds Tendency References

Linalool [50]

Citronellol

α-Terpineol

Hotrienol

Geraniol [44]

Nerol

Propanol [50]

Isobutanol

I-Butanol [44]

Isoamyl acetate [50]

Ethyl hexanoate [50]

Furfural [44]

Ethyl lactate

Hexanoic acid [24]

Octanoic acid [24]

Table 1. 
Effect of enzyme treatment on wine’s volatile compounds.
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enzymes did not show effective results in sparkling wines when these preparations are 
administrated on unripe grapes.

9. Conclusions

Wine quality is dependent on grape characteristics and winemaking technology. 
Enzymes’ activity is influenced by their concentration, substrate, pH, temperature, 
pressure, and the presence of inhibitors and activators. Several authors confirmed the 
positive impact of using enzymes on wine quality. However, higher concentrations 
of phenolic compounds and amino acids and enriched volatile and sensory profiles 
can be obtained when enzyme preparation is used. Enzymes contribute to optimizing 
the technological process in view of improving the quality of the final product, 
while giving effective results when they are administrated at different moments in 
winemaking. Summing up all the above, enzymatic preparations will remain in focus 
for the near future to analyze possible new applications in the food and non-food 
industries.
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Figure 11. 
Effect of enzymes on sensory properties of wines [24, 52].
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Chapter 5

Low-Alcohol and Nonalcoholic
Wines: Production Methods,
Compositional Changes, and
Aroma Improvement
Teng-Zhen Ma, Faisal Eudes Sam and Bo Zhang

Abstract

Nonalcoholic wine (NW) has attracted the interest of winemakers and
researchers in recent years, mainly due to the increasing market share of NW
(≤ 1% alcohol by volume), the health risks associated with the consumption of
wine, the global trend toward healthier lifestyles, and the uncompromising
cardioprotective effects of NW. NW can be produced using several methods, par-
ticularly, dealcoholization of wines, which is mainly achieved by physical dealcoho-
lization methods. However, the dealcoholization of wine has two major drawbacks.
The first drawback is legal since the laws vary according to each country. The
second disadvantage is technical since it is difficult to dealcoholize a wine while
maintaining its original organoleptic characteristics. Both the aromatic qualities
(volatile composition) and taste (sensory characteristics) of the dealcoholized wine
(DW) tend to worsen the greater the decrease in its alcoholic strength. This makes
the resulting wine have a different flavor and aroma. Improvement of the aroma of
DW after dealcoholization could help wine producers limit undesirable effects and
increase consumer acceptance. This chapter is focused on the popular techniques
used in wine dealcoholization, their impact on the phenolic composition, volatile
composition, sensory characteristics, and the state-of-the-art methods of improving
the aroma profile of DW.

Keywords: wine, nonalcoholic wine, dealcoholization, volatile compounds, phenolic
compounds, sensory quality, aroma profile

1. Introduction

Wine is an alcoholic beverage commonly produced from fermented grape juice. It
can be categorized as dry wine, semidry wine, semisweet wine, sweet wine, still wine,
and sparkling wine based on its sugar or carbon dioxide content. Depending on the
production methods or materials used, it can also be classified as a special wine
(including liqueur wine, carbonated wine, icewine, noble rot wine, floral wine,
flavored wine, low alcohol wine, nonalcohol wine, and V.amurensis wine) [1].
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In addition to the categorization of wine regarding its alcohol content, one with an
alcohol content above 10.5% v/v, from 5.5 to 10.5% v/v, from 1.2 to 5.5%, from 0.5 to
1.2% v/v, or below 0.5% v/v may be classified as an alcoholic wine, lower-alcohol
wine, reduced-alcohol wine, low-alcohol wine, or nonalcoholic wine (NW) [2, 3].
However, these classifications differ from one winemaking region or country to
another [4]. Over the years, with health risk awareness and social demands related to
road safety, consumer preferences are now shifting toward new product offerings and
alternatives, with an increasing percentage of the adult population seeking lower
alcohol wines more frequently. This has boosted the production and sales of
nonalcoholic wines with the global nonalcoholic wine market worth over $10 billion
and is still estimated to increase at a significant CAGR above 7% between 2019 and
2027, attaining a profit share of over $30 billion [5].

Lower, reduced, low, and NW wines can be produced at the various stages of wine
production (pre-fermentation, fermentation, and post-fermentation stages) using sev-
eral methods such as reduction of the juice fermentable sugars before fermentation, the
reduction of alcohol production during fermentation, and the separation by membranes
and thermal treatment after complete fermentation of the wine [6–9]. The latter
methods, also known as physical dealcoholization (ethanol removal) methods are usu-
ally used after complete fermentation of the wine (i.e., at wine post-fermentation stage)
and can achieve good results when used on a finished wine. Studies have reported the
ability of some physical dealcoholization methods in preserving the phenolic com-
pounds [10], volatile compounds [11], and sensory quality [12, 13] of the final wine
product at certain levels of ethanol removal with a taste almost similar to the original
wines (in the case of partially dealcoholized wines), contrarily to the former methods
(commonly used before and during fermentation), which produces unbalanced wine
products (high acidity, unfermented juice, and low fermentative aroma compounds)
with legality issues in the case of the juice fermentable sugars dilution with water [14].
Wine produced by physical dealcoholization methods (i.e., alcohol removal from fin-
ished wines) is termed dealcoholized wine (DW). The dealcoholization of wine can be
complete or partial. A completely DW is a beverage obtained exclusively from wine by
dealcoholization with a final alcohol content below 0.5% v/v (resolution OIV-ECO
432-2012), while a partially DW is a beverage obtained exclusively from wine by
dealcoholization with a final alcohol content ≥0.5% v/v (resolution OIV-ECO
433-2012). NW (< 0.5% v/v ethanol) produced from a finished wine by dealcoho-
lization may be termed DW, whereas low, reduced, and lower alcohol wines (0.5–10.5%
v/v ethanol) may be termed partially dealcoholized wines. In this chapter, we focus on
the methods used for producing of NW from high-strength alcoholic wines after com-
plete fermentation (wine post-fermentation stage), specifically, their impact on the
aroma profile and sensory characteristics of NW. In addition, the state-of-the-art
methods of improving the aroma profile of DW/NW are discussed.

2. Methods of lower, reduced, low, and NW wines production

The production of NW can be achieved by several methods as shown in Figure 1.
These methods can be broadly classified into three groups based on the principle or
mechanism of ethanol reduction and removal at the various stages of wine production,
including reduction of fermentable sugars (pre-fermentation stage), reduction or
limitation of ethanol production (fermentation stage), and ethanol removal by mem-
brane separation or thermal treatment (post-fermentation stage) [6–9].
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2.1 Decrease of ethanol production through reduction of fermentable sugar
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 or reduced alcohol
content. It includes techniques such as juice dilution [15, 16], juice filtration with
membranes [17, 18], the use of enzymes (e.g., glucose oxidase) [19, 20], early harvest
and blending with mature harvest [21], viticultural practices (e.g., use of growth
regulators, reduction of photosynthetic activity, reduction of leaf area, preharvest
irrigation) [22, 23].

2.1.1 Reduction of fermentable sugars by juice dilution

Juice dilution involves adding water to grape juice or mixing the juice with green
harvest to reduce the concentration of fermentable sugars. In countries such as South
Africa, New Zealand, Australia, and the United States of America (excluding Califor-
nia where it is only permitted for preventing stuck fermentations), water is only
allowed as a processing aid. The substitution of grape juice with water or the direct
addition of water to reduce the concentration of fermentable sugars has been effective
in reducing the ethanol content of the final wine product by 4-6% v/v [15, 16].
Regarding the use of green harvest in juice dilution, this range of ethanol reduction is
determined by the harvest date. The pre-fermentative substitution of a matured
Shiraz juice (obtained from Shiraz grapes harvested at 25.5 °Brix) with water or direct
water addition at rates of 10.2, 34.0, and 47.2% v/v resulted in lower alcohol wines
with 14.5%/14.4%, 12.0%/11.7%, and 10.6%/9.6% ABV, respectively, after fermenta-
tion to dryness (<1 g/L of total sugar). The lower alcohol wines (10.6%/9.6% ABV)
produced by substituting or diluting the juice with 47.2% v/v water decreased the total

Figure 1.
Methods of lower, reduced, low, and NW wines production.
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phenolics, anthocyanin concentration, tannin concentration, color density, and SO2-
resistant pigments compared with the control (15.5% ABV) [16]. Furthermore, sen-
sory attributes such as “body,” “astringency,” “flavor intensity,” and “alcohol” flavor
were lower in wines with 9.6% ABV compared with the control, which was attributed
to the alcohol concentration difference of 1% ABV between the lower alcohol wines
produced by substitution (10.6%) and those produced by direct water addition (9.6%
ABV) [16]. However, in some European winemaking countries such as France, Spain,
Italy, and Germany, this practice is illegal because it can significantly affect most
physicochemical parameters, phenolic and volatile components, and the sensory
quality of the resulting wine [15, 16, 21].

2.1.2 Reduction of fermentable sugars by filtration of juice

Filtration of the juice with membranes is another method of producing lower or
reduced alcohol wines, based on the principle of sugar reduction of the juice before
fermentation. In this method, a portion of the sugar-rich juice is filtered with
nanofiltration, ultrafiltration, or reverse osmosis membranes, which have a very small
pore size and can retain the sugar. The filtered juice is then mixed with the other
portion of the sugar-rich juice and fermented to obtain lower or reduced alcohol
content wine [17, 18]. To produce a lower or reduced alcohol content wine (≤ 10.5%
v/v ethanol) by this method, optimal operating conditions and a suitable membrane
configuration with a good molecular weight cutoff (MWCO) should be considered to
increase the retention of volatile compounds and maintain good taste in the wine. On
the contrary, this could lead to a lower content of polyphenols, anthocyanins, and
color intensity and consequently affect the sensory properties of the nonalcoholic
wine [17, 24].

2.1.3 Reduction of fermentable sugars using glucose oxidase

The use of glucose oxidase is another way to produce lower or reduced alcohol
wines. This enzyme is found in the fungus Aspergillus niger and can be extracted to
reduce glucose in grape juice before fermentation [19]. In this method, glucose oxi-
dase converts β-D-glucose to D-glucono-lactone in a first reaction step reaction,
releasing hydrogen peroxide, and catalyzes the conversion of D-glucono-lactone to
gluconic acid in a second reaction step to produce gluconic acid. These reactions cause
the oxidation of the fermentable sugars in the juice (especially glucose), which pre-
vents the formation of ethanol from the fermentation of the sugar [25]. Treatment of a
Riesling grape juice with 2 g/L glucose oxidase prior to fermentation resulted in a
reduction of ethanol in the resulting wine (reduced alcohol wine) by about 4.3% v/v
after 6 hours of fermentation [25]. In addition, Röcker et al. [19] achieved an ethanol
reduction of 2% v/v by treating a white grape juice with glucose oxidase. This method
can produce higher amounts of gluconic acid, causing the wine to become acidic and
have a weak fruity odor [19, 25]. In contrast, Pickering [26] reported that the use of
glucose oxidase had no significant effect on the color, aroma, flavor, and acidity of the
resulting wine.

2.1.4 Reduction of fermentable sugars through early harvesting and blends

Early harvesting of fruit and blending with ripe grapes is another strategy that can
be used to reduce the ethanol concentration in wine. In one study, using this strategy

96

Recent Advances in Grapes and Wine Production - New Perspectives for Quality Improvement



resulted in a 3.2% v/v reduction in ethanol content of red wines with ideal aroma
profiles [27]. Similarly, a 3% v/v reduction in ethanol concentration was observed
when an acidic and low alcohol blend of early harvested white and red grapes was
added to a ripened grape ferment [28]. According to Piccardo et al. [29], this strategy
can lower not only ethanol content but also pH and total acidity without significantly
affecting other wine components. Contrary to other studies, acidity and “raw” aromas
can be perceived in the resulting wine [28].

2.1.5 Reduction of fermentable sugars through viticultural practices

About half of the total fermentable sugar in grape juice is glucose [30], which is the
main substrate converted to alcohol by yeasts during fermentation. Viticultural prac-
tices such as reducing photosynthetic activity, using growth regulators, reducing leaf
area, and preharvest irrigation have been used to regulate grape fermentable sugars so
that low-alcohol or nonalcoholic wines can be produced from grape juice [22, 23]. As
indicated by some studies, the degree of sugar accumulation in berries can be
influenced by reducing the leaf area [31–33], resulting in a reduction of ethanol
content in the resulting wine [23, 34, 35]. For example, a lower alcohol content in the
finished wine was observed after leaf area reduction of Shiraz vines [22]. A similar
observation was made after post-veraison leaf removal in a Sangiovese vine, with no
negative effects on phenolic compounds [36].

2.2 Reduction or limitation of alcohol production during alcoholic fermentation

Reducing or limiting alcohol production is another principle used in producing
nonalcoholic or low-alcohol wines during the fermentation of wines. This principle
basically includes three techniques such as interrupted fermentation [2], reduction of
yeast biomass [37], use of modified yeast strains with low alcohol production ability
[38, 39], and use of non-Saccharomyces yeasts with low alcohol production during
fermentation [40, 41].

2.2.1 Reduction of alcohol production by interrupted or limited fermentation

Interrupted or limited fermentation is the intentional termination of alcoholic
fermentation before it is complete by controlling the fermentation time and tempera-
ture during fermentation [2]. Generally, during fermentation, the ethanol concentra-
tion is monitored until the desired concentration is reached. Then, fermentation is
stopped either by lowering the fermentation temperature or by adding sulfur dioxide.
When producing nonalcoholic or low alcohol wines using this method, the fermenta-
tion time is usually short in order to achieve a very low ethanol content. However, this
usually results in sweet nonalcoholic or low alcohol wines with high residual sugar
content that require further post-fermentation treatments, such as heat treatment or
addition of sulfur dioxide to combat microbial instability and difficult storage [42].

2.2.2 Reduction of alcohol production through yeast biomass reduction

The reduction of yeast biomass during fermentation can also be used to produce
nonalcoholic or low-alcohol wines. In this method, the yeast population is reduced
from time to time during fermentation to keep the fermentation rate of fermentable
sugars as low as possible. This prevents the production of high amounts of ethanol
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during fermentation. Through centrifugation, Fan et al. [37] reduced the biomass of
dry yeast (106 CUF/ml) during the fermentation process of an apple cider, resulting in
a cider with low alcohol content and fruity aroma. Similar to limited fermentation, the
final product of this technique is sweet with a high residual sugar content and requires
attention for its microbial stability and storage [42]. Nevertheless, this method is
useful for producing a sweeter and more pleasant nonalcoholic or low-alcohol bever-
age [43].

2.2.3 Reduction of alcohol production using modified yeast

The literature also reports the use of modified yeast in the production of low-
alcohol and nonalcoholic wine [38, 39]. Through gene modification or adaptive evo-
lution and selection, modified yeast strains with low ethanol production ability are
developed and can be used to reduce the alcohol content in wine during fermentation
[44]. A Saccharomyces cerevisiae strain V5 was genetically modified with an H2O-
NADH oxidase extracted from a Champagne wine yeast and used in the fermentation
of a synthetic must [38]. The results showed that the modified Saccharomyces cerevisiae
stain drastically decreased the intracellular NADH concentration and significantly
altered the distribution of metabolic fluxes in the cell, resulting in the production of a
lower ethanol concentration [38]. Also, genetic modification of commercial yeast
strains using low-strength promoters active at different stages of fermentation regu-
lated the expression of the TPS1 gene, resulting in a decrease in ethanol production
[39]. The problem with this technique is the release of undesirable secondary metab-
olites such as acetaldehyde, acetoin, and acetate [39, 45], which can negatively affect
the sensory properties of the wine. In addition, the use of this technique in the
production of nonalcoholic or low alcohol wines is hindered by the strong advocacy of
non-GMO organisms and foods by some consumers.

2.2.4 Reduction of alcohol production using non-Saccharomyces (NS) yeasts

Non-Saccharomyces (NS) yeasts capable of diverting carbon or sugar
metabolism to other pathways, thus preventing high ethanol production during
fermentation, can be used to reduce the ethanol content of wine during fermenta-
tion[46]. Previous studies have reported the ability of NS yeast to reduce ethanol
concentration within the range of 0.1–2% v/v [41, 47, 48]. For example, the
sequential fermentation of M. pulcherrima with S. cerevisiae after 72 hours resulted
in wines with a significant reduction in ethanol content (1.5% v/v) [49]. In addi-
tion to reducing ethanol, NS yeasts can also improve the sensory profile of wines
[50–52] and control wine spoilage yeast such as Zygosaccharomyces species during
fermentation [53].

2.3 Physical methods for removal of alcohol from wine

The complete fermentation of grape juice with high amounts of sugars produces
wines. Wines are generally characterized by bitterness, hotness, good viscosity, and
intense aroma and flavor. Wines can be further processed into low or nonalcoholic
wines based on the final alcohol content. There are basically three methods of alcohol
removal including extraction processes, membrane processes, and heat treatment
[8, 9, 54].
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2.3.1 Removal of alcohol by extraction processes

Extraction processes use extraction media such as gases (carbon dioxide), solvents
(liquid carbon dioxide, pentane, hexane), and absorbents (zeolites) to remove ethanol
from wine to produce alcohol-free or low-alcohol wine [30, 54–56]. Carbon dioxide in
the form of gas or liquid can be used to extract of ethanol from wine. Carbon dioxide
has a critical pressure (73 atm) and temperature (31 °C) [57], above which it behaves
as a supercritical fluid (i.e., both liquid and gas) that can be used to extract organic
compounds such as ethanol from wine due to its affinity for the carbon chain (as a
liquid) [55] and then immediately evaporates (as a gas), leaving the extracted com-
pound (ethanol) with a high concentration of aroma compounds [54] and no residue
[7]. This method offers several advantages because carbon dioxide is inexpensive,
easy to handle, does not require hazardous substances, and has a low supercritical
temperature [30]. In addition, extraction solvents such as pentane and hexane are also
used to remove ethanol from wines, where the ethanol dissolves in the solvent and is
subsequently removed from the wine [55]. However, these extraction solvents can
also remove other soluble aroma compounds along with the ethanol, which can nega-
tively affect the aroma profile of the final product [56]. Hydrophobic adsorbents such
as zeolites can also extract ethanol from wine by absorbing and filtering the ethanol
from the wine. This method can be used to produce nonalcoholic wines with an
ethanol content of 0.5% v/v [58]. Nevertheless, extraction methods for alcohol reduc-
tion are expensive and are rarely used in the production of low-alcohol and
nonalcoholic wines.

2.3.2 Removal of alcohol by membrane processes

Membrane processes are physical separation processes that can reduce or remove
ethanol from wine using a semipermeable membrane. In this method, natural osmotic
pressure is created by the pressure exerted on two solutions of unequal solution
concentration flowing tangentially, parallel, or circularly through a semipermeable
membrane. To restore the equilibrium of natural osmotic pressure, the alcohol and
water in the wine pass through the semipermeable membrane from the high-
concentration solution to the low-concentration solution [30, 59]. This phenomenon
reduces or removes the ethanol from the wine, resulting in a low- or non- alcoholic
wine, depending on the remaining ethanol content. The most commonly used mem-
brane separation processes at the commercial level include reverse osmosis (RO),
osmotic distillation (OD), and pervaporation (PV) (Figure 2) [6, 8, 9, 30].

In PV, the transfer of compounds (by adsorption, diffusion, and desorption)
occurs through a close-packed polymer membrane based on the partial evaporation of
liquid mixtures with similar boiling points confined in an azeotropic mixture, with the
liquid phase changing to the vapor phase [59, 60]. PV has been used to remove ethanol
and recover aromatics from wines [61, 62]. It is highly selective, consumes little
energy, operates at lower temperatures, causes less loss of aromatics, and is a clean
method (i.e., it produces water and ethanol as by-products that can be recycled or
reused). Nevertheless, the high cost of the PV machine and membranes, the low
diffusion rate at low temperatures, and the limited market for PV membranes are
some disadvantages of using PV to produce low-alcohol and nonalcoholic wines.

RO also works on the principle of membrane separation, in which a concentration
gradient between two solutions through a hydrophilic, semipermeable hollow fiber
membrane causes the solvent to flow from the high-concentration solution through
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the membrane to the low-concentration solution, retaining salts, peptides, and pro-
teins [30]. The use of RO in the production of wines and beverages with or without
alcohol content has been reported [8, 9, 63, 64]. In a diafiltration configuration, an
industrial-scale plant of RO was used to produce nonalcoholic red, white, and rosé
wines with a final alcohol concentration of 0.7% v/v, but most of the basic oenological
parameters, volatile composition, and sensory quality of the wines were affected [65].
In contrast, some studies reported that low-alcohol or nonalcoholic wines produced
with RO had no negative effects on the main aroma compounds and had similar taste
and aromas to normal wines [66, 67]. RO can be operated at low temperatures and
meets the requirements for a clean technology, as it can recover and reuse ethanol
from the dealcoholization byproduct (water and ethanol solution). However, adding
water during diafiltration to achieve effective alcohol removal is a drawback of this
method, as the addition of water to wine is prohibited in some wine-producing
countries or regions.

Another modern membrane separation process that has found application in the
production of low-alcohol and nonalcoholic wine is osmotic distillation (OD), also
known as evaporative pertraction (EP). In this membrane-based technology, two
liquid phases, wine and a stripping liquid (usually water), circulate in countercurrent
on opposite sides of a hydrophobic hollow fiber membrane, as shown in Figure 2. In
this process, the vapor pressure of the volatile solutes in the wine and the stripping
liquid is the driving force [68]. The mechanism for ethanol removal in the OD process
is as follows: evaporation of ethanol from the wine on one side of the membrane,
followed by diffusion of ethanol vapor through the membrane pores, then finally exit
of ethanol vapor from the opposite side of the membrane and condensation in the
stripping water solution [68]. Minimal loss of aroma compounds was observed after
alcohol reduction up to 5% v/v in Garnacha, Xarelo, and Tempranillo wines by OD [69].

Figure 2.
Membrane separation techniques for removal of alcohol from wine.
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Similarly, alcohol reduction up to 6% v/v in fermented beverages with OD at
10 ° C–20 °C did not result in significant losses of aroma compounds [70]. Moreover,
OD was used to reduce the alcohol content (�10.5% v/v) ofMontepulciano d’Abruzzo
red wine (13.23% v/v) and produce a low-alcohol wine with good aroma profile and
unchanged wine color [12]. Contrarily to other studies [11, 71], adverse effects on
volatiles were reported after alcohol reduction by OD.

2.3.3 Thermal (heat) processes for removing alcohol from wine

Thermal processes such as spinning cone column (SCC) and distillation under
vacuum/vacuum distillation (VD) are two very common methods for reducing alco-
hol in wine and other alcoholic beverages based on the principle of heating and
evaporation [8, 9, 30]. The SCC is a falling film separator consisting of a rotating
vertical shaft and vertically stacked cones that rotate alternately and are fixed in place
(Figure 3a). The SCC process is considered very cost-effective and efficient for
retaining aroma compounds from wine, beverages, and other liquid foods [30]. In
particular, it has reportedly been used to recover concentrates from grape juice, lower
the ethanol content in wines, remove sulfur dioxide from grape juice, and recover
aroma compounds from wines and beer [2, 9, 30, 72]. To reduce the alcohol content of
the finished wine, the SCC technique uses a two-stage process. In the first stage, the
wine is passed through the SCC at a reduced vacuum pressure (0.04 atm) and tem-
perature (about 28 °C) to extract the wine aroma compounds in about 1% of the total
wine volume. Subsequently, the ethanol content of the wine is reduced to produce a
low-alcohol or nonalcoholic wine (depending on the final alcohol content) in the
second stage at a slightly higher vacuum pressure and temperature (about 38 °C) to
remove the alcohol. The aroma of the low-alcohol or alcohol-free wine is then
improved by adding the recovered wine aromas (i.e., the aroma compounds extracted
in the first stage) [30]. In a previous study, SCC was successfully used to recover
about 97–100% of aroma compounds from white, rosé, and red wines by regulating
the extraction percentage and flow rate of the base wines [72]. Moreover, 94% of
ethanol was recovered from a water-ethanol mixture (14.8% v/v ethanol) using SCC
at medium-high stripping rates (0.1–0.6), high feed and medium temperatures (40–
50°C). However, when the alcohol content of a Chardonnay grape juice (2% v/v) was
reduced halfway through fermentation with SCC, a reduction in volatile compounds

Figure 3.
Production of nonalcoholic wine using (a) spinning cone column; and (b) vacuum distillation.
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of about 25% was observed. The significant change in the concentration of volatile
aroma compounds after alcohol reduction could be due to the remaining ethanol
content [65], the chemical-physical properties of the aroma compounds [73], and
the composition of the nonvolatile matrix of the wine [74]. The high cost of
SCC technology and the costs associated with its operation are two of its main
drawbacks [75].

VD is another interesting technique used to reduce the alcohol content of wines
and alcoholic beverages (Figure 3b). In this technique, the feed (usually wine) from
the feed tank or flask is heated to a temperature (15–20°C) [74] suitable for the
evaporation or vaporization of the ethanol of the wine from the wine medium under
vacuum [72], which then condenses as a distillate in a still flask, leaving a low-alcohol
or alcohol-free wine, depending on the remaining ethanol content. In some cases,
some important volatile aroma compounds removed along with the ethanol could be
recovered from the first distillate and added back to the nonalcoholic wine. At the
same time, the ethanol could also be recovered and used for ethanol correction of
wines. Previous studies have reported the use of VD to reduce the alcohol content (at
0.7–5% v/v) of wines [65, 74]. For example, the alcohol content of rosé and red wines
was reduced to 5% v/v, producing reduced-alcohol wines without significantly affect-
ing polyphenols, anthocyanins, cations, and organic acids. However, significant losses
in volatile aroma compounds were observed [74]. Also, VD was used to produce
nonalcoholic wines (0.7% v/v ethanol) from white, rosé, and red wines, but also
significantly affected most chemical parameters and volatile composition. In particu-
lar, pH, free sulfur dioxide, total sulfur dioxide, and volatile acidity decreased signif-
icantly, while reducing sugar, color intensity, and total acidity increased significantly
[65]. In addition, 92–99% of esters and terpene compounds were lost [65]. VD can
significantly improve the nonvolatile components in wine compared with membrane
separation methods [74]. Nevertheless, VD can significantly reduce almost all vola-
tiles in wine, especially ethyl esters, alcohols, and terpenes [65].

Another evolving technique used in the production of low and nonalcoholic wines
and beverages is an integrated membrane/distillation system known as a multistage

Figure 4.
Scheme of reverse osmosis-evaporative pertraction (RO-EP) for nonalcoholic wine production. RO membrane;
reverse osmosis membrane and EP; and evaporative pertraction membrane.
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membrane/distillation system. This technique involves the combination of two or more
alcohol removal methods to remove ethanol from wines and beers while minimizing the
loss of important volatile aroma compounds associated with individual membrane and
thermal separation processes such as RO, PV, OD, and VD [8, 9, 12, 65, 73, 74].
Commonly used multistage membrane/distillation systems include integrated PV and
distillation units [76], reverse osmosis-evaporative pertraction (RO-EP) [77], and
nanofiltration-pervaporation system (NF-PV) [78], of which RO-EP is the most com-
monly used (Figure 4). These integrated systems have proven successful in producing
reduced-flavor, low-alcohol, or alcohol-free wines and beers with similar or improved
aroma and flavor compared with the original wine or beer product [76, 78, 79]. How-
ever, significant losses of alcohols (up to 27%), acids (up to 24%), esters (up to 22%),
phenols (up to 18%), and lactones (up to 14%) have been reported at ethanol reduction
up to 5.5% v/v in the case of RO-EP used for alcohol reduction of aMontepulciano
d'Abruzzo red wine with an alcohol content of 13.2% [80].

3. Impact of production methods on the quality of low- and nonalcoholic
wines

As mentioned earlier, this chapter is focused on low and nonalcoholic wines pro-
duction methods used after complete fermentation (post-fermentation stage) of wine
since these methods are mostly preferred to those used at pre-fermentation and
concurrent fermentation stages of wine due to their ability to achieve best results,
thus, produce low and nonalcoholic wines with high concentration of fermentative
aroma compounds resulting from fully fermented juice. Therefore, in this section we
discuss the effect of these methods on the quality of low and nonalcoholic wines, in
particular, their effect on the phenolic composition, volatile compounds, and sensory
characteristics.

3.1 Effect on phenolic compounds

The phenolic composition of wine (both alcoholic and non-alcoholic) is one of the
key factors influencing its quality, especially red wine, which mainly includes flavo-
noids (anthocyanins, flavanols, flavones, flavonols, and proanthocyanidins) and non-
flavonoids (hydroxybenzoic acids, hydroxycinnamic acids, and resveratrol) [81–83].
Table 1 summarizes some reported effects of production methods on the phenolic
composition of lower, reduced, low, and nonalcoholic wines. The production of
nonalcoholic wines at the post-fermentation stage of winemaking using physical
methods is mainly applicable to finished wines based on the principle of ethanol
reduction. During the reduction of alcohol from wine, water is also removed together
with the ethanol, which can have either a positive or negative effect on the phenolic
composition of the final product. Wine ethanol reduction has been reported to impact
wine phenolic compounds [79, 87]. The removal of ethanol from 2011 vintage Barbera
red wine (14.6% v/v), Verduno Pelaverga red wine (15.2% v/v), and Langhe Rosè
(13.2% v/v) by VD and membrane contactor method to a final ethanol content of 5%
v/v resulted in the loss of anthocyanins and polyphenols [74]. In contrast, reduction of
the alcohol level in a white wine from 12.5% v/v to 0.3% by OD had no significant
effect on the total phenols and flavonoids of nonalcoholic wine compared with the
base wine [11]. Similarly, flavonoids, total anthocyanins, and total phenols were not
affected after the removal of ethanol (�10.5% v/v) from a red wine (13.2% v/v) [12],
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whereas a reduction of up to 5% v/v ethanol in a red wine by RO-EP caused an
increase in the color intensity and phenolic compounds concentration [88]. Further-
more, SCC was reported to modify the phenolic composition of red wines reduced to
less than 0.3 % v/v such that the concentrations of phenolic compounds including
total phenols, anthocyanins, stilbenes, flavonols, flavan-3-ols, and non-flavonoids
increased significantly [87].

3.2 Effect on volatile components

The aroma and flavor of wines are mainly associated with volatile aroma com-
pounds belonging to different chemical groups such as esters, organic acids, alcohols,
terpenes, monoterpenes, C-13 norisoprenoids, aldehydes, ketones, lactones, and sulfur
compounds [89]. These compounds are either of varietal (imparted from the grape
skins), fermentative (produced during wine fermentation) or post-fermentative

Method
used

Type of wine Final
alcohol
content
(% v/v)

Phenolic composition Reference

OD Montepulciano
d’Abruzzo red wine

5.4 Insignificant decrease in the
concentrations of total anthocyanins and

total phenols

[84]

Barbera red wine, Langhe
Rosè wine, and Verduno

Pelaverga red wine

5.0 Increased the concentrations of total
flavonoids and total anthocyanins

[83]

Aglianico red wine 0.4–4.9 Increased the content of total phenols [80]

Montepulciano
d’Abruzzo red wine

2.7 Flavonoids and phenolic compounds
remained unaffected

[21]

Falanghina white wine 0.3 No significant effect on the contents of
total flavonoids and total phenols

[20]

RO Montepulciano
d’Abruzzo red wine

9.0 Total anthocyanins decreased
Total phenols increased

[84]

Merlot, Cabernet
Sauvignon, and

Tempranillo red wines

2.0–4.0 No significant effect on the
concentrations of total anthocyanins and
phenolic compounds Increased color

intensity by 20% due to high
concentration of anthocyanins

[85]

SCC White, rose, and red
wines

< 0.3 Increased the contents of flavonols,
anthocyanins, total phenols, and phenolic

compounds contents by 24%

[86]

VD Langhe Rosè wine,
Verduno Pelaverga red
wine, and Barbera red

wine

5.0 Increased the contents of total
anthocyanins and total flavonoids

[83]

RO–EP Montepulciano
d’Abruzzo red wine (cv.)

5.5 Increased the content of total phenols
Decreased the content of total

anthocyanins

[84]

Table 1.
Some reported effects of production methods on the phenolic composition of lower, reduced, low, and nonalcoholic
wines.
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(produced from aging or additives after fermentation) origin. Factors such as grape
variety, viticultural practices, and winemaking methods define the volatile composi-
tion of wines as well as its aroma and flavor [90]. As regards the production of lower,
reduced, low, and nonalcoholic wines using post-fermentation methods such as
membrane separation and heat treatment processes, the removal of alcohol can affect
the volatile compounds of the final product. For example, the total removal of ethanol
from a Tokaji Hárslevelűwine with an alcohol content of 13.1% v/v by PV resulted in a
70% loss of the total aroma compounds [61]. In addition, the production of a
nonalcohol wine (0.5% v/v) from a Cabernet Sauvignon red wine (12.5% v/v) using
PV led to losses of 99, 28, and 40% of esters, organic acids, and alcohols, respectively
[62]. Furthermore, losses of about 9, 4, and 18% were observed in the total concen-
tration of volatile compounds in white, rose, and red wines, respectively, after treated
with SCC [72]. More recently, Sam et al. [65] compared RO and VD in the obtainment
of nonalcoholic wines (with final ethanol content of 0.7 v/v) from white wine (13.4%
v/v), rose wine (12.2% v/v), and red wine (13.9% v/v). They observed significant
losses of volatile compounds in the nonalcoholic wines, in particular, VD resulted in
losses of the total concentration of esters in white, rosé, and red wines by 96, 98, and
96%, respectively, whereas respective losses of 92, 81, and 87% were observed in RO-
treated wines. Alcohol removal is not solely responsible for the losses of volatile aroma
compounds during the production of lower, reduced, low, and nonalcoholic wines,
other factors such as the type of method used, the operating conditions applied, the
type of membrane used (in the case of membrane processes), the chemical-physical
properties of the volatile compounds, and the nonvolatile matrix of the wine can also
play a vital role [8, 9]. Some reported effects of production methods on the volatile
compounds of lower, reduced, low, and nonalcoholic wines are summarized in
Table 2.

3.3 Effect on sensory characteristics

Volatile compounds, especially terpenes and esters, contribute significantly to the
aroma and flavor of wines [94, 95], and their complete loss or decrease due to the
removal of ethanol from wine can significantly affect the sensory characteristics of the
final wine product. Ethanol can enhance the perception of viscosity, bitterness, and
hotness in wine, while masking other sensory characteristics such as astringency and
acidity [85, 86, 96]. Some important findings on the effect of ethanol reduction using
nonalcoholic wines production methods are presented in Table 3. Studies have shown
that the production of lower, reduced, low, and nonalcoholic wines by post-
fermentation techniques can significantly affect sensory attributes such as hotness,
bitterness, aroma intensity, color, astringency, acidity, sweetness, wine body, red
fruits, dried fruits, etc. [12, 62, 65, 71, 91, 99, 100]. A nonalcoholic white wine (0.3%
v/v ethanol) produced by OD was characterized by low sweetness, aroma, viscosity,
and high acidity in comparison to the original the wine with an alcohol content of
12.5%, giving it an unbalanced taste and unpleasant aftertaste [11]. Similar observa-
tions were made in nonalcohol white, rose, and red wines produced by RO and VD
[65]. Moreover, the reduction of ethanol in Aglianico red wines at 5% v/v by a
membrane contactor technique decreased aroma notes such as red fruits and cherry in
the final reduced wine products [88]. Furthermore, when SCC was used to reduce the
alcohol content of oaked Chardonnay wine, the perceptions of hotness and overall
aroma intensity reduced substantially compared with the original wine [92]. It is
worth mentioning that low and nonalcoholic wines (< 0.5–5.5% v/v ethanol) usually
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Method
used

Type of wine Final alcohol
content (% v/v)

Losses of volatile
compounds (%)

Reference

OD Aglianico red wine 8.8 Esters = 60.9
Alcohols = 31.8
Acids = 17.1

Terpene compounds = 32.3

[91]

Montepulciano d’Abruzzo red
wine

5.4 Esters = 19.0
Alcohols = 3.0
Acids = 25.0

lactones = 25.0
Phenols = 10.0

[84]

Langhe Rosè wine, Barbera red
wine, and Verduno Pelaverga

red wine

5.0 Esters = 23.8–47.8
Alcohols = 59.9–63.9
Acids = 17.4–30.9

[83]

Montepulciano d’Abruzzo red
wine

2.7 Esters = 85.0
Alcohols = 84.0
Acids = 23.0

lactones = 37.0
Phenols = 37.0

[21]

Falanghina white wine 0.3 Esters = 99.0
Alcohols = 98.9
Acids = 98.7

Ketones = 99.9
Lactones = 98.2

[20]

Aglianico red wine 0.2 Esters = 89.9
Alcohols = 99.9
Acids = 78.9

Ketones & lactones = 97.9
Aldehydes = 100

Sulfur compounds = 78.7
Phenols = 100

[82]

RO Montepulciano d’Abruzzo red
wine

9.0 Esters = 8.0
Alcohols = 30.0
Acids = 22.0
Phenols = 13.0
Lactones = 14.0

[84]

Chardonnay white wine, Pinot
Noir rose wine, and Merlot red

wine

0.7 Esters = 81–92
Alcohols = 58–75
Acids = 73–89

Terpenes = 48–70
Other compounds = 75–87

[74]

PV Cabernet Sauvignon red wine 0.5 Esters = 99.9
Alcohols = 39.5
Acids = 28.2

[71]

SCC White wine 0.3 Esters = 53.0
Aliphatic alcohols = 98.0
Aromatic alcohols = 3.0

Acids = 20.0
Ketones = 71.0

[92]

VD Chardonnay white wine, Pinot
Noir rose wine, and Merlot red

wine

0.7 Esters = 96–98
Alcohols = 85–95
Acids = 85–91

[74]
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have poor sensory quality and consumer preferences due to their imbalanced body
and flavor, reduced hotness, and high acidity and astringency when compared with
original wines [65, 91, 99] unless supplemented with additives. Meanwhile, lower and
reduced wines (6.5–10.5% v/v ethanol) typically have acceptable preferences
[12, 88, 93] due to less negative impact on the sensory characteristics arising from less
ethanol removal and aroma compounds. For example, the reduction of alcohol in a
white Chardonnay wine (14.2% v/v) by 4.5% v/v negatively affected consumer liking
of the final product, while a reduction of 1.5% and 3.3% v/v had no significant effect.
Also, when a red wine with alcohol content of 13.2% v/v was dealcoholized (i.e., its
ethanol reduced) by 8% v/v, no substantial changes in the color intensity and overall
acceptability were observed between the two wines [12]. In addition, an ethanol
reduction by 3 and 5% v/v in two red wines (cv. Aglianico) with different initial
alcohol contents (15.4 and 13.3 % v/v) using a membrane contactor technique
increased the bitterness, acidity, and astringency of the final lower alcohol wines,
while a 2% v/v reduction resulted in no significant differences between the base wines
and the final wine products [88]. Similarly, Meillon et al. [93] reported a decrease in
consumer preference for a Syrah red wine (13.4% v/v) dealcoholized by 5.5% v/v and
a nonsignificant effect on the preference at dealcoholization by 2% and 4% v/v using
RO. The inability of most consumers to notice alcohol reductions ≤2% v/v may have
accounted for these results [8].

4. Aroma improvement of lower, reduced, low, and nonalcoholic wines

The aroma profiles of lower, reduced, low, and non-alcoholic wines have a great
impact on consumers’ acceptability and mostly depend on volatile compounds. As the
removal of alcohol from finished wines usually results in substantial loss of volatile
compounds leading to changes in organoleptic properties, innovative ways for
correcting these adverse effects are needed. Ways of improving the aroma and

Method
used

Type of wine Final alcohol
content (% v/v)

Losses of volatile
compounds (%)

Reference

Terpene compounds = 92–96
Other compounds = 91–99

Langhe Rosè wine, Barbera red
wine, and Verduno Pelaverga

red wine

5.0 Esters = 19.5–22.9
Alcohols = 50.4–53.6

Acids = 2.3–13.7

[83]

RO–EP Shiraz red wine 10.4 Esters = 49.5
Alcohols = 38.9

Terpene compounds = 35.3
Lactones = 21.4

[93]

Montepulciano d’Abruzzo red
wine

5.5 Esters = 22.0
Alcohols = 27.0
Acids = 24.0
Phenols = 18.0
Lactones = 14.0

[84]

Table 2.
Some reported effects of production methods on the volatile compounds of lower, reduced, low, and nonalcoholic
wines.
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sensory properties of lower, reduced, low, and nonalcoholic wines are rarely reported
in the literature although the use of fruit-based, herb-based, and other rarely used
aroma additives in enhancing the aroma profile of wines and alcoholic beverages has
been reported [101]. For example, the concentration of monoterpenes and monoter-
pene glycosides significantly increased after the addition of phenolic-free glycosides,
resulting in an increase in floral and fruity aroma, flavor, and aftertaste attributes,
without altering the bitterness or astringency [102]. Similarly, dehydrated waste grape
skins were used to improve the aroma composition of red wines [103]. Furthermore,
addition of hydroalcoholic plants macerates to Vermouth and basic wines improved
their sensory characteristics such as aroma, taste, and smell [104]. Moreover, when 2
g/L of Ganoderma lucidum extract was added to a Shiraz wine product, it imparted
the wine with fruity and floral notes [105]. Also, the addition of oak chips to Verdejo
wines imparted the wines with higher concentrations ethyl acetate, hexyl acetate,

Method
used

Type of wine Final
alcohol
content
(% v/v)

Sensory characteristics Reference

OD Aglianico red wine 8.8–11.6 Astringency, bitterness, and acidity
increased, while red fruits, sweet, and

cherry aromas decreased.

[91]

Falanghina white wine 0.3–9.8 Unbalanced taste and liking, with an
unpleasant aftertaste due to reduced

sweetness, body, and odor

[20]

Montepulciano
d’Abruzzo red wine

2.7–8.3 Lower acceptability due to high acidity,
low sweetness, and low red fruits and

spices notes

[21]

RO Syrah red wine 9.6 Hotness, sweetness, and wine length in
the mouth decreased, while red fruits,

woody and blackcurrant aromas
increased

[97]

Syrah red wine 7.9 Aromas, persistence, and complexity
decreased

[98]

Chardonnay white wine,
Pinot Noir rose wine,
and Merlot red wine

0.7 Acidity, astringency, and color intensity
increased, while viscosity, sweetness,
fruity and floral notes, red fruits,

bitterness, hotness, aroma intensity, and
overall acceptability decreased

[74]

PV Cabernet Sauvignon red
wine

0.5 Good smell and taste due to high
retention of fruity aromas

[71]

VD Chardonnay white wine,
Pinot Noir rose wine,
and Merlot red wine

0.7 Acidity, astringency, and color intensity
increased, while viscosity, sweetness,
fruity and floral notes, red fruits,

bitterness, hotness, aroma intensity, and
overall acceptability decreased

[74]

RO–EP Shiraz red wine 10.4 Dark fruit, raisin/prune, and black pepper
notes increased. Astringency and overall

aroma intensity also Increase

[93]

Table 3.
Some reported effects of production methods on the sensory properties of lower, reduced, low, and nonalcoholic
wines.
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isoamyl acetates, higher alcohols, and ethyl esters of straight-chain fatty acids [106],
which are known to contribute fruity and floral aromas to the wines. Other wines
aromatized with botanical extracts include Benedictine, Chartreuse, liqueurs, and
bitters [97]. Possibly, the reciprocation of these studies in lower, reduced, low, and
nonalcoholic wines would significantly improve their aroma profile. However, the
ongoing debate at OIV whether to permit the use of flavorings or exogenous aroma
additives from grapes or non-grapes origin in the aroma improvement of these cate-
gories of products is a major hindrance to the scientific exploration in this field.
Nevertheless, some studies have reported on the aroma improvement of dealcoholized
wines (lower, reduced, low, and nonalcoholic wines) and beers [11, 76, 107]. In an
attempt to improve the aroma profile of a white wine (11.5% v/v) dealcoholized to a
final ethanol content of 0.8% v/v by vacuum evaporation, glycosidic aroma precursors
isolated from Muscat grapes were added to the dealcoholized wine. This increased
concentrations of β-phenylethyl alcohol, linalool, and geraniol, imparting the final
product with high fruity and floral odors [107]. Similarly, Liguori et al. [11] developed
an alcohol-free wine beverage with improved aftertaste and flavor from an OD
dealcoholized white wine (0.3% v/v ethanol) by adding grape must, sodium carbonate
solution, and some floral wine flavors. Furthermore, the aroma profile of a
nonalcoholic beer with alcohol content of less than 0.5% was improved by first
extracting aroma compounds from non-carbonated alcoholic beer (5.67% v/v ethanol)
by pervaporation. Subsequently, the alcohol was removed from the alcoholic beer by
spinning cone column distillation. The dealcoholized beer was then reconstituted with
about 5–10% v/v of the original beer and 0.3% v/v of the extracted aroma compounds
and finally carbonated, resulting in a nonalcoholic beer with improved aroma profile
similar to the original beer [76]. Recently, a study was conducted at Gansu Key
Laboratory of Viticulture and Enology, College of Food Science and Engineering,
Gansu Agricultural University, China to investigate the effect of rose (R. chinensis var.
spontanea red) peach (Prunus persica), and lily (Lilium bulbiferum) flower extracts on
the aroma profile of dealcoholized red and rose wines (0.7% v/v ethanol). The
dealcoholized wines were reconstituted by the addition of the flower extracts. Sensory
analysis was performed, which revealed that the aroma profile of the reconstituted

Figure 5.
Spider plot of sensory analysis (means) performed on (a) rose wine; and (b) red wine. Different letters (a–c)
represent significant differences at a significant level of 0.05. OW; original merlot wine (control), DW;
dealcoholized merlot wine (control), R-RDW; rose reconstituted dealcoholized wine, P-RDW; peach reconstituted
dealcoholized wine, L-RDW; and lily reconstituted dealcoholized wine.
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dealcoholized wines improved significantly after the addition of the extracts compared
with the dealcoholized wines. In particular, the aroma attributes such as red fruits,
fruity and floral, and aroma intensity increased (Figure 5), which was attributed to
some aroma compounds including isoamyl acetate, ethyl hexanoate, ethyl octanoate,
isoamyl octanoate, phenethyl acetate, linalool, β-damascenone, and geraniol imparted
by the added flower extracts. These aroma compounds are known to contribute fruity
and floral aromas to wine [98, 108–110]. In addition, the reconstituted dealcoholized
wines were perceived sweeter and less acidic and astringent with improved wine body
and overall acceptability among the panelists (Figure 5).

5. Perspectives

With health risks awareness, consumer preferences are shifting toward new prod-
uct offerings and alternatives, with increasing percentage of the adult population
seeking lower alcohol wines more frequently. This has boosted nonalcoholic wine
production and sales, with many industries and researchers already abreast with
different nonalcoholic wine production techniques at the various stages of
winemaking. In this chapter, we focus on the methods used for the production of NW
from high-strength alcoholic wines after complete fermentation (wine post-
fermentation stage). Specifically, their impact on the aroma profile and sensory char-
acteristics of NW as well as the state-of-the-art methods of improving the aroma
profile of such product. Among the methods of NW production, physical dealcoho-
lization methods are usually used as they can achieve the best results when used on a
finished wine. Also, when used in the reduction of ethanol at several percent (2–4%
v/v), they can preserve the phenolic compounds, volatile compounds, and sensory
quality of the wine. Furthermore, the end product usually has a taste almost similar to
original wine. In contrast, the other methods discussed in this chapter can produce
unbalanced wines (with high acidity, unfermented juice, and low fermentative aroma
compounds) with legality issues in the case of the juice fermentable sugars dilution
with water. Nevertheless, some important aroma compounds can be lost using phys-
ical dealcoholization methods in the production of NW. Therefore, subsequent aroma
enhancement may be needed to compensate for the loss of important volatile com-
pounds associated with the aroma profile of the NW during dealcoholization. Cur-
rently, there are few studies that scientifically evaluate or optimize the parameters of
the production process of aroma-enhanced dealcoholized wines, which could be one
of the future research areas. To date, there is limited research on new types of aroma-
enhanced dealcoholized wines, though there is evidence that the use of fruit-based,
herb-based, and other rarely used aromatic materials in winemaking improves the
aroma profiles of wines and dealcoholized wines. Moreover, the unapproved use of
fruit-based, herb-based, and other aromatic materials as an oenological practice by the
European Union (EU) and the International Organization of Vine andWine (OIV) is a
major setback to their use as wine additives. Nevertheless, for the category of special
and aromatized wines, they could be added. The development of novel products from
dealcoholized wines reconstituted with fruit-based, herb-based, or new aroma addi-
tives represents a potential new market for the wine industry. Therefore, future
development of such products will benefit not only the wine industry by producing
diversified and high-quality commercial NW and wine products, but also consumers
by providing options for novel aroma-enhanced dealcoholized wines with unique and
pleasant aroma profiles.
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